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Abstract

English

I mprovement of feeder technologies for energy savings in cast iron foundries is not
only the title of the project behind this dissertation; it is a good idea that can

improve casting yield and reduce production cost, and in turn strengthening the
foundries competitive advantage. The approach to solving feeding problems today
is for a large part based on methodologies and know-how developed more than 50
years ago. This dissertation addresses the state-of-the-art as it is used presently in the
foundries, reviewing the fundamentals of spot feeding cast iron.

The findings presented in this dissertation is based on large-scale quantitative
experiments with duplicates for statistical representation. The focus, as stated by

the dissertation title, has been: ‘Spot Feeding Spherical Graphite Iron with Exothermic
and Insulating Ram-Up Sleeves in Vertically Parted Moulds’.

The application of spot feeders (ram-up sleeves) is investigated, showing that
this new feeding approach can be used successfully to feed secluded sections in

ductile cast iron (EN-GJS-500-7). The feeder efficiency is tested using a high Silicon (Si)
ductile iron (EN-GJS-450-10). The limits for the examined feeder configurations are
documented, showing that the exothermic feeder combinations managed the task
successfully, while the insulating feeder combinations were insufficient.

It is shown that the exothermic feeders do not influence the casting microstructure
via comparing the microstructure of several colour etches samples from the castings,

as well as the exothermic and insulating feeders.

The thermal deformation related to the feeder combinations are investigated, and
it is found that the thermal gradients created by the feeders could be signified

by the deformation of the plane reverse side of the casting. The eutectoid phase
transformation is found to be the governing factor. The main difference between the
two alloys is that the pearlitic-ferritic EN-GJS-500-7 have twice as long a transformation
interval as the fully ferritic EN-GJS-450-10. Knowledge of the deformation magnitude
and variance can be used to reduce the machining allowance, subsequently reducing
the melt cost and machining wear.

Aseries of different spot feeders with insulating or exothermic sleeves materials are
investigated for three different modulus castings; 8 mm, 12 mm, and 15 mm. It is

proved that the required feeder modulus does not scale linearly with the casting mod-
ulus. Additionally, it is shown that horizontal spot feeder can feed against gravity by
optimising the interplay of forces created by the solidifying casting and the feeder itself.
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The investigation of the modulus relationship between the casting and the feeder
leads to the formulation of a set of driving forces for feeding, accompanied by the

pressure loss caused by the solidifying casting and the timing demanded by the feeding
requirement. It is shown that the interplay of internal forces can drive a complete
feeding process, but also that the frame of optimal function can be very narrow.

Numerical simulation of casting processes and the prediction of porosities are
addressed, and it is found that some castings and alloys can be reliably simulated

concerning porosities. However, it is also found that for high Si alloy EN-GJS-500-14
the simulation setup cannot provide prediction that corresponds to the porosities
found in the porosity analysis.

Finally, it is shown how multiple feeders can influence each other’s performance
even across solidified sections, and that two individual feeders that can retain a

liquid connection can change the thermal gradients of the casting and the directions
of solidification.

The dissertation provides a new approach to feeding secluded sections, a new
characterisation of the underlying feeding forces, and new knowledge about the

thermal deformation effects caused and controlled by feeding.
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Resumé

Dansk

F orbedring af efterføderteknologier til energibesparelser i jernstøberier er ikke kun
titlen på projekter bag denne afhandling, det er også en god idé som kan forbedre

udbyttet ved støbning og reducere produktionsomkostningerne, og derigennem styrke
støberiernes konkurrenceevne. Den tilgang der er til at løse efterfødningsproblemer i
dag er for en stor andel baseret på metoder udviklet for mere end 50 år siden. Denne
afhandling adresserer state-of-the-art som det det bliver brugt ude i støberierne, og
giver et overblik over de grundlæggende teknikker til efterfødning af støbejern.

Resultaterne præsenteret i denne afhandling er baseret på stor-skala kvantitative
eksperimenter med duplikater for statistisk repræsentation. Fokus er som nævnt i

titlen: “Punktefterfødning af duktilt støbejern med eksotermiske og isolerende ram-up
sleeves i vertikalt delte forme”.

Anvendelsen af punktefterfødere (ram-up sleeves) bliver undersøgt og viser at
denne nye tilgang kan bruges til succesfuldt at efterføde isolerede sektioner

i duktilt støbejern (EN-GJS-500-7). Efterfødereffektiviteten bliver testet med et
høj-silicium (Si) duktilt støbejern (EN-GJS-450-10), og grænsen for de undersøgte
efterføderkombinationer bliver dokumenteret, visende at de eksotermiske efterføder-
kombinationer klarede opgaven succesfuldt, mens de isolerende efterføderkombinationer
var utilstrækkelige.

Det bliver vist at eksotermiske efterfødere ikke indvirker på mikrostrukturen
af støbningerne via en sammenligning af en række farveætsede prøver fra hhv.

støbningerne, samt fra de eksotermiske og isolerende efterfødere.

Den termiske deformation forbundet med efterføderkombinationerne bliver
undersøgt, og det viser sig at de temperaturegradienter skabt af efterføderne

kunne genkendes via deformationen på den plane bagside af støbningen. Den
eutektoide fasetransformation bliver identificeret som den styrende faktor, og den
primære forskel mellem de to legeringer er at den pealitisk-ferritiske EN-GJS-500-7
legering har et dobbelt så langt transformationsinterval som den helt ferritiske
EN-GJS-450-10 legering. Viden om deformationsstørrelsen og -afvigelsen kan bruges til
at reducere bearbejdningstillægget, og deraf følgende reducere udgiften til smeltning
og slitage af udstyr.

En serie forskellige punktefterfødere med isolerende eller eksotermiske sleeve ma-
terialer bliver undersøgt for tre forskellige støbemoduluer; 8 mm, 12 mm, and

15 mm. Det bliver bevist at den nødvendige efterfødermodul ikke skalerer lineært med
emnemodulen. Ydermere bliver det vist at horisontale punktefterfødere kan efterføde
imod tyngdekraften ved at optimere samspillet mellem de kræfter der skabes af det
størknende emne og selve efterføderen.
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Undersøgelsen Undersøgelsen af modulforholdet mellem støbeemnet og
efterføderen leder til formuleringen af et sæt af drivkræfter for efterfødning,

ledsaget af et tryktab forårsagtet af den størknende emne og timingen krævet af
efterfødningskravet. Det bliver vist at samspillet af interne kræfter kan drive en hel
efterfødningsproces, men også at processvinduet for optimal funktion kan være meget
snævert.

Numerisk simulering af støbeprocesser og forudsigelsen af porøsiteter bliver
adresseret, og det bliver fundet at nogle støbninger og legeringer kan simuleres

troværdigt med hensyn til porøsiteter. Dog bliver det også fundet at for høj-silicium
(Si) legeringen EN-GJS-500-14 kunne simuleringssetuppet ikke levere forudsigelser der
svarede til dem der er fundet i porøsitetsanalysen.

Slutteligt bliver det vist hvordan flere efterfødere kan påvirke hinanden – endda
på tværs af størknede sektioner, og at to efterfødere der kan bibeholde kontakt

via smelte er i stand til at ændre temperaturgradienterne for en støbning samt
størkneretningen.

Afhandlingen giver en ny tilgang til efterfødning af isolerede sektioner, en ny
karakterisering af de underliggende efterfødningskræfter og ny viden om termiske

deformationseffekters forårsaget og styret af efterfødning.
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𝑔𝑙 Liquid fraction in off-eutectic 𝑉 𝑜𝑓𝑓

𝐺𝑐𝑟 Critical temperature gradient at the solidus
temperature
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𝑔𝑙,𝑐𝑟 Critical fraction liquid

𝐺𝑠 Temperature gradient at the solidus temper-
ature

𝐻 Latent heat of the metal

ℎ Uncertainty budget safety factor

ℎ𝑟𝑎𝑡𝑖𝑜 Ratio between height and width of the gen-
eric casting

𝐾 Permeability of the porous region being fed

𝑘 Equilibrium partition coefficient

𝑘 Spring constant

𝑘 Thermal conductivity [𝑊⇑𝑚𝐾]

𝑘𝑎 Coverage factor

𝐾𝑚 Thermal conductivity of the mould

𝐾𝑛 Nucleation rate depend on Si content

𝐿 Capillary flow length

𝐿 Length

𝐿20 Length (thickness) of the casting at the
chosen reference temperature.

𝑀 Modulus of the section [mm]

𝑚 Exponent

𝑀𝑐 Modulus of the casting, or section of the
casting

𝑀𝑉 𝑜𝑙
𝑐 Casting modulus, volume criterion

𝑀𝑓 Required feeder modulus to feed the casting,
or section of the casting

𝑀𝑉 𝑜𝑙
𝑓 Feeder modulus, volume criterion

𝑀𝑔 Geometric modulus

𝑀𝑛𝑒𝑐𝑘 Modulus of the pre-feeder neck [mm]

𝑀𝑡 True modulus

𝑀𝐸𝐹 Modulus Extension Factor

𝑁 Linear scale factor

𝑁 Total number of graphite particles

𝑛 Inoculation efficiency constant

𝑛 Number of data used for evaluating the vari-
ance

𝑛𝑑 Input multiplicity

𝑛𝑟 Output multiplicity

𝑁𝑉 Number of eutectic cells per mm3

𝑃 Uncertainty level

𝑃𝛾 Pressure induced by surface tension on the
pore

𝑃𝑎𝑚𝑏 Ambient pressure applied on the mould

𝑃𝑒𝑥𝑝 Expansion pressure due to phase transform-
ations

𝑃𝑔𝑎𝑠 Gas evolution

𝑃𝑚𝑢𝑠ℎ Sum of local pressure in the mushy zone

𝑃𝑠ℎ𝑟 Negative pressure from resistance to shrink-
age induced flow

𝑃𝑠𝑡 Metallostatic pressure

𝑞 Heat flow (heat flux) perpendicular to the
surface [W]

𝑞 Number of data averaged

𝑅 Isotherm velocity

𝑅 Radius of the capillary

𝑅 Reference

𝑟 Radius of the pore

𝑟𝛾 Outer radius of the austenite shell

𝑟𝑔 Radius of the graphite nodule

𝑅𝑔 Radius of the graphite nodule within the
eutectic cell [m]

𝑅𝑥𝑦 Aspect ratio between the x and y directions.

𝑅𝑒 Reynolds Number

𝑆 The thickness of the solidified layer at a
given time 𝑡

𝑠 Estimated standard deviation

𝑠2 Variance

𝑆𝑇 Shrinkage time [%]

𝑇 Temperature [○C]

𝑡 Time [s]

𝑇0 Initial temperature of an infinite mould
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𝑇𝛾𝑠ℎ𝑟 Temperature at which austenite shrinkage
starts

𝑇𝑐𝑙𝑜𝑠𝑒 Temperature at the thermal centre of the
casting when the pre-feeder neck closes off

𝑡𝑐𝑙𝑜𝑠𝑒 Time at the thermal centre of the casting
when the pre-feeder neck closes off

𝑇𝐸𝐺 Equilibrium Iron-Graphite eutectic temper-
ature [°C]

𝑇𝐸𝐺 Eutectic temperature

𝑇𝐸𝑅 Temperature at the maximum recalescence
during the eutectic solidification

𝑇𝑒𝑢𝑡 Temperature at the thermal centre of the
casting when the casting reaches the eutectic
arrest

𝑡𝑒𝑢𝑡 Time in seconds for the centre of the casting
to cool from the pouring temperature to a
eutectic temperature [s]

𝑇𝐸𝑈 Temperature at the maximum undercooling
during the eutectic solidification

𝑇𝐸 Temperature at the start of eutectic solidi-
fication

𝑇𝐹𝑟𝑒𝑒𝑧𝑒 The freezing temperature of the alloy where
the material has no flowability

𝑇𝐹 Temperature at which the material is fully
solidified

𝑇𝑓 Melting point of the pure component [○C]

𝑇𝐺𝑟𝑒𝑥𝑝 Temperature at which graphite expansion
starts

𝑇𝑖 Temperature at the metal-mould interface

𝑇𝐿𝐴 Temperature at the liquidus arrest

𝑇𝐿𝑖𝑞 The liquidus temperature of the alloy

𝑇𝐿 Temperature at the liquidus line intersection
[○C]

𝑇𝑚𝑎𝑥 Maximum temperature reached during the
recalescence—the eutectic arrest

𝑇𝑚𝑖𝑛 Minimum temperature reached during ini-
tial undercooling

𝑇𝑚 Melting point of the metal

𝑇𝑆𝑜𝑙 The solidus temperature of the alloy

𝑡𝑠𝑜𝑙 Time in seconds for the pre-feeder neck to
cool from the pouring temperature to a frac-
tion solid of 100 % [s]

𝑇𝑠𝑡𝑎𝑟𝑡 Initial superheated temperature of the melt

𝑡𝑠 Solidification time [s]

𝑇 𝜀
𝑆 Temperature at the end of solidification as

indicated by the linear displacement ana-
lysis

𝑈 Expanded uncertainty

𝑢 Flow velocity of the metal feeding through
the solidifying dendrite structure

𝑢2 Variance (GUM)

𝑢3 Uncertainty in three dimensions

𝑢𝑙 Liquid velocity in the mushy zone

𝑢𝑛 Uncertainty component

𝑉 Volume

𝑣 Velocity [𝑚⇑𝑠]

𝑉 𝑜𝑓𝑓 Volume of off-eutectic

𝑉𝑐 Amount of melt the feeder (as a minimum)
must be able to supply to the casting during
solidification

𝑉𝑓 Total volume of the feeder

𝑉 𝑎𝑣𝑏𝑙
𝑓 Volume of melt available for feeding

𝑤𝐶 Mass fraction of C

𝑤
𝛾⇑𝑔
𝐶 Mass fraction of C in the austenite surround-

ing the graphite nodule

𝑤
𝛾⇑𝑙
𝐶 Mass fraction of C in the off-eutectic austen-

ite

𝑤𝛾
𝐶 Mass fraction of C in the austenite

𝑤𝐸
𝐶 Eutectic carbon composition

𝑤𝑔
𝐶 Mass fraction of C in the graphtie

𝑤𝑙
𝐶 Mass fraction of C in the liquid

𝑊𝑆𝑖 Weight percent of Si

𝑤𝐸
𝑆𝑖 Eutectic silicon composition

𝑥, 𝑦, 𝑧 Spatial dimensions [m].

𝑥𝑐𝑟 Critical spatial distance
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M∝ Proportional modulus factor describing the
ration between the feeder modulus and the
casting modulus.

∗ Outliers

Ang Angle of the valley direction

Cen Height at the centre of the disc casting

DF Sum of Driving Forces

Dir Direction of the valley of the disc casting

Dist Distance of the valley

FR Feeding Requirement, Casting

GC Graphite Expansion, Casting

GF Graphite Expansion, Feeder

P-Value Determines the appropriateness of reject-
ing the null hypothesis in a hypothesis test.

PL Pressure Loss Factor

Por Indication of porosities

SC Shell Compression, Casting

SF Shell Compression, Feeder

SV Side view of the sectioned disc casting

VC Volume Contraction, Casting

VF Volume Contraction, Feeder

Vol Volume of the valley
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To the Reader

Dear reader,

The dissertation you are reading is the embodiment of the work and effort encompassed
in the Ph.D. project entitled; ‘Improvement of Feeder Technologies for Energy Savings
in Cast Iron Foundries’. The project has required many long nights and weekends,
but has also yielded many profound and awarding discoveries; scientific as well as
personal.

Structure of the Dissertation

The dissertation is divided into five parts: N, I, II, III, and IV.

The scope of the dissertation is framed in the introductory part—Part N: Introduction,
from page 1. This part covers the project description and theoretical background of
the research.

The first part—Part I: Feeding Secluded Sections, from page 65 and onward—focus
on proving and documenting that secluded sections can be fed using spot feeders
and providing a quantifiable scale of the feeding efficiency of the different insulating
and exothermic feeders. Examination of the feeder sleeve material’s influence on the
casting’s microstructure is also provided here. Additionally, the part also addresses
thermal deformation and how this is governed by the thermal influence of the different
feeder combinations.

The second part—Part II: Investigate the fundamental rules of spot feeding without
the aid of gravity. Three different modulus castings are examined using a series
of varying spot feeders and their proportional feeding efficiency. The results are
subsequently used to develop a description of the driving forces governing the feeding
regime. Additionally, the castings are simulated, and the porosity prediction of the
numerical simulations are evaluated. These results are found from page 155 and onward.

The third part—Part III: Dissertation Summary, from page 273 and onward—
summarises and distils the findings presented in Part I and Part II into concise
conclusions, followed up by an outlook on the future work. This part provides the
essence of the dissertation.

Finally, the four published articles that constitute part of the work of the dissertation is
supplemented in the fourth part—Part IV: Supplements, from page 299 and onward.
Each of the supplements can be read by themselves and stands alone without the
support of the dissertation. Each provides a select view of a given topic.
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1.1 Casting Research

Casting is one of the oldest production methods
known to man. The first Copper (Cu) castings

were made more than 7000 years ago, and cast iron
castings date as far back as 600 BCE [2]. Casting
then was considered a witchcraft because the pro-
cess was a mystery. While casting today is not
considered witchcraft, many of its secrets remain a
mystery waiting to be solved.

Casting is by many considered an old-fashioned
way to produce goods, which, considering its history
is true in some way. That casting is an old discovery
does, however, not make it backwards or outdated.
Casting research is one of the oldest classical engin-
eering disciplines, and it has developed alongside
the industrialisation of civilisation.

Casting research moves the boundaries of what
can be made and what is feasible to produce. Re-
search in metallurgy, casting methods, and foundry
process equipment supports the industry, which in
turn support the companies they supply. Improving
the performance and complexity of casting, cast
iron or other alloys, improve the lifetime and per-
formance of all the machinery and product that use
cast parts.

1.1.1 Foundry Production

Casting is also a technology for the future. In 2009

Before Common Era (BCE), Carbon Equivalent Value
(CEV), Fused Deposition Modelling (FDM), High Pressure
Die Casting (HPDC), Silicon (Si)

3



Automotive &
Light Truck

36%

Pipe & Fittings
16%

Construction, Mining & Oil 
Fields Equipment

6%

Internal Combustion Engines
5%

Railroad
5%

Valves
5%

Farm Machinery
3%

Municipal Castings (manhole 
covers, grates, etc.)

2%

Other Markets
22%

(a) Worldwide production of cast iron castings per
marked, with respect to tonnage.

Metal
40%

Melting
23%Sand preparation

1%

Core
4%

Mould line
1%

Shot blast
1%

Labour
10%

Maintenance
2%

Depreciation
7%

Fixed plant cost
3%

Scrap rate
3%

Unforseen stop
5%

(b) Total production cost in a horizontal moulding cast
iron foundry.

Figure 1.1: Production overview for cast iron. [3]

the American Foundry Society estimated that the
worldwide production of ductile cast iron would
grow to 23 million tonnes in 2010 [4]. Cast iron is
today used in a wide range of different product and
industries. See fig. 1.1a. This widespread use is
because of cast iron, and other cast alloys, provide
a unique combination of mechanical properties, pro-
duction cost, the scale of production, and availabil-
ity. Castings are produced worldwide and are not
limited to low wage countries and partly because
modern foundries are not particularly labour in-
tensive, as seen in fig. 1.1b. Note, however, that
fettling, machining, and other connected tasks may
be labour intensive if not automated.

Foundries compete on price, naturally. However,
the key to delivering the best-priced castings is of-
ten knowledge and know-how. Understanding of
the process limitations and possibilities yield the
best-priced quotes, enabling the foundry to make a
profit while offering competitive prices. Reducing
scrap and increasing the casting yield are important
business parameters. Though scrap castings can be
remelted and reused, the cost of melting is signific-
ant as seen in fig. 1.1b. For vertical moulding line
foundries, the relative cost of melting is even higher
as other production costs are reduced [3].

1.1.2 Novel Technologies

Technological development is a constant endeavour,
also in the casting industry. All other industrial
production technologies today have emerged since

the invention of casting, and these technologies exist
alongside each other fulfilling different parts of the
marked. Metal casting is not the ideal choice for
all products. Sometimes injection moulded plastics
or sheet metal formed parts is the optimal choice.
Casting, however, remains relevant and up to date
by embracing new technologies. Hybrid technolo-
gies that combine High Pressure Die Casting (HPDC)
and sheet metal forming have been shown by Joop
[5] and an even closer integration of numerical sim-
ulations are being developed to improve the pre-
diction of mechanical properties to benefit casting
design, as shown by Olofsson [6].

The newest addition to the manufacturing toolbox
is additive manufacturing, which by some experts
is predicted to open a new era of industrialisation
[7]. There is no doubt that additive manufacturing
offers a new and novel solution to the production
of a wide range of problems and complications that
are not easily solved with traditional production
technologies. Subsequently, additive manufacturing
will expand into the existing market, as well as open
new markets.

This new technology should, however, not be
viewed as a competition to the foundry industry.
While additive manufacturing may replace the pro-
duction of highly specialised castings, the produc-
tion of large volume castings will remain a casting
technology for any foreseeable future. What is more
interesting is the industry’s adaptation of these
emerging and maturing technologies. Additive man-
ufacturing is today used in many foundries around
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the world, and additive manufacturing especially
developed for casting processes is not uncommon.
FDM is used to manufacture patterns for green sand
casting [8], and some companies like voxeljet GmbH
and ExOne GmbH specialise in printing sand cores
and moulds directly to enable extremely complex
castings [9, 10]. Also, investment casting uses ad-
ditive manufacturing on an industrial scale today
[11].

1.2 Societal Relevance

The project aims at reducing the consumption of
electrical energy in the heaviest part of energy

consumption in the Danish foundries. This energy
reduction will take place by advancing the know-
ledge of spot feeding for use in Danish and foreign
iron foundries; In Europe alone, it is expected to po-
tentially save as much as 300 GWh per annum. This
corresponds to a reduced CO2 emission of 195 000
tonnes annually, assuming an average EU27 CO2

emission of 650 g⁄kWh electricity. The Danish CO2

emission is slightly lower at 412 g⁄kWh electricity
[12]; Corresponding to 4.3 % of the annual energy
consumption of the Danish capital of Copenhagen,
excluding transport [13].

The energy and environmental benefits will only
be achieved when and if the foundries embrace the
improvements offered by the findings of this project.
Fortunately, as energy costs for melting are a very
high production cost in cast iron foundries, the
foundries themselves should have a strong incentive
to use these new methods. As process stability is
essential in this respect, it is also an objective to
demonstrate to the foundries that these new feeding
approaches work, and how they are best used in
practice.

1.2.1 Advancing Foundry Technology

The work presented in this dissertation aim at im-
proving the production of cast iron components.
As described, the casting industry and technologies
are competing and evolving. Knowledge and im-
plementation of new technologies and methods are
what drives the competitive edge for the foundries.
Foundries in Denmark and other high wage coun-
tries survive by supplying their customers with
know-how in the design and construction process,
and by being able to produce castings that other
foundries elsewhere cannot.

The research performed as part of this project
is directed at improving the understanding of cast
iron production, particularly regarding spot feed-
ing. Providing the foundries with knowledge about
feeding and feeding effects helps them improve their
casting yield, reduce their scrap, and sometimes im-
prove the mechanical properties of the castings as
well. Another important aspect is to simply enable
the foundries to produce complex castings that they
have previously not been able to produce without
loss due to too high scrap rates.

1.3 Project Description

The feeder technology, which is used in most
foundries today was developed in the first half

of the 20th century. At a time where analysis meth-
ods and process technology was very different from
what it is today. Though the techniques have im-
proved through the years, the basic approach re-
mains unchanged. It is the aim of the project to
prove the application of spot feeders, also called
ram-up sleeves, as these can aid high-efficient pro-
duction in modern foundries. This new application
must have support in a thorough analysis of the
underlying feeding mechanisms that influence the
efficiency of the spot feeder, as well as the spot
feeder’s influence on casting microstructure, dimen-
sional accuracy, and casting deformation. Building
on this the driving forces propelling the feeding and
the feeding criteria will also be analysed.

1.3.1 Research Hypotheses

The project work presented in this dissertation is
based on seven discrete hypotheses—some formu-
lated at the initiation of the project, some formu-
lated from discoveries made during the project. The
hypotheses are listed below:

Hypothesis 1 Spot feeders can (effectively) feed
secluded sections located away from the parting
line in vertically parted moulds

Hypothesis 2 The location and amount of poros-
ities can successfully be predicted via numerical
simulation when spot feeding Spherical Graph-
ite Iron (SGI)

Hypothesis 3 Exothermic sleeve materials do not
significantly influence the casting microstruc-
ture
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Figure 1.2: Schematic of the ram-up sleeve function with the metal breaker core (compressor core). Here shown
for a FEEDEX VSK sleeve before and after moulding [14].

Hypothesis 4 Thermal deformation is signific-
antly influenced by spot feeders and can (to
some degree) be controlled by choice of feeders

Hypothesis 5 The side feeder modulus necessary
to feed SGI is not a linear function of the casting
module, and traditional methods overestimate
the feeder size

Hypothesis 6 Multiple smaller feeders can, for
elongated sections, provide better feeding of a
single casting section than a single large feeder

Hypothesis 7 The feed material movement in
spot feeding can be described by the sum of
driving forces

Each of the hypotheses will be elaborated in the
following sections, describing the background, rel-
evance, and novelty of each of the research ques-
tions. The conclusions on the research hypotheses
are presented in chapter 15, on page 275.

Hypothesis 1: Spot feeders can (effectively) feed se-
cluded sections located away from the parting line in
vertically parted moulds

This hypothesis is addressed in chapter 5, on page 75
and chapter 9, on page 135.

Background Sleeves have been used for more than
three decades to prolong the solidification time and
increase the yield of feeders. Ram-up sleeves with
metal breaker cores were introduced for horizontal
mould in the mid-00s [15]. The metal breaker core,
or compressor core, was developed with two distinct
goals: (1) Prevent crushing of the sleeves during
moulding, and (2) ensure sufficient compaction of
the sand between the feeder sleeve and the casting.
This development allowed spot feeders to be used
in high-pressure moulding operations, which are
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the conditions used for moulding vertically parted
moulds. The principle is shown in fig. 1.2 on page 6.

The idea with spot feeders is to offer foundries
a type of feeder perpendicular to the moulding dir-
ection. For vertically parted moulds, however, this
type of feeder becomes a type of side feeder with
two distinct properties: (1) It can be mounted in
positions otherwise inaccessible by traditional feeder
approaches, and (2) it is without the aid of the pres-
sure height available for top mounted feeder and to
some extent traditional side feeders. An example of
a casting with secluded sections is shown in fig. 1.3
on the following page.

Relevance The application of spot feeders to se-
cluded sections in vertically parted moulds is of
great interest as it can provide foundry engineers
with a new way to access these troublesome areas,
as it has been achieved with horizontally parted
moulds where the spot feeders were placed in the
cope. However, turning the feeder 90° and placing
it below the top of the casting significantly changes
the mode of operation for the feeder. The ferro-
static pressure will at best be negated if the feeder
is placed at the very top of the casting. In most
cases, however, the feeder has to overcome a sig-
nificant pressure height to transport the melt into
the casting. A means of transport that normally is
aided by gravity.

Novelty The project aims to answer if spot feeding
of castings in vertically parted moulds is possible or
not, and if possible, under which conditions. Before
the research comprised in present dissertation, the
application of ram-up sleeves as spot feeders has not
been investigated for vertically parted moulds. The
work preceding this project was limited to closed
tests performed by Foseco Ltd.

Hypothesis 2: The location and amount of porosities
can successfully be predicted via numerical simulation
when spot feeding SGI

This hypothesis is addressed in chapter 7, on
page 97, chapter 9, on page 135, chapter 12, on
page 175, and chapter 13, on page 231.

Background Numerical simulations provide import-
ant process information for the foundry engineers
during the design of the casting and the casting

layout. In this respect, the reliability of the simula-
tion results is important. If the simulations show
porosities that are not there in the castings, un-
necessary efforts may be wasted on removing the
non-existing porosities predicted by the simulations.
On the other hand, if the simulations predict a
sound casting, but porosities remain in the actual
castings, then the porosity criteria cannot be used
as a measure by which parameters or factors to
optimise the casting layout.

Relevance Simulations approximate the real world,
which is sufficient as long as the simulations provide
useful information about the process in question.
However, as simulations become more advanced
and complex and have to encompass a vast range of
process parameters, as eg for simulation of casting
processes, it is no longer a trivial task evaluating
if a casting effect, as eg porosity formation, can be
simulated satisfactorily under specific conditions.
Delimitations relating to the assumptions in the
equations and the modelling setup can be analysed.
However, as the feeding process itself is a complex
process involving multiple different physical effects,
so does the numerical model encompasses multiple
interacting factors depicting the same physical ef-
fects. Hence, without an exhaustive knowledge of
the underlying physics determining the outcome of
the feeding and porosity formation, the outcome
of the simulated reality cannot be guessed either.
A shortcut to establishing the validity of the sim-
ulated porosity predictions is based on empirical
knowledge—comparing castings and simulations.

Novelty As the application of spot feeders to the se-
cluded section for castings made in vertically parted
moulds is a novel approach to solving this type of
feeding problems, no empirical basis exists on which
a comparison between a state-of-the-art numerical
simulation software can be benchmarked against.
The work presented in this dissertation strives to
establish the first benchmark for the comparison
of the simulated and the actual porosities for spot
feeders in vertically parted moulds.

Hypothesis 3: Exothermic sleeve materials do not
significantly influence the casting microstructure

This hypothesis is addressed in chapter 6, on page 89
and chapter 9, on page 135.
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Figure 1.3: Cast iron casting, made in a vertically parted mould, using spot feeders to feed secluded sections.
Note that the tilted sleeves are a new option developed to increase the pressure height. Shown by Foseco Ltd. at
GIFA 2015.

Background Some foundries are reluctant to use
exothermic sleeves for two reasons: They fear (1)
that the heat of the exothermic material will change
the microstructure of the castings resulting in re-
duced strength and solidification related defects,
and (2) that unburnt exothermic material is recycled
with the return sand potentially ending up causing
defects in subsequent castings. Only the first part
is addressed in this dissertation. The feared micro-
structural changes are speculated by be related to
excessive heat provided by the exothermic sleeve
and by the fluoride used in the exothermic sleeve
material [16]. Additionally, some foundries have
expressed concern that the metal breaker core will
act as a chill, resulting in microstructural changes

in the casting [15].

Relevance Microstructural changes are in this case
unwanted. If exothermic feeder sleeves can cause
changes to the casting microstructure, then it is
important to document the nature and range of the
change. If the exothermic sleeves do not influence
the casting microstructure, then this is also import-
ant to document so that foundries can use these
feeders without fearing unwanted microstructural
changes to their castings.

Novelty No previous publications have addressed
the correlation between exothermic feeder sleeves
and the microstructure of the cast iron castings.
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Hypothesis 4: Thermal deformation is significantly
influenced by spot feeders and can (to some degree)
be controlled by choice of feeders

This hypothesis is addressed in chapter 7, on
page 97, chapter 8, on page 123, and chapter 9,
on page 135.

Background Precision is an increasingly important
parameter in cast components. As castings are in-
fluenced by the thermal fields created by the feeders,
the choice of feeder become relevant concerning high
precision parts as well as reduction of machining
allowance. Danish foundries are today producing
goods with a cast tolerances of 0.2 mm—equivalent
to the average grain size of the green sand [17, 18].

Relevance The need for machining is often a de-
termining factor with regards to the foundries mak-
ing a profit on a given component. Hence, reduced
or completely omitted machining allowance have a
significant impact on the profitability of a casting for
the foundry. The ability to control the casting pro-
cess to a level where machining is rendered needless
due to the high precision of the as-cast component is
a considerable competitive advantage for a foundry,
compared to cost related to casting the component
with machining allowance and subsequently machin-
ing the required tolerances. Reduced or omitted
machining allowance is an advantage for both the
foundry and their customers, as well as an environ-
mental advantage.

Note that many other process parameters play
a great role regarding the deformation of cast iron
castings and the ultimate dimensional accuracy that
can be delivered. However, the thermal field intro-
duced by the feeders is a link in the chain—a chain
that must be controlled largely to reduce or negate
the need for machining allowance.

Novelty Casting deformation is not a new discovery.
The novelty of the present study is the correlation
between feeder configuration, alloy composition, and
the resulting deformations. The influence of the
pearlite formation on the deformation variance of
the castings is also new, and explain the observed
differences between the low and high Si alloys.

Hypothesis 5: The side feeder modulus necessary to
feed SGI is not a linear function of the casting module,
and traditional methods overestimate the feeder size

This hypothesis is addressed in chapter 12, on
page 175 and chapter 13, on page 231.

Background A traditional foundry approach to
feeder design dictates that the feeder modulus must
be 1.2 times larger than the modulus of the cast-
ing section it is feeding as reported by Karsay [19].
Kotas reports this 20 % increase as a safety factor
[20]. Though, both Chvorinov and Hansen et al
have shown that the basic modulus approach is
neither shape- nor size-independent [21, 22], the
approach to feeder design is still based on an as-
sumption that bigger is always better—or in other
words that the feeder just needs to be large enough,
then the porosities will eventually go away. Though
the foundries design specialised moulded feeders for
many castings, especially for castings of less than
approximately 200 kg the 1.2 rule prevails.

Relevance Larger than necessary feeders benefit
nobody. In fact, too large feeders may cause dif-
ferent types of casting defects, including porosities.
Thus, knowledge about the scalability of feeders is
important for the foundry engineers to choose the
best solutions. Given that the typical (and maybe
logical) action against porosities is to increase the
feeder size, knowledge about the non-linear perform-
ance of cast iron feeders is very significant. Poten-
tially the foundries in some cases should consider to
reduce the feeder size instead, or even completely
remove the feeder in question, to strengthen the
performance of other feeders.

Novelty The increased graphite expansion concern-
ing casting modulus is described by Brown [23],
and Karsay also describes how large cast iron cast-
ings can be made sound completely without the
use of feeders [19]. Note, however, that the require-
ments listed by Karsay entail requirements for both
pouring temperature, that the casting modulus is
at least 2.5 mm, a high CEV, a strong mould, and
more. Hence, Karsay’s solution is a specialised case,
though it shows the non-linearity of cast iron.

The novelty of the work presented here is the
investigation of castings with much smaller moduli
than described by Karsay, as well as free from most
of the restrictions suggested in the same article [19].
Karsay addresses the casting and its self-feeding
abilities and finds that it is self-feeding because of it
large modulus and substantial graphite expansion.
The present research focuses on the modulus scaling
of the feeders and the non-linear performance of
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scaled feeder moduli, and show that larger feed-
ers (including a higher graphite expansion) are not
always preferable.

Hypothesis 6: Multiple smaller feeders can, for elong-
ated sections, provide better feeding of a single casting
section than a single large feeder

This hypothesis is addressed in chapter 12, on
page 175 and chapter 13, on page 231.

Background Feeding of castings is often designed
around the seven rules formulated by Campbell
[24]. Central to this approach is rule two—heat-
transfer (modulus) rule—which describes that the
feeder must solidify later than the casting section
it is feeding. Based on this, a typical solution is to
opt for a single large feeder. This single large feeder
option allows for as large a modulus as possible
concerning both heat-transfer and mass-transfer
(rule 3), while still optimising for casting yield.

The deciding rule is often the heat-transfer rule.
If, however, the heat-transfer in a specific config-
uration is not the deciding rule, then a division of
the feeder into two or more feeders may be advant-
ageous, as this allows for feeding system designs
that prioritise other feeding criteria. For example
the feed path (rule 5). This single restricting para-
meter may be the case for some feeding scenarios
(regimes) using sleeved feeders. Especially for spot
feeding castings made in vertically parted moulds,
as these depend on the internal forces to move the
melt from the feeder into the casting, but also for
extending the reach of the feeding system in the
case of elongated geometries.

Relevance The interaction of multiple feeders with
each other is important to understand the mechan-
isms controlling feeding as many parameters influ-
ence the process. At least the six physical aspects
defined in the seven rules of feeding—rule 1 is a
non-physical aspect: Do not feed (if not necessary)—
and the five feeding mechanisms, both described by
Campbell [24, 25], are identified physical paramet-
ers determining the function of a feeding system.
Thus, knowledge about the interaction of multiple
feeders is relevant for the understanding of which
underlying feeding phenomena are dominant.

Additionally, overly large single feeders can cause
other problems as prolonged solidifications, which
can force a slowdown of production, or for large

castings graphite flotation or degeneration. Though
the latter will be most pronounced within the feeder,
the prolonged solidification of the casting itself may
yield the same issues.

Novelty The application of multiple feeders is not
a new thing, and multiple feeders are often placed
around the rim of circular casting sections. This
work represents two novelties. The first novelty
is the application of multiple feeders to a casting
geometry accessible for a single central feeder. In
this case a bar geometry, as opposed to a ring geo-
metry where the centre point is part of the mould
or core. The second novelty is the vertical applica-
tion of the feeders where the two feeders experience
significantly different pressure height.

Hypothesis 7: The feed material movement in spot
feeding can be described by the sum of driving forces

This hypothesis is addressed in chapter 12, on
page 175 and chapter 13, on page 231.

Background The movement of the melt, or more
precisely the feed material, is a result of the forces
acting on the melt in the casting and the feeder. For
traditional top mounted feeders, gravity is the dom-
inant force as long as the feeder is properly vented.
For spot feeders used in vertically parted moulds,
gravity is no longer a constant force drawing the
melt into the casting. Instead, the feeders depend
on the internal forces created by the casting and
the feeder, as well as the interplay of these forces.

Relevance It is important to know the order and
magnitude of the internal forces moving the melt,
as these can be used to design feeding systems that
intentionally make use of these forces to transport
feed material from the feeder into the casting. On
the other hand, it is also important to know poorly
designed feeding systems can increase the number
of porosities due to unintentional combinations of
the driving forces. In this respect, the description of
the melt movement based on driving forces can be
an essential tool for analysing and designing feeding
systems. While the driving forces descriptions are
valid for both top mounted and side mounted feed-
ers, the use is particularly relevant for side-mounted
feeders as they lack the direct interaction of the
gravitational driving force.
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Novelty The need for venting to equalise with at-
mospheric pressure is well known, and Campbell
lists both pressure gradient and pressure (rule 6 and
7) in his seven rules of feeding [24]. The novelty
of the driving force approach presented in this dis-
sertation is that it encompasses the major pressure
drivers influencing the melt. The novelty also lies
in that it describes how to map these driving forces
as they shift between positive and negative relative
pressure—between moving the melt from the feeder
into the casting and vice versa. This analysis has
been possible because gravity as a driving force was
negated by the horizontal application of the spot
feeders.
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2.1 Introduction

As stated in section 1.1, on page 3, metal casting
is one of the oldest methods of manufacturing

known to man. Cast iron, as the first composite
material manufactured, was first made more than
2500 years ago as reported by Stefanescu [28, 29].

While a basic understanding of feeding, metallurgy,
or casting was not at hand at the time, our ancest-
ors have unwittingly fought against porosities and

Aluminium (Al), Carbon (C), Carbon Equivalent Value
(CEV), Compacted Graphite Iron (CGI), Hydrogen (H),
Lanthanum (La), Lamellar Graphite Iron (LGI), Modulus
Extension Factor (MEF), Nitrogen (N), Spherical Graphite
Iron (SGI), Silicon (Si)
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(a) Definition and classification of shrinkage defects.
Courtesy of Stefanescu [26].

(b) Illustration of the physical processes involved in
formation of microporosities. Courtesy of Lee et al [27].

Figure 2.1: Definition of shrinkage defects and the formation of microporosities.

other feeding-related casting defects from the very
beginning. Hence, the feeding of cast iron can be
said to be an ancient problem which we are still
trying to understand to its fullest.

2.1.1 What is Feeding?

Feeding (also called risering) is an integral part of
most gravity castings. Feeding is a compensation for
the volume shrinkage that liquid metals undergo as
they cool and solidify. Thus, a feeder is a reservoir
of molten metal that supplies the casting with melt
as the metal in the casting contracts due to liquid
and solidification shrinkage.

A feeder does not prevent the metal from shrink-
ing; rather it supplies liquid metal to an area that
is contracting. This supply of melt requires a path
between the feeder and the spot that requires feed-
ing to conduct the flow of metal. Often the feeder
must provide enough excess heat to sufficiently keep
the feeding path open for the required time and se-
cure that solidification progresses towards the feeder.
Additionally, the feeder must provide a large enough
quantity of liquid metal when it is needed. The
feeder must close off from the casting in a way that
the shrinkage in the feeder is not allowed to reach
into the casting. This restriction is achieved by the
design of the connecting part between the casting
and the feeder, named the feeder neck.

Besides providing the casting with liquid metal
at the right time and location, a feeder may also
support the casting process by heating a local area,
hence changing the direction of solidification and
the local microstructure.

2.1.2 Other Functions of Feeders

Feeders fulfil other functions than supplying melt
to the casting. Campbell describes that the ferro-
static pressure delivered by the pressure height of
the feeder help increase the ductility of the casting
and that this pressure also assists in preventing
blow defects from forming [24]. For castings with
poorly designed gating systems, or for melts with
high amounts of slag, feeders provide a flow-off for
the impurities, collecting these defects in a part that
is removed from the casting afterwards and thus
removing the defects. Additionally, feeders have
been shown to influence the dimension of the cast-
ings by changing the ferrostatic pressure, but also
solely by changing the temperature gradients found
in the casting during solidification, as described by
Vedel-Smith et al [30, 31].

2.2 Porosity Defect Formation

An important aspect of feeding, is the formation
of shrinkage porosities—or preventing that it

happens. As shrinkage porosities are invariably
linked to feeding or the lack thereof, knowledge
about feeding can be obtained by understanding
how porosities are formed.

Porosities originate in the conditions and para-
meters of the casting process; alloy composition,
purity of melt, filling conditions, gas in the melt,
thermal gradients, casting geometry, volume con-
traction, and graphite expansion to name a few.
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(Pressure inside casting > 1 atm)
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(a)

(b)
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Figure 2.2: Solidification and porosity formation for different section sizes. Courtesy of Campbell [25].

The formation of porosities is an integral part of
the process where all parameters are interconnected.

Lee et al categorise porosities as either macro-
porosities or microporosities and suggest that their
cause is related to either volume shrinkage or gas
formation [27]. Lee et al though, goes on to state
that the above definitions are not this hard in reality.
Note also, that Lee et al’s work was on Al-Si alloys.
However, the definition is also useful for cast iron.
Stefanescu provides an illustration of how macro
and microporosities are located in the casting—see
fig. 2.1a on page 14 [26]. Lee et al’s description of the
formation of microporosities is shown in fig. 2.1b
on page 14.

As this is not a review on casting defects in gen-
eral, only the basic porosity formations typically
found in cast iron will be discussed. For a more
complete and hands-on list of casting defects, the
reader is referred to the IKO Manual of Casting De-

fects [16]. The present review of porosity formations
will address porosities formed because of volume
shrinkage and gas evolution, as well as filling related
defects respectively.

2.2.1 Shrinkage Porosities

Shrinkage porosities are related to the volume con-
traction of the metal during cooling and solidific-
ation, which for cast iron is complicated by the
volume expansion caused by graphite precipitation.
The volume change properties of cast iron are fur-
ther discussed in section 3.4.1, on page 51. For
now, it should be known that the metal contracts,
and if not fed, will form different types of shrinkage
porosities depending on the alloy, casting geometry,
and cooling conditions.

Figure 2.2 illustrate how three different section
sizes solidify and form porosities. The thin section
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(1) (2) (3) (4)

Figure 2.3: The stages of shrinkage cavity formation. Courtesy of Campbell [25].

(1) (2) (3) (4)

Figure 2.4: The stages of shrinkage porosity formation. Courtesy of Campbell [25].

(a) (b) (c) (d)

Figure 2.5: Geometry of the shrinkage porosity for a short freezing range alloy as a function of orientation. (a-c)
show the effect of different casting orientations, and (d) shows irregular and chaotic porosity locations, which are
often related to entrapped air or other gas porosities. Courtesy of Campbell [25].
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(a) undergoes a rapid cooling with a shallow thermal
gradient across the casting. This result in a uniform
temperature distribution across the section as it
solidifies, leaving the shrinkage on the outside of
the casting as an example of solid feeding. The
intermediate section (b) forms a shell. However, the
residual melt remains in contact with the surface
until the tension in the melt reaches a critical level
and draws in air to relieve the pressure difference.
The large section (c) on the other hand, builds the
same tension in the residual melt, here, however,
the melt is no longer in contact with the surface.
This lack of surface contact allows the tension in
the melt to build further, and at some point, an
impurity will nucleate a rupture that releases the
tension and forms an internal porosity.

The formation of an internal porosity is driven
by the tension in the melt as it contracts. Hence,
impurities in the melt—oxide films, inclusions, elev-
ated gas content—can all initiate a rupture opening
a shrinkage porosity.

Porosity Types

To reduce the ambiguity of the terminology often
used, Stefanescu defines shrinkage cavities as shrink-
age defects open to the atmosphere, and shrinkage
porosities as closed porosities without access to
atmospheric pressure [26]. Shrinkage cavities are
formed as a consequence of metal contraction dur-
ing solidification and cooling and are independent
of the amount of gas dissolved in the melt and do
not require a point of nucleation for the pore to
initiate and grow. On the other hand, shrinkage
porosities are dependent on pore nucleation and the
gas content in the melt.

Figure 2.3 on page 16 shows the shrinkage cavity
formation in an ‘open’ solidification that creates a
shrinkage pipe into the casting. The cavity, or pipe,
grows as more and more melt solidify. This shrink-
age formation is also called a primary shrinkage
pipe. The scattered and disconnected pores located
below the primary shrinkage pipe were originally
connected to the primary shrinkage pipe, and hence,
can be considered part of the same feeding problem.

Figure 2.4 on page 16 shows how a closed cavity
will form a similar shrinkage porosity as seen with
the open shrinkage cavity formation. The porosity
will nucleate, possibly at the site of a melt impurity,
and will form an internal pipe comparable to the
open shrinkage cavity formation. Additionally, the
enclosed shrinkage porosity will also form scattered

and disconnected pores below the primary shrinkage
pipe.

Note that the shape of the shrinkage and the re-
lated pores are governed by the thermal gradients of
the casting, and hence, is greatly influenced by the
geometry of the casting. Thus, complex castings
may have shrinkage cavity and porosity formations
that are difficult to interpret. Additionally, also the
orientation of the casting will influence the place-
ment and shape of the porosities. See fig. 2.5 on
page 16.

Pipe shrinkage occurs in all alloys [26], however,
alloys exhibiting a wide mushy zone may allow for
deformation of the mushy zone resulting in curved
surfaces, also known as surface shrinkage. The
phenomenon is shown in fig. 2.1a on page 14 and
explained in section 2.4.5, on page 33. Other alloys
exhibit a narrow mushy zone resulting in an early
shell forming during solidifications. Consequently,
the shrinkage defects are seen as a combination of
closed shrinkage porosities (macro- and microporos-
ities), plastic deformation of the solid shell, or the
formation of a large number of vacancies in the
lattice structure [26, 32]. The characteristic of the
mushy zone is related to the endo- and exogenous
solidification properties of the alloy, as described in
section 2.3.5, on page 26.

Shrinkage Porosity Formation

Microporosities that are formed as a function of
shrinkage are often caught by the dendritic structure
of the solidifying melt. Thus, the dendrite structure
influences the geometry of the pore, resulting in non-
spherical porosities of sizes of a few to hundreds of
micrometres [26].

The tension of the remaining melt will draw in
feed material as long as the forces acting upon the
melt allow this. However, towards the end of so-
lidification, the tension in the melt will increase as
shrinkage from other parts of the casting also draws
in the melt. At the same time, the melt viscosity
increases, increasing the cohesiveness of the melt,
but also its flow resistance. To make matters worse
for feeding, the feeding paths into the mushy zone
also closes off by the reduced size of the still liquid
capillary paths, with increased flow resistance as
a result. The mushy zone capillaries may also be
blocked by particles floating in the melt—eg graph-
ite nodules (with or without an austenite shell),
equiaxed dendrites, or inclusions. Thus, in some
cases, the melt cohesiveness is overpowered by the
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Figure 2.6: Influence of pressure and gas content on
mushy zone pore formation. 𝐶𝐿 is the amount of gas
dissolved in the liquid, 𝐶𝑚𝑎𝑥

𝐿 is the maximum solubility
of gas in the liquid, 𝑃𝑔𝑎𝑠 is the gas evolution, 𝑃𝑎𝑚𝑏 is the
ambient pressure on the mould, 𝑃𝑠𝑡 is the metallostatic
pressure, 𝑃𝑒𝑥𝑝 is the expansion pressure due to phase
transformations, and 𝑃𝛾 is the pressure induced on the
pore by surface tension. Courtesy of Stefanescu [26].

forces acting on the melt, resulting in a rupture of
the melt, creating a pore.

A further discussion on melt cohesiveness is found
in section 13.8.8, on page 262. The flow of melt
into the interdendritic and mushy zone is further

described in section 2.4.3, on page 32 and section
3.4.3, on page 54.

Alternatively, if the formed shell is weak as de-
scribed above, the shell will yield to the tension
before the melt, resulting in surface shrinkage [25,
26]. However, the formation of curved surfaces,
or surface shrinkage, will consequently reduce the
number of microporosities formed as a function of
shrinkage.

Stefanescu structures the pressures acting as this
to determine if a pore will develop or not [26]:

𝑃𝑔𝑎𝑠 + 𝑃𝑠ℎ𝑟 > 𝑃𝑎𝑚𝑏 + 𝑃𝑠𝑡 + 𝑃𝑒𝑥𝑝 + 𝑃𝛾 (2.1)

where 𝑃𝑔𝑎𝑠 is the gas evolution, 𝑃𝑠ℎ𝑟 is the negative
pressure from resistance to shrinkage induced flow,
𝑃𝑎𝑚𝑏 is the ambient pressure applied to the mould,
𝑃𝑠𝑡 is the metallostatic pressure, 𝑃𝑒𝑥𝑝 is the expan-
sion pressure caused by phase transformations, and
𝑃𝛾 is the pressure induced by the tension acting on
the surface of the pore. The sum of local pressures
makes up the mushy zone:

𝑃𝑚𝑢𝑠ℎ = 𝑃𝑎𝑚𝑏 + 𝑃𝑠𝑡 + 𝑃𝑒𝑥𝑝 − 𝑃𝑠ℎ𝑟 (2.2)

Equation (2.1) shows that the gas evolution, 𝑃𝑔𝑎𝑠,
and the resistance to shrinkage induced flow, 𝑃𝑠ℎ𝑟,
are the driving forces for pore formation. Accord-
ing to Stefanescu [26], the nucleation of pores is
governed by the relationship between the maximum
solubility of gas in the melt, 𝐶𝐿, and the amount
of gas in the melt, 𝐶𝑚𝑎𝑥

𝐿 . See fig. 2.6. The stability
of the pore after it is formed is given by [26]:

𝑃𝛾 =
2𝛾𝐿𝐺

𝑟
(2.3)

where 𝛾𝐿𝐺 is the gas/liquid surface energy, and 𝑟
is the radius of the pore. The equation shows that
a minimal initial radius of the pore results in an
enormous surface tension, making it unlikely that
homogeneous nucleation will occur. However, im-
purities in the melt can help nucleate the pore as
described by Stefanescu [26], allowing for a hetero-
geneous pore nucleation instead. This relationship
also shows why melt treatment and melt purity is
of great importance concerning porosity formation.

While inclusions in the melt can act as nucleation
sites for pores, the amount of dissolved gas in the
melt also influence the pore formation. The gas
solubility in the metal changes as the melt cools
and solidify. Hence, if more than a critical amount
of gas is dissolved in the liquid this is expelled as
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the temperature drops below the critical point. For
Hydrogen (H) the solubility in commercial grade
LGI and SGI is 8 ppm in the liquid, but only 4 ppm
during solidification. For Nitrogen (N) the solubility
values are 150 ppm and 80 ppm respectively [33, 34].
It should also be noted that the combined solubility
of H and N is even lower.

The gases dissolved in the melt originate from
the melting procedure, where cupola furnaces have
been shown to introduce less H and N during melting
when compared to induction furnaces [33, 34]. Also,
the amount and purity of the steel scrap used for
charge material is vital concerning the N level, as
well as preheating of the charge material reduces
the H level by removing moisture from the material
before melting.

For SGI the Magnesium (Mg) treatment produces
a process which can be compared to degassing of
light metals.

According to Diószegi et al the gas absorption is
controlled by the following phenomena; gas diffusion
to the surface, chemical reaction rate on the surface,
and diffusion of atoms from the gas/liquid interface
into the melt [34]. While the diffusion of gas to the
surface is considered quick, both the reaction rate on
the gas/liquid surface and the diffusion of gas atoms
in the liquid are limiting factors. Consequently, the
size of the gas/liquid interface is of great importance
to the amount of gas absorbed by the melt.

Thus, the initial treatment of the charge material
and melting is not the only origin of the gases in
the melt; the mould filling should also be taken
into consideration. Hence, turbulent filling condi-
tions promoting a turbulent flow will increase the
gas/liquid surface area and increase the absorption
of gas into the melt.

Other Defects

Another issue regarding the mould filling is air en-
trapment, though cast iron in green sand moulds
is not typically prone to these defects [35]. Air en-
trapment primarily occurs in moulds with limited
permeability and for skin forming alloys. Similarly,
while steel alloys and light metal alloys are known
to form oxides and bi-films, these types of defects
are rare in cast iron [24, 35]. Pinholes, on the other
hand, is a defect associated with cast iron [16, 35],
especially if the gas content of the melt is critically
high. Hence, the reduced solubility of gases in the
metal as it cools and solidifies form holes on the
surface of the casting when the limited permeability
mould retains the gas inside the mould cavity.

2.3 Seven Rules of Feeding

Porosities, however, they may be formed, are
unwanted in castings. Thus, castings are

equipped with feeders to solve the problem with
porosities and other related defects. The design of
these feeders, to deliver the sound castings, require
the consideration of a series of different aspects of
the casting process.

Professor John Campbell formulated seven rules
of feeding in his book ‘Casting Practice—10 Rules
of Casting ’ [24]. The seven areas that must be
considered regarding feeding are listed below:

1. Do not feed (unless necessary)
2. Heat-transfer (modulus)
3. Mass-transfer (volume)
4. Junction
5. Feed path
6. Pressure gradient
7. Pressure

The rules should be used as a checklist when
designing the casting layout and if possible also
when designing the component itself. It should also
be understood that the rules in many cases are inter-
dependent, meaning that changes regarding one rule
will influence the function of the feeder concerning
another rule. Hence, optimising the construction of
the feeder becomes an iterative process looping over
the rules multiple times. However, the geometry
of the casting itself, the gating system, the melt
treatment, the pouring temperature, the mould con-
ditions, all influence the performance of the feeders.
Thus, changes to any of these should at least be
considered with respect to the performance of the
feeders.

2.3.1 Do Not Feed (Unless Necessary)

Campbell argues that this is the most important
of all the feeding rules [24]. It serves no purpose
to feed a casting, or section of a casting, that does
not require it to fulfil its functionality. In some
cases, a feeder can easily cause problems that would
never have arisen without the feeder. While many
cast iron castings require feeding, some thin-walled
castings and some large SGI castings can be made
without. The thin-walled castings are still subject
to shrinkage, albeit the high cooling rate of the
section forces the shrinkage to occur on the surface
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of the casting. Hence, in some respects the changes
in pattern geometry that allows for this external
surface shrinkage act as the feeder. For the large,
bulky SGI castings a different effect is used—namely
the graphite expansion. Campbell [24] reports that
many large SGI castings today are cast completely
without feeders and Fourlakidis [36] have made a
study of the conditions required to produce sound
castings without the use of feeders.

It is also important to consider the need to elim-
inate all porosities. The primary function of feeders
is to prevent porosities. However, if the function of
the casting is not compromised by the presence of
porosities at select locations, then the feeder is only
an added production cost.

2.3.2 Heat-Transfer (Modulus)

The modulus criterion was first described by Nicolas
Chvorinov in 1940 [37]:

𝑡𝑠 = 𝐶 ×𝑀2

= 𝐶 (𝑉
𝐴
)
2 (2.4)

where 𝑡𝑠 is the solidification time, 𝑉 is the volume
of the section, 𝐴 is the area of the cooling surface
of the section, and the ratio between these two is
defined as the modulus 𝑀 . 𝐶 is a constant which
is dependent on both the casting material and the
mould material. 𝐶 is in some of the literature re-
ferred to as 𝐵. This method is still widely used
in the foundries to calculate the required feeder
size. Jelínek and Elbel recently presented new data
for the mould constant for non-quartz sand mould
[38]. An advanced approach has been proposed
by Tiryakioğlu et al [39]. Different combinations of
shapes and volumes can produce the same geomet-
rical modulus. Tiryakioğlu et al [39] confirms that
Chvorinov’s rule yields accurate results for cooling
time for both castings of the same shape and cast-
ings of the same volume. Tiryakioğlu’s approach
also yields comparable results for castings with the
same modulus, but with different shapes.

M.C. Flemings published his method in 1974 in
‘Solidification Processing ’ [40].
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where 𝑆 is the thickness of the solidified layer at a
given time 𝑡. 𝑇𝑚 is the melting point of the metal,
and 𝑇0 is the initial temperature of an infinite mould.
𝐻 is the latent heat of the metal, 𝜌𝑠 is the solid
density of the metal and 𝜌𝑚 of the mould. 𝐾𝑚 is
the thermal conductivity of the mould, and 𝐶𝑚 is
its specific heat of the mould.

Subsequently, the 𝛼-term is the potential that
drives the cooling, the 𝛽-term is the energy stored
in the melt, and the 𝛾-term is the cooling power of
the mould.

The heat-transfer criterion relates to the ratio
between the modulus of the casting (or isolated
section) and the feeder. Increasing the latent heat
of the feeder is one way of securing the correct ratio
between the two, however, using chills to increase
the cooling rate of the casting can also increase the
cooling rate of the casting by increasing the cooling
power of the mould. In principle, the modulus is
unchanged as the cooling surface is the same. How-
ever, the cooling power of the mould has changed.
Feeder sleeves made from either an insulating or an
exothermic material are also used in many foundries
today. The sleeve materials are designed to retain
the heat in the feeder, thus allowing for a geometric-
ally smaller feeder to fulfil the heat-transfer criterion.
For the same reason, they are sometimes known as
mini risers. Different sleeve materials have different
heat-transfer properties. It was described by Brown
[23] as a MEF that multiplied with the geometric
modulus (𝑀𝑔) gives the thermal (or true) modulus
(𝑀𝑡) of the feeder.

𝑀𝑡 = MEF ×𝑀𝑔 (2.6)

Note that the MEF is a relative value describ-
ing the insulating properties of the sleeve material
relative to the insulating properties of the mould.

Casting designers should consider the temperat-
ure distribution in the casting because of the filling
conditions. Most castings today are gated from the
bottom to provide a stable, less turbulent filling.
This bottom-gating will help float unwanted inclu-
sion to the feeders at the top, but will also deposit
the coldest of the melt in the feeders. If this proves
to be a problem, it can often be solved by slightly
increasing the modulus of the feeder.

Additionally, the temperature of the poured melt
must also be considered. Temperatures above
1500 ○C are often required during the initial melt
treatment to secure a proper de-slagging of the melt.
Typical pouring temperatures are in the range of

20



1350 ○C to 1420 ○C, depending on casting conditions
and casting and gating geometry. A higher pouring
temperature will entail a more substantial liquid
shrinkage in the casting. However, a higher pouring
temperature will also enable the casting to stabilise
its temperature before solidification, so that high
modulus sections will stay warm longer than low
modulus sections [41]. This temperature stabilisa-
tion also results in a decreased undercooling and
thus affect both nucleation and graphite growth as
stated by Chen et al. [42].

2.3.3 Mass-Transfer (Volume)

Using feeder sleeves (or other methods) to prolong
the cooling of the melt in the feeder it is possible to
construct a feeder that will fulfil the heat-transfer
criterion but may still be too small. The third feed-
ing requirement is that the feeder must be able to
supply the casting with enough melt to compensate
for the liquid and solidification contraction that oc-
curs. For cast iron, the required volume changes
significantly with respect to alloy type. The volume
shrinkage is dependent on alloy composition, melt
treatment, and cooling rate. While other alloys as
aluminium and steel have greater shrinkage and re-
quire larger feeders, these alloys are not as process
sensitive as cast iron when it comes to how much
the alloy will shrink.

To determine the required size of a feeder, it is
necessary to first consider the volume shrinkage
of the casting (𝑉𝑐). 𝑉𝑐 is the amount of melt the
feeder (as a minimum) must be able to supply to
the casting during solidification. The feeder will
be cooling and solidifying at the same time as the
casting. Hence a percentage of the melt in the feeder
will solidify in the feeder before it can be fed to the
casting. This ratio is called the efficiency, 𝑒, of the
feeder and is defined as:

𝑒 =
𝑉 𝑎𝑣𝑏𝑙
𝑓

𝑉𝑓

(2.7)

where 𝑉𝑓 is the total volume of the feeder and 𝑉 𝑎𝑣𝑏𝑙
𝑓

is the volume of melt available to feed the casting.
The term ‘available’ is used (as opposed to eg liquid)
because the melt must not only be liquid but also
movable by the collected sum of forces acting on the
melt during the feeding process. 𝑒 then becomes
the efficiency of the feeder, describing the feeding
yield.

A feeder is meant to feed the contraction in
the casting caused by the liquid and solidification

shrinkage of the metal. However, the metal in the
feeder undergoes the same contraction as the cast-
ing. Hence, this must be taken into account as well
when determining the required feeder size. While
the thermal gradients of the casting (including feed-
ers) and the solidification microstructure influence
the local shrinkage, a good approximation can be
achieved by assuming that feeders and casting will
display the same amount of contraction. Hence:

𝑒 × 𝑉𝑓 = 𝛼(𝑉𝑓 + 𝑉𝑐)

𝑉𝑓 =
𝛼𝑉𝑐

𝑒 − 𝛼

(2.8)

where 𝛼 is the sum of liquid and solidification con-
traction for the particular alloy.

However, cast iron behaves differently than most
other metal regarding solidification and shrinkage.
As the cast iron solidifies graphite precipitates, cre-
ating an expansion that counters the contraction
caused by cooling. Brown calls this shrinkage time,
𝑆𝑇 , and it denoted the percentage of the total so-
lidification time and is alloy dependent. Equation 2.9
shows the reduced volume requirement for feeding
a given cast iron alloy, at given process conditions:

𝑀𝑉 𝑜𝑙
𝑓 =𝑀𝑉 𝑜𝑙

𝑐 × 1.2

}︂
𝑆𝑇

100
(2.9)

where 𝑀𝑉 𝑜𝑙
𝑓 is the volume criterion for the feeder

modulus, and the 𝑀𝑉 𝑜𝑙
𝑐 is the same for the casting.

𝑆𝑇 is the shrinkage time in percent of the total
solidification time. The shrinkage time can be found
using fig. 2.7 on the following page.

The continuous removal of melt from the feeder
during solidification creates a piping effect that
subsequently results in a ‘shrinkage cavity’ reaching
the top of the feeder (if adequately vented) along the
direction of feeding. If the heat-transfer criterion is
fulfilled, but not the mass-transfer criterion, then
the shrinkage cavity will ‘grow’ into the casting.
The geometry of the shrinkage cavity in the feeder
is very dependent on the feeder geometry itself,
and hence directly influence the yield of the feeder.
Figure 2.8 on page 23 shows how shrinkage cavities
develop for different feeder geometries and how this
affects the yield of the feeders.

2.3.4 Junction

The junction problem is related to castings that
have a bulky design with a high modulus and thus
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Figure 2.7: Nomogram for finding volume shrinkage % and shrinkage time in % of solidification time, based on
alloy composition and casting temperature. Example with C: 3.35wt%, Si: 2.5wt%, 𝑀 = 20mm, 𝑇 = 1300 ○C,
which gives shrinkage = 1.6% and 𝑆𝑇 = 55.0%. Courtesy of Brown [23].

displays a solidification progression similar to the
feeder itself. If the casting (or section) is close to
cubic or spherical, the volume- and mass-transfer
criterion may not be sufficient to ensure a sound
casting. The issue is the location of the shrinkage
cavity. The location of the last to freeze melt, and
thus also the porosities, is determined by the hotspot
of the casting. If the casting has a bulky design
that cools slowly, then the hotspot will often end up
at the junction between the casting and the feeder,
even though feeder can provide both enough heat
and mass.

One solution is to increase the size of the feeder.
If made large enough, the casting hotspot with the
last to freeze melt will be drawn all the way into
the feeder. This methodology, however, results in

feeders with a poor yield. Traditionally the modulus
of a cast iron feeder will be made 1.2 times larger
than the modulus of the casting it is feeding [23].
Depending on the geometry and the type of junction,
the factor may have to be increased to 𝑀𝑓 > 1.33 ×
𝑀𝑐 for L-type junctions, and 𝑀𝑓 > 2×𝑀𝑐 for T-type
junctions [24].

An alternative is to increase the cooling of the
heavy casting. This approach can be achieved with
chills or cooling fins. Which of the solutions that
are best suited for a given casting depends on the
casting geometry, the casting conditions, the mould
type and size, and the requirements for removal
of the cooling fins afterwards. This alternative
solution may provide a better total yield than the
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Figure 2.8: Typical feeder yield for different geometries. The top row shows (a) a cylindrical feeder, (b) a
hemispherical feeder, (c) a reverse taper feeder head, and (d) a feeder with exothermic sleeves. The bottom row
shows a ductile iron plate with (e) a cylindrical sand feeder, (f) an insulated feeder, and (g) an exothermic feeder.
Courtesy of Campbell [24].

large feeder, albeit still not as good as for castings
that inherently do not have this problem. Herein
also lies the best way to improve the yield, namely
to redesign the casting to avoid this type of heavy
sections (if possible). Smaller sections will cool
faster obtaining better strength and may thus in
some cases, perform as well as the more massive
constructions. On the other hand, it is not always
(for various reasons) possible to change the design
of the casting itself. In these cases, a reduced yield
can be unavoidable.

Casting designers should take into consideration
the migration of the castings hotspot (or hotspots)
during the solidification process. Elmquist et al. [43]
described how the hotspot, and thus the last to
freeze melt and the porosities could move around
inside the casting as a function of the different cool-
ing rates of the different geometries. In moulds that
contain more than one casting, the different castings
may influence the migration of the hotspot in the
other castings. This non-symmetric layout may lead
to situations where only some of the castings display
porosity defects in a critical area. In principle, this
can also be used (deliberately or unwittingly) to
keep sections warm longer as an effect of nearby
castings. Vertically parted moulding lines have the

castings placed consecutively, and the heat from one
mould will at some point penetrate the adjacent
mould. However, only large castings were expected
to still require feeding at the time when it is affected
by the heat from the previous mould (depending on
mould thickness). In general, dependence on heat
flux from other sources that cannot be controlled is
not advisable.

2.3.5 Feed Path

It has been determined that the feeder must provide
both heat and mass in large enough quantities to
feed the casting. However, both of these criteria
would be useless if there is no feed path between
the feeder and the section that must be fed. The
casting must solidify towards the feeder. As it is
not possible to feed melt through a section that has
already solidified (or are about to in some cases),
it is crucial to ensure this directional solidification
towards the feeder.

Modulus Gradient Criterion

Traditionally, designers have used Heuvers’ circles to
determine if the casting geometry fulfilled the feed
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Figure 2.10: Feeding distance rules developed by
Pellini for steel bars and steel plates cast in green sand
moulds. Courtesy of Campbell and Pellini [24, 44].

Figure 2.9: Use of ‘Heuvers’ circles’ and the use of
integrated and detached padding. Courtesy of Campbell
[24].

path criterion. See fig. 2.9. The method is simply
to draw the largest possible inscribed circle of each
section of the casting. The larger the diameter of

the circle, the larger the modulus, and the later the
section will solidify. The principle states that the
circles must increase in diameter towards the feeder,
creating a gradient in the modulus of the sections.
The method provides a quick estimate of feeding
path issues when inspecting technical drawings or
sections of castings. However, the user must be
aware that the method provides a 2D estimation of
a 4D problem. The geometry itself is of course 3D,
albeit changes in local temperature gradients over
time must also be taken into consideration for a
complete analysis. The complex geometries that are
required for many castings today may be difficult
to evaluate accurately without a numerical simu-
lation. Moreover, temperature gradients from the
filling of the mould also influence this phenomenon,
complicating it even further.

The first attempt at a solution should be to orient
the casting as favourably as possible in the mould,
allowing the modulus gradient to develop from small
sections at the bottom towards the more massive
sections and the feeders at the top. Often other
considerations intervene with the orientation of the
casting in the mould. Part draft and cores must be
respected, and in some cases, a particular orienta-
tion is favoured because it will eliminate or reduce
the need to use cores, fettling, and machining.

The second approach should be to consider mul-
tiple feeders or alternative locations for the feeders.
With the goal of optimising the casting yield, it can
be advantageous to use fewer large feeders, thus
more efficiently fulfilling the heat-transfer criterion.
However, for castings with secluded sections, it is
sometimes unfeasible or impossible to ensure a feed-
ing path to these sections by merely increasing the
feeder modulus. In these cases, local side feeder
or ram-up sleeves may provide the best possible
casting yield. Such feeding methods were shown by
Vedel-Smith et al [30] that these feeders could be
used to feed secluded sections.

The third approach should be to influence the
feeding path by changing the cooling rate of the
different sections. This can be accomplished in two
ways; 1) increase the cooling of the sections that
have too high a modulus by, e.g. including cooling
fins or chills, or 2) to increase the modulus of the
sections close to the feeder that have too small a
modulus by either integral or detached padding of
the section. If the customer allowed the padding to
remain on the casting, this would be advantageous
as subsequent removal of the padding would not be
required. Alternatively, a solution with detached
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Figure 2.11: Endogenous and exogenous solidification based on alloy composition. Courtesy of Körner [45].

padding may be used if the casting geometry allows
for this. See fig. 2.9 on page 24.

The order of the second and third approaches is
not essential, and the casting designer should choose
the solution that gives the best overall yield and a
stable process.

Feeding Distance

Where the modulus gradient criterion ensures that
the solidification of the casting is directional towards
the feeder by evaluating the different sections, the
feeding distance criterion targets the individual sec-
tions. Pellini [44] described the connection between
the geometry of the casting and the distance at
which a feeder could successfully feed a range of
different geometries. Additionally, the work also de-
scribes how chills can improve the feeding distance
by securing a directional solidification towards the
feeder. See fig. 2.10 on page 24.

While these rules are widely used, they represent
two limitations regarding feeding distances in cast
iron. First, the feeding distance rules all describe ho-
rizontal feeding of simple geometries, and secondly,
the basis of Pellini’s research was steel castings.

Feeding Path Geometry A significant part of the
castings made today has an elementary geometry;
e.g. bars, plates, tubes, rails, and similar basic

shapes. For these castings, the geometries of
Pellini’s experiments are very suitable. However,
many castings have a geometrical complexity bey-
ond Pellini’s experiments. Even though these ‘com-
plex’ castings can be subdivided into basic shapes,
they challenge the assumption made by Pellini in
his experiments.

For example; how should the feeding distance be
calculated for the casting in fig. 2.9 on page 24?
Should the feeding distance be calculated as a U-
shape from feeder to feeder, or will the vertical
sections act as an extension of the feeders, so the
only the horizontal section need to be considered?
This approach does not take into account the ef-
fect of the lower vertical sections, which will draw
melt towards them as the metal cools and solidi-
fies. Likewise, it does not consider the increased
pressure height due to the elevation of the feeders.
Finally, the natural convection of the melt is sig-
nificantly changed, in comparison with a bar or a
plate, resulting in a changed solidification pattern.

Some alloys have equiaxed dendritic crystals form-
ing in the melt during solidification. As these are
heavier than the surrounding melt, the crystals will
sink to the bottom and thus close off one part of
the casting. Other alloys will solidify with columnar
dendrites growing from the walls, slowly blocking
the path. For the casting in fig. 2.9 on page 24
the feeding path of different alloys would be differ-
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Figure 2.12: Melt flow from feeder to casting distin-
guished by solidification types: (a) smooth shell, (b)
dendritic, and (c) mushy. Courtesy of Petrič [46].

ent. Pellini’s experiments with steel alloys are not
descriptive for all, if any, cast iron alloys.

Endogenous and Exogenous Solidification Feeding
distances do exist in cast iron as well as in steel
castings. However, the feeding distance is not the
same for both alloys. Steel displays a far larger
volume shrinkage than cast iron because of the
graphite expansion in cast iron. The special volume
change during solidification and cooling of cast iron
caused by the graphite expansion also complicate
the prediction of feeding distance. As described
above, alloys with different chemical compositions
will solidify differently—in the literature alloys are
characterised as exogenous or endogenous according
to how the solid phase nucleates and grows during
solidification. See fig. 2.11 on page 25.

Exogenous solidification is found in pure and eu-
tectic alloys and is promoted by a slow cooling rate.
The solidification initiates as columnar growth at
the mould interface and grows towards the cast-
ing centre. Exogenous solidification is divided into
three sub-types: smooth-shell solidification, dend-
ritic solidification, and spongy-layer solidification
[46].

Endogenous solidification is typical in hypo- and
hypereutectic alloy compositions. The off-eutectic
compositions also entail solidification across a tem-
perature range. Consequently, the shell forming at
the mould interface is slow while equiaxed dend-
rites will form locally throughout the volume of
the casting. Endogenous solidification is subdivided
into two sub-types: mushy and shell-forming [46].
However, the solidification will cause changes in the
composition of the remaining melt, hence forcing a
change of the prevailing sub-type to the dormant
sub-type as solidification progresses.

The phenomenon is dependent on the cooling
rate. Increased cooling will promote shell-forming.
However, cast iron will reach the metastable solid-
ification that occurs if the cooling rate becomes
high enough, which will significantly influence the
solidification of the casting and derived material
properties. Equally important is also the graphite
growth in the solidifying melt. Depending on the
iron type (LGI, CGI, or SGI) the graphite flakes or
nodules will influence the growth of the dendrites
and the composition of the melt. For the same
reason, inoculation has a direct influence on the
feeding properties of the solidifying alloy. Besides
the inoculations influence on graphite expansion,
the nucleation also affects the constitutional un-
dercooling and thus the manner of the early solid-
ification. Note also that the effects of inoculation
regarding graphite precipitation are different for LGI
and SGI respectively. Over-inoculation of LGI will
promote shrinkage and porosities as described by
Elmquist et.at. [43], while a better inoculation will
improve the precipitation and subsequent expansion
of graphite in SGI castings, thereby reducing the
need for feeding as described by Chen et al [42, 47].
Finally, inoculation will limit undercooling during
solidification, reducing metastable solidification.

Regarding feeding, it is optimal to have a shell
formed, but with limited dendrite growth towards
the centre as this will close off the feeding path. An
equiaxed solidification towards the centre is often
favourable. The rare earth element La is sometimes
used in the treatment of SG irons [36, 48, 49], either
as an alloying element or as part of the melt treat-
ment. La promotes equiaxed grains (endogenous
solidification). It restricts columnar growth and
lowers the viscosity of the melt, improving the melt
flow through the feeding path of the casting [48].

The freezing range, and ultimately the alloy
composition, play a vital role in determining the
solidification mechanism. Albeit the endogenous
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Figure 2.13: Cross-section illustrating problems related to pressure gradients in the casting. Arrows indicate the
melt flow direction in relation to the feeders (F) and the casting sections (S). Courtesy of Campbell [24].

vs. exogenous solidification describes the solidifica-
tion microstructure and the freezing range describes
the extent of the temperature range from the first
to last to freeze melt, the two are interdependent
as a consequence of both being dependent on the
chemical composition of the alloy.

The performance of the two basic types of so-
lidification microstructures shown in fig. 2.11 on
page 25 (endogenous with a long freezing range or
exogenous with a short or long freezing range) is dif-
ficult to classify in equally simple terms. Different
alloys perform well regarding feeding distance with
short and long feeding ranges. Endogenous alloys
can be shell-forming, hence allowing the equiaxed
solidifying melt to be transported near the centre
of the casting. However, if the formed shell is not
strong enough, the walls will collapse inward provid-
ing so-called ‘solid feeding’. As the walls collapse,
they will also close off any further feeding through
the section.

While the equiaxed grains of the endogenous so-
lidification will flow with the melt, the dendrites
formed during exogenous solidification will be at-
tached to the walls of the casting, forcing the melt
to flow through the structure. Both solidification

structures can hinder the flow of the melt: The
endogenous melt flow can be compared to pouring
a liquid with a high viscous resistance (or liquid
filled with grains) through a clean pipe. Hence, the
liquid itself provide the primary resistance. On the
other hand, exogenous melt flow is similar to pour-
ing a liquid with a low viscosity through a clogged
pipe. The primary resistance comes from the inside
structure of the pipe. See fig. 2.12 on page 26.

Feeding Distance Breaking Point Finally, it should
be noted that the feeding distance might be signific-
antly shortened if the feeding distance is exceeded
and porosities are formed. It seems that the castings
will resist the formation of porosities up until a cer-
tain point. If this point is exceeded, the porosities
will spread further back than the original ‘breaking
point’ [24]. The phenomenon seems allegorical to
tearing cloth or paper. Initially, the paper will res-
ist, but when the tear finally appears all the forces
will be focused at this point instantly creating a
tear of some length. As impurities and defects can
act as crack initiation points, proper de-slagging of
the melt before casting may help prevent porosities
caused by breaking the feeding distance.
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Figure 2.14: Division of liquid and solid shrinkage
in comparison with (a) a strong mould and (b) a weak
mould. Courtesy of Campbell [24].

2.3.6 Pressure Gradient

Complying with the previous requirements, it has
been secured that enough liquid metal is available at
the end of solidification and that the path to trans-
port the melt from the feeder to the section where
it needs is open. The pressure gradient require-
ment relates to the forces needed to move the melt
along the feeding path. The necessary force again
relates to the layout of the casting, the temperature
and viscosity of the melt, and the condition of the
feeding path.

The two main principles for securing a sufficient
pressure gradient throughout the casting are pres-
sure height and ventilation. The feeder F1 in
fig. 2.13 on page 27 is located as the topmost part
of the casting; hence, gravity provides sufficient
force to move the melt into section S1. As S2 is
located below S1, the pressure gradient requirement
is satisfied for this section. However, the lack of
compliance with the feed path requirement prevents
the melt from F1 to feed S2. Likewise, it is import-
ant to note that the pressure gradient provided by
the elevated location of F1 is negated as soon as
the thin-walled section between S1 and S2 closes
off. The pressure gradient effect of F1 will diminish
as soon as the thin-walled section begins to solidify
due to the flow resistance through the section.

The primary pressure that acts on the liquid
metal in gravity castings is the atmospheric pres-
sure. As with all other fluids, forces can be trans-
ferred relatively lossless from one surface to another.
Hence, the combined pressure of the atmosphere
and the height of the liquid melt of the casting,
including feeders and gating system, is transferred
from the open surface to the melt. This effect will
help feed sections with poor feeding paths, as the
pressure will force the melt through the solidify-
ing path. However, the same thing will happen
to the pressure path. As eg the in-gate solidifies,
the atmospheric pressure is acting on the gating
system, as well as the static pressure of the melt
height, is prevented from acting on the casting as
the solidified section can only transfer the force by
solid deformation. Thus, as the feeding path must
be kept open long enough to move the melt into the
solidifying section, the pressure path must also be
kept open long enough to move the melt through
the feeding path.

If a feeder is unvented, it will form a solid outer
shell, creating a vacuum that will hold the melt
inside the feeder preventing the gravitational force
from drawing the melt into the casting. The dif-
ference between a vented (F2) and unvented feeder
(F3) is shown in fig. 2.13 on page 27. Venting is
done by securing that the melt continues to have
contact with air, which often, in turn, is achieved by
creating a local hotspot using a Williams wedge or
Williams core [23]. Likewise, a local hotspot at the
corners of S2 and S2 are also venting these sections,
resulting in open porosities. The problem for the
two sections, though, is, in this case, insufficient
feeding and not the local hotspot.

Casting designers should also remember that the
density of liquid iron-carbon alloys is 6.8 g cm−3 to
7.1 g cm−3, depending on melt temperature and wt%
of C [50]. While the most significant impact of the
weight of the dense liquid is seen during filling, the
effect on feeding must also be taken into account,
especially when feeding sections like S3, S4, and
S9. For these sections to be sound, the ferrostatic
pressure of the melt must be maintained from the
part of the casting that provides the local pressure
height, until the melt in the section is solidified
enough that shrinkage and porosities will not evolve.

One method to optimise feeder yield and to secure
the local ferrostatic pressure on the melt is so called
active feeding. The technique was first patented in
the mid-1800s for steel castings and is a method for
pushing on the melt with pressurised air or an inert
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Figure 2.15: Correlation between cooling, solidifica-
tion, and expansion of a SGI with a CEV of 4.35. Cour-
tesy of Alonso [53].

gas [51]. It is argued that especially alloys with
extended freezing range benefit from this technique,
as the extra pressure help move the melt through the
mushy zones of the casting. Promising applications
using the method have been demonstrated for cast
iron [52]; however, the technique is not widely used,
possibly because the technique requires additional
equipment installed in the foundry.

2.3.7 Pressure

Finally, yet importantly, the pressure in the melt
must be available to suppress the nucleation and
growth of porosities as well as deformation of the
surface.

Surface deformation, or surface shrinkage, is most
prominent in endogenous mushy alloys that do not
form a stable shell early in the solidification process.
If the internal vacuum of the casting, aided by the
atmospheric pressure on the outside of the newly
formed shell, is stronger than the newly formed
shell, then the shell will deform inward, reduce
the internal porosities, but create indents on the
surface. Depending on the temperature distribution
in the casting and size and location of those above
mentioned internal and external forces, the surface
shrinkage may be local or distributed across a large
area.

What complicates this requirement for cast iron
is the precipitation of graphite, which creates both
a primary and a secondary graphite expansion in
the solidifying casting.

Prof. Campbell expresses it as follows: “The suc-
cessful feeding of cast irons is perhaps the most
complex and challenging feeding task compared to
all other casting alloys as a result of the curious
and complicating effect of pressure. The effects are
most dramatically seen for ductile irons.” [24]

What complicates the cast iron solidification is
that the melt in the mould will: 1) shrink as it
cools towards the solidifications temperature, then
2) as the alloy begins the solidify it will contract
even further, followed by 3) the primary graphite
expansion occurring at the eutectic temperature (or
earlier for hypereutectic alloys), after this expan-
sion the casting will 4) shrink as it cools towards
the austenite to ferrite transformation temperature,
where 5) the second graphite expansion takes place,
before the casting eventually cools and shrinks until
room temperature.

It is important to understand that the temper-
ature where these phase transformations occur is
dependent on alloy composition (which shifts to-
wards eutectic compositions as the melt solidifies),
on inoculation, and on cooling rate. Hence, differ-
ent sections of the casting will undergo these phase
changes at different intervals; consequently, push
the remaining melt or solidified metal back and
forth in the casting. Thus, it becomes important to
control where these forces are directed. The graph-
ite expansion can be large and powerful enough to
deform the mould itself if it is not strong enough,
resulting in serious issues with feeding and toler-
ances [24]. See fig. 2.14 on page 28. Khalil-Allafi et
al [54] have examined the direct influence of mould
hardness on the feeding need and found that in-
creased mould hardness improves the impact of the
graphite expansion thereby reducing porosities.

These changes in expansion and subtraction of
the volume of the melt and solid, and subsequent
suction and pressure can be used to transport the
melt from the feeders into the casting against grav-
ity as shown by Vedel-Smith et al [55]. However, the
required combination of melt volume, feeder and
casting modulus, alloy composition, inoculation ef-
ficiency, cooling rate, and mould strength call for
some measure of caution. The foundry must have a
stable process with great sand, melt, and process
control. If this is not the case, feeders that rely on
the internal melt forces to move the melt (eg low
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Figure 2.16: Overview of the five feeding mechanisms. Courtesy of Campbell [25].

placed ram-up sleeves) is not advisable, as minor
changes in a single one of these areas may cause
trouble.

Successful feeding of cast iron castings is strongly
dependent on controlling the time and sequence of
the graphite expansion. See fig. 2.15 on page 29.
Alonso et al [53, 56] have made a detailed study
of the growth kinetics of the graphite expansion
in LGI, CGI, and SGI. Alonso et al [53, 56] show
that some cast iron alloys can have a graphite ex-
pansion so large that the metal will expand during
solidification. This extensive graphite expansion,
however, is not necessarily the sought after effect. A
large expansion during solidification will dilate the
mould (if weak), or push away the remaining melt
(if strong) if it comes too early. This is supported
by the modelling made by Chen et al [57, 58]. The
main factors influencing the graphite expansion in
Alonso’s experiment was the wt% C and the wt%
Mg. Note that the Mg must be active to influence
the nucleation of graphite. It should also be noted
that Alonso’s experiment does not examine the sub-
sequent secondary graphite expansion, and hence
no correlation is drawn between the sizes of the
primary and the secondary graphite expansions.

2.4 Five Feeding Mechanisms

In addition to the seven rules of feeding Camp-
bell lists five mechanisms of feeding in his book

‘Castings’ [25], a subject also addressed by Pro-
fessor Stefanescu in his book on the ‘Science and
Engineering of Casting Solidification’[29]. The five
mechanisms that must be considered regarding feed-
ing are listed below, and shown in fig. 2.16:

1. Liquid feeding
2. Mass feeding
3. Interdendritic feeding
4. Burst feeding
5. Solid feeding

These five mechanisms of feeding are directly
linked to several of the feeding rules, as the same
underlying phenomena govern them both. In that
sense, the rules and the mechanisms are alike. How-
ever, their approach to feeding is different. The
feeding rules are a series of descriptions detailing
which actions can be taken to improve feeding. The
mechanisms are an explanation of the ways the cast-
ing can, or cannot, counter the volume shrinkage
experienced during cooling and solidification. The
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Figure 2.17: Ferrostatic tension of the residual li-
quid, depending on freezing range regime for a 20mm
Al cylinder. Courtesy of Campbell [25].

five feeding mechanisms address the movement and
solidification of the melt feeding the casting.

The fives mechanisms progress from liquid to solid
feeding, including three intermediate states; mass,
interdendritic, and burst feeding.

2.4.1 Liquid Feeding

Liquid feeding is, in some respects, the simplest
form of feeding. As the name implies, this feeding
mechanism treats the movement of 100 % liquid,
non-solidified melt from a reservoir to the feed area,
a recess or a cavity in an immediate deficiency of
melt, through a path of the non-solidified melt.
Hence, the melt flow is as unobstructed as possible.
Note that the superheat of the melt may influence
the viscosity of the melt. A superheated melt may
flow easier and longer due to the reduced viscosity
and the greater thermal energy stored in the melt,
which will in turn also postpone the initiation of
the solidification, enabling the melt to flow further.

The melt flow is governed by the pressure dif-
ference in the melt, and the pressure drop from
the reservoir and the feed area. The pressure drop

occurs as a function of the contracting of the cool-
ing and solidifying casting, creating tension in the
melt. However, the cooling casting is also contrac-
tion inwards, reducing the internal volume as the
internal solidification of the casting is still under-
going. Hence, depending on the geometry of the
casting, the cooling rate, the alloy solidification
scheme (long or short freezing range), a pressure
build-up occur in the remaining melt.

Campbell calculated the pressure of the remain-
ing melt for a 20 mm in diameter infinite casting [25].
See fig. 2.17. Campbell reports that the tension of
the melt is minimal and do not play a significant bar-
rier against feeding. Additionally, the calculations
do not take into consideration the thermal gradient
of the solidified shell. Hence, the counter pressure
from the contracting casting is even greater than
depicted in fig. 2.17. In some cases the contraction
of the casting can even exceed the internal tension,
resulting in a combined positive melt pressure. In
these special cases, the casting squeezes the melt,
pushing it into other feed areas.

2.4.2 Mass Feeding

Mass feeding is the first of the intermediate feeding
mechanisms and was initially named by W.A. Baker
in 1945. Mass feeding encompasses a movement
of a semi-liquid/semi-solid slurry from a reservoir
to a feeding area. This material transport occurs
when solidified precipitates, grains, or dendrites, are
moved by a surrounding melt.

The higher the fraction solid, the more difficult it
is to move the melt. A significant fraction of solid
will more easily entangle and resist the movement
of the melt. This entanglement again relates to the
width of the feeding path vs. the size and shape of
the solid particles. For small thin-walled sections, a
few solid particles may be enough to block the flow,
while more massive sections may have open feeding
path more than 100 particles across [25]. This effect,
again, relates to the alloy composition and melt
treatment. Grain refinement, or inoculation in cast
iron, help control the size and distribution of the
particles found in the melt and thus aid mass feeding
by reducing the particle size.

Note that in some cases the solid particles carried
by the melt may become a barrier of its own when
encountering a too narrow feed path. The particles
will then plug the feeding path preventing further
liquid or mass feeding.
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Figure 2.18: Interdendritic Feeding: Influence of eutectic solidification. (a) The feeding path is tapered by the
growth of dendrites, resulting in increasing pressure loss when nearing the solid solution. (b) Same situation,
however, with a build-up of eutectic melt in between the dendrites, ensuring an isothermal solidification from that
breaks the tapering of the feeding paths. Courtesy of Campbell [25].

2.4.3 Interdendritic Feeding

At the point where the feeding path is obstructed
by dendrites growing into the melt or equiaxed
dendrites moved there by mass feeding, the residual
melt can still (to some degree) flow through the
network of dendrite arms. This phenomenon was
called ‘interdendritic feeding’ by N.P. Allen in 1932.

The flow of melt through the capillary channels
between the dendrite arms is governed by the pres-
sure difference of the two sides. However, the pres-
sure drop across the network of small capillary feed-
ing paths can be significant and is controlled by
several different factors. Campbell derive the fol-
lowing equation to describe the pressure drop:

∆𝑃 = 32𝜂 ( 𝛼

1 − 𝛼
) 𝜆2𝐿2𝑑2

𝑅4𝐷2
(2.10)

where ∆𝑃 is the pressure drop across the mushy
zone, 𝜂 is the viscosity of the melt, 𝛼 is the coeffi-
cient of thermal expansion of the liquid, 𝐿 is the
length of the capillary flow through the mushy zone,
𝑑 is the dendrite arm spacing, 𝑅 is the radius of the
capillaries and 𝐷2 is the mushy zone area the melt
must travel through. The actual flow resistance

may be even higher than predicted by eq. (2.10), as
this assumes straight channels and aligned flow.

Additionally, eq. (2.10) shows that the governing
factor is the capillary radius, 𝑅. Narrow capil-
laries can present significant pressure differences,
∆𝑃 . This pressure-drop explains the benefit of a
eutectic melt when feeding through the interdend-
ritic network of capillary channels. See fig. 2.18.
The uniform solidification temperature of the eu-
tectic melt creates an isothermal plane across the
dendrite capillaries, creating the effect of a regular
solidification front moving through the dendrite net-
work. The specific solidification temperature of the
eutectic melt and the latent heat of solidification
enable the effect.

2.4.4 Burst Feeding

Burst feeding is the third of the intermediate feeding
mechanisms. It occurs only under specific conditions
and can be very difficult to predict and control.
Burst feeding happens when a feeding barrier has
been created, eg a dam of particles moved by mass
feeding, and the resistance of the barrier is then
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Figure 2.19: Solid Feeding: Zones of plastic deforma-
tion created by the tension of residual liquid contracting
during solidification. Courtesy of Campbell [25].

overcome by the pressure difference, resulting in
a burst of melt flowing into the previously cut off
feeding area.

A curious phenomenon about burst feeding is
that the feeding barrier gains strength as the cast-
ing cools and possibly more particles get entangled
in the barrier. However, the pressure difference
working to overcome the barrier will also increase
as the casting cools. Hence, the occurrence of burst
feeding is decided by the magnitude of both barrier
and the pressure difference, but also of the rate of
change of the two as the casting cools.

Note that the barrier may only be a partial
barrier, allowing for interdendritic feeding to pass
through. This effect will reduce the pressure dif-
ference and thus limit the likelihood of the barrier
breaking.

In the early twentieth century, this process was
aided manually by ramming an iron rod up and
down in the open feeder to break through the feed
barriers. The feeder would then be topped up as
needed [25]. This practice was mainly used for large
iron castings and could go on for hours.

2.4.5 Solid Feeding

Solid feeding, or self-feeding, is the final mechan-
isms the casting can use to prevent the formation
of porosities. However, solid feeding differentiates
itself from the other feeding mechanisms in one sig-
nificant aspect: The casting itself collapses on the
porosity, transferring the volume difference to the
casting surface. See fig. 2.19.

As with the other feeding mechanisms, the driving
force is the pressure difference, in this case between
the feed area and the outside of the casting. The
mechanisms also depend on the strength of the bar-

rier, in this case, the solidified part of the casting,
which in turn depends on temperature. If the pres-
sure difference is significant enough and the casting
weak enough, the pressure difference will deform
the casting to fill the internal volume deficit. This
deformation can occur as either plastic deformation
of the material or creep flow. Hence, the period
these conditions are upheld also influence the out-
come, as especially the creep mechanism is known
to be time dependent.

Additionally, the solidification regime of the alloy
and the cooling conditions play an important role
regarding the strength of the casting during and
just after ended solidification. Likewise, note that
the geometry of the casting also has a significant
influence on the strength of the casting shell. Large
flat surfaces have the least inherent geometrical
resistance. The section thickness is also essential as
shown in fig. 2.2 on page 15.

Part of the pressure difference driving the solid
feeding may come from the external pressure. How-
ever, the internal tension may by itself be powerful
enough to drive the feeding. This solid feeding ef-
fect is seen as vacuum cast castings also display
surface shrinkage, or surface sinks, as a function of
solid feeding. Note that the melt quality plays an
essential role as the rupture of the residual liquid,
releasing the tension and creating a porosity, is often
directly linked to impurities in the melt [25].

A way to relieve the tension in the melt as it
contracts is to provide a liquid connection to a feeder
that in turn can provide an adequate ferrostatic
pressure. Hence, an open feeding path with limited
pressure loss and a sufficient ferrostatic pressure
provided by the feeder may prevent a significant
part of the surface shrinkage.

It should be noted that solid feeding reduces the
internal tension of the residual melt, thus indirectly
limiting the castings ability to drive the other feed-
ing mechanisms, as all mechanisms are pressure
driven. Hence, the mechanisms that succeed first
will automatically reduce the likelihood of the other
mechanisms also occurring. This behaviour can ex-
plain some of the relatively significant differences in
porosities observed in otherwise identical castings—
it is essential which feeding mechanism is initiated.
Subsequently, a situation can be imagined, where
the cooling of the casting surface will strengthen the
castings mechanical properties, prevent solid feed-
ing, allow the internal tension to develop further,
and enable one of the liquid feeding mechanisms.
In short: cooling may further feeding.
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Figure 2.20: Ram-up sleeve application. (a) the pattern with a ram-up sleeve mounted at the centre, (b) a ram-up
sleeve moulded in at the centre, (c) casting after shot blasting, and (d) numerical simulation of the feeding modulus
for the casting.

2.5 Advanced Feeding Methods

New methods and approaches to feeding (both
cast iron and other metals) are regularly de-

veloped. Feeding is a continued focus for metallur-
gists, foundrymen, and the casting buyers as a lot
of energy and money can be saved by improving
feeding.

2.5.1 Ram-Up Sleeves

Ram-up sleeves are traditional insulating or exo-
thermic feeder sleeves mounted with a metal breaker
core. The system enables the feeder to be placed
away from the mould parting line and can thus be
used to feed secluded sections, that would normally
be unreachable due to the feed path requirement.
Figure 2.20 shows the application of a ram-up sleeve
on a vertically parted moulding line.

2.5.2 Simulation and Optimisation

Numerical simulation of castings is an integral part
of many foundries today and can be an invaluable
help when evaluating casting defects and improv-
ing the overall casting design. Simulations help
visualise many of the ‘hidden’ causes for porosities
and other feeding defects. Using simulations to op-
timise processes and secure a robust process is a
logical development. Work has already been done
towards automatically generated feeders, based on
feeding rules. Tavakoli and Davami have published
a series of articles on their work towards topolo-
gically optimised feeders for steel castings [59–61].
Similar methods may someday be possible for the
optimisation of cast iron feeders as well.

2.5.3 Advanced Solidification

Advanced methods to reduce or eliminate the need
for feeding have also been investigated. Muumbo et
al [62] investigated the effect of casting cast iron as
a semi-solid slurry under pressure. By this method,
they greatly reduce the porosities in the castings.
The semi-solid slurry reduced the shrinkage of the
alloy, as there is no liquid shrinkage. However, the
results presented by Muumbo et al also show that
pressure is also required to achieve a porosity-free
casting. These findings are supported by Sobczak et
al [63] who present a comprehensive analysis of the
influence of pressure on the solidification of metals.
If the pressure is high enough, instantaneous solidi-
fication can occur, eliminating the need for feeding.
While this is an interesting approach to feeding, the
pressures required are not compatible with sand
moulds, and the methods remain a curiosity more
than a viable feeding solution for cast iron.

2.6 Summary

Feeding of cast iron is a complex process that be-
comes more and more demanding as the casting

geometries increase in complexity, the material prop-
erty requirements become higher, and the foundries
require smaller feeders and reduced scrap to make
a profit. However, it is important to understand
that the seven rules of feeding represent not only
particular requirements that must be fulfilled but
also potential areas for improvement. Similarly, the
five feeding mechanisms provide an understanding
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of the underlying processes of feeding and porosity
formation and can be used together with the seven
feeding rules to analyse feeding situations in depth.

As some alloys become demanding due to strength
or ductility requirements, resulting in an alloy with
a tendency to close off the feeding paths, an option
may be to circumvent the problem by using eg ram-
up sleeves to feed the closed-off section directly.

Increased control of the process parameters in
the foundry is a way to stabilise and optimise the
casting production. A stable process is essential, as
useful optimisation is not possible if the influencing
parameters continuously change—especially if the
changes are unknown or unrecorded.
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3.1 Numerical Simulation

Since Müller’s construction of his mechanised
calculator in 1782 [65], through Babbage’s con-

ception of the analytical engine in 1834 [66], and
Turing’s formulation of his vision for mechanised
computation in 1936 [67]; the development of auto-
mated problem solving has been ever developing.

Simulations are a useful tool to aid understanding
of processes and phenomena. Simulations are used
on many levels to solve casting related problems;

Alternating Directional Implicit (ADI), Aluminium (Al),
Finite Difference Method (FDM), Finite Element Method
(FEM), Finite Volume Finite Difference Method (FVFDM),
Heat Transfer Coefficient (HTC), Lamellar Graphite Iron
(LGI), Magnesium (Mg), Nickel (Ni), Oxygen (O), Secondary
Dendrite Arm Spacing (SDAS), Spherical Graphite Iron (SGI)
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(a) Cartesian mesh (b) Triangular mesh

Figure 3.1: Comparison of Cartesian and Triangular meshes. Magmasoft uses Cartesian meshes while programs
primarily using FEM often use Triangular meshes. Courtesy of Fidkowski [64].

from analytical phase-field modelling of interfaces
at the smallest possible level to numerical simula-
tions of full castings and whole castings processes
and cycles. The main difference between the two
approaches, analytical and numerical, is that analyt-
ical methods provide exact mathematical solutions
while numerical methods provide approximations.

This difference is not the same as to say the ana-
lytical models cannot be inaccurate (nor that a
numerical model cannot be precise). Often terms
are deliberately excluded from an analytical model
because the added accuracy of including the term
does not justify the increased processing time. Nu-
merical models make use of assumption to reduce
processing time at the cost of mathematical accur-
acy. However, increased processing speed also allow
more calculations to be performed expanding the
subject of the simulation, improving the overall
precision of the simulation.

Numerical modelling is used for timely solutions
to complex problems; hence, some mathematical
inaccuracy is accepted to be able to solve complex
problems as eg simulating the filling, solidification,
and cooling of a whole casting. Analytically sim-
ulating an entire casting would be impossible as
analytical systems are restrictive, and often require
very simple (usually 1D) geometries, have restrict-
ive boundary conditions, constant material prop-

erties, and a limited number of coupled phenom-
ena [68].Thus, many complex problems can only be
solved numerically, as they have no known analyt-
ical solutions.

The primary requirement for a numerical simula-
tion is; accurate enough results as soon as possible.
Numerical simulations, as the ones provided by
Magmasoft, are used for process understanding
and process optimisation. Magma’s approach to
simulations is to model the physical phenomena as
accurately as possible. Hence, the input to Mag-
masoft is the processing conditions and material
data. Note that the accuracy of the simulations in
most cases will be affected more by the simulation
setup and material data than the capabilities of the
numerical equations themselves.

It is important to assess and evaluate the po-
tential sources of inaccuracy in the simulations to
review the validity of the results. The solution
performed by Magmasoft is, due to commercial
considerations, confidential and not publicly avail-
able. Hence, note that the following sections are
based on educated guesses, assumptions, and ex-
ternal references, unless referenced to the Mag-
masoft Manual itself [69]. This chapter is not a
review on numerical modelling or casting simulation
in general and should not be considered as such.
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(a) Fluid domain mesh with cut-cells. Blue line indicate
the standard solver mesh, and the red line the Solver5
mesh. Grey denote differences between meshes.

(b) 2D Cut-cell. Grey denote the mould volume.

Figure 3.2: Illustration of cut-cells implementation in Solver5 from the Magmasoft 5.2.0 manual [69].

3.2 Methodological Approach

First step is to establish the fundamentals of
how numerical simulations are solved. Mag-

masoft is based on Finite Volume Finite Difference
Method (FVFDM) to solve the governing partial dif-
ferential equations [6, 70] and uses the Alternating
Directional Implicit (ADI) method to achieve tridi-
agonal matrices for solving the equations [71]. The
methods applied changes between implicit and expli-
cit solutions to achieve the alternating effect. The
methodological approach is important as it defines
the possibilities and limitations of the solution. The
applications of the ADI method allow for longer
time steps to be used without reaching instability,
which again increases the processing speed of the
simulation.

The finite volume method, or control volume ap-
proach, is chosen because the equations exactly
follow the underlying physics and the fluxes have
more physical significance [70, 72]. While FVFDM do
not specify a particular type of mesh Magmasoft
implement a rectangular Cartesian mesh to optim-
ise the processing speed. Magmasoft allows for
irregular mesh cell sizes, though if not used care-
fully this may decrease the processing speed, as
irregular meshes require far more calculating effort.
As Magmasoft does not allow for unstructured or
triangular meshes, curved and round geometries are
approximated by rectangular mesh cells as opposed
to unstructured mesh cells as often used in FEM

meshes. See fig. 3.1 on page 40. For complex or
curved geometries the rectangular mesh requires a
high resolution to achieve an equally accurate rep-
resentation of the geometry. However, the serrated
edges do not introduce significant errors concerning
heat transport and thermal gradients [71].

While the solidification is not significantly influ-
enced by the serrated structure of the Cartesian
mesh, the filling simulation is otherwise dependent
on smooth surfaces. Thus, as a part of Solver5 which
handles the filling simulation, Magmasoft has in-
troduced the application of Cartesian cut-cells to
improve the momentum, pressure, thermal energy,
and free surface equation, as well as the venting
model [69]. The cut-cell approach change how the
mesh is generated to make use of the cut-cells. See
fig. 3.2. The cut-cell approach is described further
by Mingham et al, Ingram et al, and Fidkowski [64,
73, 74].

The cut-cell approach of the Solver5 is, however,
even more sensitive to irregular meshes with cells
of different aspect ratios than the standard solver
[69]. The ‘Maximum Length Ratio of Neighbouring
Elements’ and the ‘Maximum Aspect Ratio of an
Element’ are the most important features. Mag-
masoft defines the aspect ratio as [69]:

𝑅𝑥𝑦 =
Δ𝑥
Δ𝑦

(3.1)

where 𝑅𝑥𝑦 is the aspect ratio between the x- and
y-directions, Δ𝑥 is the length of the mesh cell in the
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x-direction, and Δ𝑦 is the length of the mesh cell
in the y-direction. Magmasoft recommends that
the aspect ratio of a cell should not exceed 4 (at
most 5) for the standard solver, and 3 (at most 4)
for Solver5 [69]. In the same manner, the variation
in length between two neighbouring elements in
the same direction should also not exceed a given
ratio. For the standard solver the ratio should be
no larger than 3 (in exceptional cases 4), however,
for the Solver5 the recommended maximum ratio is
2, albeit a limit of 1.75 would be even better [69].
These recommendations should be kept in mind
when generating the mesh, as a good mesh quality
is a prerequisite to obtaining good results. In this
respect, the more uniform the mesh is, the better
the results are going to be.

The advantages of FVFDM according to Aagaard
are as follows [71]:

• Quick mesh generation.

• Simple topology; global indexing in three di-
mensions.

• Line-by-line structure in the mesh; provide the
possibility for using fast line-by-line solvers.

• The line-by-line solvers in the FVFDM code
simulate rapidly; often 10-100 times faster than
the FEM applied to the same problem.

• Irregular boundaries approximated by serrated
edges in the mesh do not produce significant
errors, especially in regards to heat transfer
calculations.

• Properties such as temperature are attached to
the centres of the control volumes; No need for
extra nodes or special formulations in the joint
surfaces between different material domains.

Other significant points for the FVFDM method is
that the algebraic equations derived from the control
volume approach ensure conservation on a discrete
level, as well as globally (simulation domain) [70]
and that it is well suited for heat transfer and fluid
flow problems [6, 70]. It is less well suited for stress
simulations, why Magmasoft uses FEM for these
simulations.

A limitation of the numerical simulation, as well
as analytical models, is that they can only approx-
imate what is understood. The models cannot be
better than our process understanding, and the
accuracy of the simulations depend on how well

the physical phenomena are perceived and adap-
ted mathematically. Note, however, that imperfect
knowledge does not prevent very sound partial solu-
tions. For instance, the nucleation and growth of
nodular graphite are still debated. However, the
thermal effects of nucleation and solidification are
well-established. This dualistic basis is also valid
for numerical simulation programs as Magmasoft.
Physical phenomena are modelled only to a certain
degree. For instance, it is expected that Mag-
masoft handles nucleation as a dispersed number
of nuclei rather than a calculation of chemical poten-
tials and local diffusion. The simplified algorithm
is benchmarked against casting tests and analyt-
ical models to ensure that the outcome matches
the microstructures and cooling curves of the test
castings.

3.3 Parameters and Processes

As described in the previous section numerical
simulations rely on assumptions; however the

most significant source of inaccuracy is often the
material and process data provided the model dur-
ing simulation. Hence, great care should be taken
when assigning properties during the simulation set
up. The simulation cannot be better than the data
provided.

In Magmasoft the parameters specify the start-
ing conditions, which Magmasoft then processes
chronologically starting with filling, followed by so-
lidification, and optionally stress-strain calculations.
This construction also means that all the processes
are linked. The calculations of the first time step
provide the data for the second time step and so
forth. Hence, a change in eg pouring temperature
will influence all the partial differential equations
solved during the simulations, though only one time
step at the time. Thus, the effect of the changed
pouring temperature may, or may not, entail a
significant change that affects the microstructure
formation during solidification. The outcome de-
pends on the heat loss during filling and cooling,
as well as the absorption and heat transport of the
mould.

3.3.1 Geometry

The first step of setting up a simulation is to con-
struct the geometry of the casting, mould, gating,
feeders, chills, etc. While the simulations, as de-
scribed by Aagaard is not particularly sensitive to
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the serrated edges created by the Cartesian mesh
[71], general inaccuracies in the Computer Aided
Design (CAD)-model may pose problems. Often
the part itself is modelled in great detail in the
CAD-model, while the gating, feeders, and other
casting process additions may be modelled simpli-
fied and inaccurate. As CAD-models are often not
available for these features, an approximation may
be the only solution; however, the operator should
be aware of the accuracy restrictions imposed on
the simulations as small geometrical changes can
have great influence on the success of the casting
setup.

The geometry of the casting and the mould also
defines the boundaries of the simulations. The
Cartesian mesh defines the flux between the con-
trol volumes; hence, the mesh itself determine the
boundaries of the equations solved.

3.3.2 Filling Simulation

When the parameters are set up, and the geometry
and mesh are defined, the simulations start with
the simulation of the mould filling. The filling is, as
well as solidification, based on the FVFDM method,
and is essential for providing an accurate represent-
ation of the temperature distribution throughout
the metal and mould at the end of filling [75]. The
model used by Magmasoft is based on the work
by Lipinski et al [76, 77].

Besides the thermal gradients, the filling provides
information on air entrapment, material age, mould
erosion, and more. For cast iron, it is important to
know that the fading of the inoculation begins with
the filling simulation [71]. Note also that Mag-
masoft cannot simulate inclusions caused by parts
of the green sand mould being torn off during filling;
hence delicate geometries should be reviewed critic-
ally. Another limitation of the numerical simulation
is the applications of different solvers. While the
mesh and process data continue chronologically from
the beginning of the filling to the end of cooling,
the filling solver is separated from the solidification
and stress solvers. Hence, the metal cannot begin
to solidify before the filling is complete and the
solidification solver is initiated. However, while the
solidification simulation is decoupled during filling,
Magmasoft, in Solver5, uses what is called vari-
able viscosity. The variable viscosity is defined in
the material data as a function of the temperature
[69]. Hence, as the metal cools, it becomes less
viscous resulting in poor flowability. At a given
temperature the semi-liquid metal is said to freeze

and lose all flowability. Magmasoft defines the
freezing temperature 𝑇𝐹𝑟𝑒𝑒𝑧𝑒 as [69]:

𝑇𝐹𝑟𝑒𝑒𝑧𝑒 = 𝑇𝑆𝑜𝑙 + 0.25 (𝑇𝐿𝑖𝑞 − 𝑇𝑆𝑜𝑙) (3.2)

where 𝑇𝑆𝑜𝑙 is the solidus temperature of the alloy
and 𝑇𝐿𝑖𝑞 is the liquidus temperature. As an altern-
ative to the 𝑇𝐹𝑟𝑒𝑒𝑧𝑒 defined in eq. (3.2) the freezing
condition can also be expressed as a critical fraction
solid, 𝑓𝑠, above which the flowability of the metal
is zero [69].

It should be noted that, as the solidification is not
coupled to the filling simulation, the latent heat of
fusion is not included in the temperature calculation.
This decoupled nature is most important for alloys
with a large recalescence as eg cast iron.

3.3.3 Heat Transfer

At the end of filling the solidification solver is ini-
tiated. The primary driver for the solidification
and cooling of the casting is the transport of heat
away from the casting and to the ambient condi-
tions outside the boundary domain. The governing
assumption is that of energy conservation, where
energy is conserved both locally in the transport
between adjacent control volumes (mesh cells) as
well as globally [71]:

𝐸𝑆𝑡𝑜𝑟𝑒𝑑 = 𝐸𝐼𝑛 +𝐸𝐺𝑒𝑛 +𝐸𝑂𝑢𝑡 (3.3)

where 𝐸𝑆𝑡𝑜𝑟𝑒𝑑 is the total amount of energy held in
a given domain at a given time, 𝐸𝐼𝑛 is the energy
added to the domain, 𝐸𝑂𝑢𝑡 is the energy subtracted
from the domain, and 𝐸𝐺𝑒𝑛 is the energy generated
inside the domain.

By the laws of thermodynamics, heat transport
can occur by either conduction, convection, or ra-
diation. Conduction and convection are considered
concerning the internal heat transport of a single
material. Conduction functions via diffusion or col-
lision of particles within the body, where energy is
always transferred from the higher state to the lower
state. Convection requires movement within the
thermal body, hence effectively limiting this mode
of heat transfer to liquids and gasses. While con-
duction and convection both transfer heat inside a
thermal body, radiation transmits the heat between
different thermal bodies. In a casting, the radiation
will transfer heat from the metal to the mould. This
radiating heat transfer will cool the surface of the
metal initiating conduction (and potentially also
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Figure 3.3: Temperature profile across mould-metal interface as a function of HTC. Courtesy of Kotas [20]

convection) to try to equalise the internal temper-
ature difference. At the same time, the radiated
heat will also heat the surface of the mould, which
in turn will transport the heat towards the external
ambient temperature via conduction. See fig. 3.3.
The mathematical adaptations of these phenomena
are elaborated in the following paragraphs.

Conduction

The thermal conduction is defined as the heat flow
per unit area proportional to the temperature gradi-
ent, which can be written as:

𝑞 = − 𝑘𝐴
𝜕𝑇

𝜕𝑥
(3.4)

where 𝑞 is the diffusive heat flow (heat flux) perpen-
dicular to the surface, 𝑘 is the thermal conductivity,
𝐴 is the area of the surface, 𝑇 is the temperature,
and 𝑥 is the descriptive space component perpen-
dicular to the surface. Equation (3.4) is the funda-
mental Fourier’s law of thermal conduction and the
basis of eq. (3.6) on the facing page. Additionally,
the equation also defines the thermal conductivity,
𝑘 [20].

Convection

Convection is the only one of the three modes of
heat transport that also transport mass. For the
same reason, convection can also be forced by delib-
erately circulating the medium in question. While
castings made in dies often use active cooling in
the form of forced convection of a cooling medium
(water or oil), the internal convection of the castings
is free or natural convection [20]. Natural convec-
tion is created by the changes in density caused
by differences in temperature. Hence, the cold and
heavy material will sink downwards, while the hot
a lighter material will rise towards the surface. As
the material has moved to an area with a lower or
higher temperature, the temperature difference will
be reduced via conduction.

Advection While convection is the transport of ma-
terial as a function of heat differences, the opposite,
namely movement of the material (including the
heat energy) can also occur as a function of other
factors; eg volume contraction of the melt. This
is particularly interesting with regards to feeding
as the melt that is used to feed the casting also
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transport heat energy inside the casting. This phe-
nomenon is called advection.

𝑞 = − 𝑣𝐴𝜌𝐶𝑝
𝜕𝑇

𝜕𝑥
(3.5)

where 𝑞 is the heat flow, 𝑣 is the velocity of the melt
flow, 𝐴 is the area through which the melt flows,
𝜌 is the density of the melt, 𝐶𝑝 is the specific heat
capacity of the melt, and 𝑥 is the descriptive space
parameter perpendicular to the cross-section area.

Radiation (HTC)

Magmasoft has pre-calculated HTCs based on the
properties of the two opposing materials and their
radiation properties. The HTC is sometimes set as
a constant neglecting the influence of varying tem-
peratures [20]. This approximation is adequate for
interfaces with little change in HTC during the cool-
ing and solidification process, often related to poor
heat transfer conditions. This poor heat transfer
condition could be mould-metal contact in gravity
sand casting, where the rough surface of the mould
reduces the HTC at the beginning of the solidifica-
tion. When the contraction of the metal creates a
gap between the mould and the metal, this decrease
in HTC can be neglected due to the already poor
HTC [20]. See fig. 3.3 on page 44. However, Mag-
masoft offers a dynamic HTC for the metal which
is supposed to provide more precise HTC values,
especially at elevated temperatures. Magma calls
this for a ‘temperature dependent HTC’. For cast
iron the temperature dependent HTC is selected via
the TempIron property [69].

As seen from eq. (3.4) on page 44 the thermal con-
ductivity, 𝑘, is an important parameter. The heat
conduction within a single material is described by
𝑘, however as the casting process comprises many
different materials, heat needs to be transported
from one material to another. For example from
the melt to the mould and into the ambient sur-
roundings. These heat transports between materials
are handled by the Heat Transfer Coefficient (HTC),
which depends on the two materials as well as their
respective temperatures. The unit is 𝑊⇑𝑚2𝐾 [69].

In Magmasoft the transport is governed by
Fourier’s differential equations. Including the tem-
perature dependent material parameters the heat
flow equations for conduction denotes as follows
[75]:

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
− 𝑞 = 𝜕

𝜕𝑥
(𝜆𝜕𝑇

𝜕𝑥
) + 𝜕

𝜕𝑦
(𝜆𝜕𝑇

𝜕𝑦
) + 𝜕

𝜕𝑧
(𝜆𝜕𝑇

𝜕𝑧
)

(3.6)

where 𝜌 is the density, 𝐶𝑝 is the specific heat ca-
pacity, 𝑇 is the temperature in K, 𝑡 is the time in
seconds, 𝑞 is the heat flux (heat transfer rate per
unit area), 𝜆 is the Heat Transfer Coefficient (HTC),
and 𝑥, 𝑦, 𝑧 denoted the dimensions.

Radiation is also what governs the heat release
from the mould to the ambient surroundings. In
Magmasoft 5.3 this can be simulated as ray-traced
radiation, likely based on Maxwell’s equations [79].
This ray-tracing option, however, is an option spe-
cially intended for investment casting where the
radiation from one part of the mould may reflect on
other parts of the mould, thus heating it. For the
Disa-mould setup in Magmasoft, which is used
throughout this work, the mould is fictively placed
in a moulding line with identical moulds before and
after. This effect is achieved by transferring the
heat from one side of the wall to the other side,
simulating an infinite mould. It is possible that
this mirroring of the heat transfer is delayed in one
direction, corresponding to the cycle time, to give
a more accurate simulation of the delay between
mould fillings.

3.3.4 Solidification

Based on the heat transfers and extraction described
in the previous section, Magmasoft applies two
levels of numerical models to solve the solidifica-
tion functions [75]. The first part is a macro model
addressing the overall alloy composition and cool-
ing rate. The latent heat of fusion is handled as
a material parameter incorporated in 𝜌𝐶𝑝 for a
fixed temperature interval where solidification oc-
curs. The latent heat of fusion is released based on
the composition, which determines the solidification
path, and thus also the approach for its solution
[71, 75]:

Hypoeutectic The Scheil equation is used to cal-
culate the fraction of solid prior to eutectic
solidification.

Eutectic The latent heat of fusion will be distrib-
uted as a mean value over the solidifying inter-
val.

Hypereutectic The Lever rule is used to calculate
the fraction of primary graphite forming in the
melt before eutectic solidification.

45



Figure 3.4: Comparison of the Scheil equation and the Lever rule. Courtesy of Rettenmayr [78]

Hence, the dendritic growth is governed by the
Scheil equation [70]:

𝑓𝑠 = 1 − ( 𝑇 − 𝑇𝑓

𝑇𝐿 − 𝑇𝑓
)

1
𝑘−1

(3.7)

where 𝑓𝑠 is the fraction of solid, 𝑇 is the temper-
ature, 𝑇𝐿 is the temperature at the liquidus line
intersection, 𝑇𝑓 is the melting point of the pure com-
ponent, 𝑘 is the equilibrium partition coefficient as
defined in eq. (3.9).

The precipitation of graphite is governed by the
Lever rule, here written as the relationship between
the composition of the fraction solidified, 𝑓𝑠, and
the temperature, 𝑇 [70]:

𝑓𝑠 = 𝑇 − 𝑇𝐿

(𝑇 − 𝑇𝑓) (1 − 𝑘) (3.8)

However, both approaches are based on a number
of assumptions. The Scheil equation assumes [70]:

1. Total mixing in the liquid of the solvent rejected
at the solidifying interface.

2. No diffusion redistribution in the solid phase
formed.

Note, also, that the Scheil equation does not
predict the distribution of eg the Iron (Fe)-C system
correctly [70].

The Lever rule shares the first assumption with
the Scheil equation, assumes the opposite of the
second assumption above, and adds a third assump-
tion [70]:

1. Total mixing in the liquid of the solvent rejected
at the solidifying interface.

2. Total diffusion redistribution in the solid phase
formed.

3. The liquidus and solidus lines are described by
straight lines, so the partition coefficient 𝑘 is
constant.

where 𝑘 is the equilibrium partition coefficient
defined as:

𝑘 = 𝐶𝑆

𝐶𝐿
(3.9)

where 𝐶𝐿 is the composition of the liquid, and 𝐶𝑆

is the composition of the solid—both at the solid-
liquid interface. Note that the third assumption
can be relaxed for numerical calculations.

The Scheil equation and the Lever rule are com-
pared in fig. 3.4, showing the differences in concen-
tration in the solid.

The second assumption, total diffusion in the
solid, can only be satisfied for very long solidification
times. As Magmasoft models microstructures and
local compositions, this cannot be achieved by the
methods mentioned above. This unresolved issue is
solved by introducing a micro model considering so-
lidification kinetics [75]. This micro model operates
locally, possibly confined to the single mesh cell, and
runs in the intermediary time steps of the macro
model. The micro model determines the latent heat
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Figure 3.5: Illustration of the solidification sequence of hypoeutectic SGI. (a) The solidification path in the
isopleth section 𝑤𝑆𝑖 =

○ 𝑤𝑆𝑖, and (b) the corresponding cooling curve. ○𝑇𝐿 is the nominal liquidus temperature, 𝑇𝐸𝐺

is the eutectic temperature, ○𝑤𝐶 is the nominal C composition of the alloy, 𝑤𝐸
𝐶 is the eutectic C composition, ○𝑤𝑆𝑖

is the nominal Si composition of the alloy, 𝑤𝐸
𝑆𝑖 is the eutectic Si composition, 𝑇𝑚𝑎𝑥 is the maximum temperature

reached during the recalescence (the eutectic arrest), 𝑇𝑚𝑖𝑛 is the minimum temperature reached during the initial
undercooling, and 𝑇𝐹 is the temperature at which the material is fully solidified. Courtesy of Lesoult et al [80]

of fusion and uses this to determine the nucleation
and growth of possible phases. The calculated latent
heat of fusion is then applied as a source term for
the macro model, which then calculate the temper-
ature field for the next time step. This subroutine
is repeated until the casting is completely solidified.

3.3.5 Microstructure Modelling

As the micro model calculates the primary austenite
precipitation, the segregation of alloy elements is
calculated based on either a modified Scheil model
or the Lever rule [75], including back diffusion de-
pendent on the diffusion rate of the atoms in the
austenite. As solidification progresses differently
depending on the state of the melt, if it is hypo-, eu-
tectic, or hypereutectic, different models are needed
to describe how solidification progresses.

Proeutectic Solidification of Hypoeutectic Cast Iron

For hypoeutectic compositions, the first to precipit-
ate is austenite dendrites as the temperature of the
melt reaches the austenite liquidus. The precipit-
ation of austenite reduces the amount of Fe in the
remaining liquid, which in turn is left with a com-
position closer to the eutectic composition. As the
temperature drops and the compositions changes to

pass the graphite liquidus, then the graphite starts
to precipitate, thus increasing the relative amount
of Fe in the melt. This segregation is illustrated in
fig. 3.5.

The nucleation and growth of austenite of hypo-
eutectic compositions has been described by Lesoult
et al [80]:

Total mass balance:

○𝑉 𝜌𝑙 = 𝑡𝑉 )︀𝜌𝑙 (1 − 𝑔𝛾) + 𝜌𝛾𝑔𝛾⌈︀

Carbon mass balance:

○𝑉 𝜌𝑙 ○𝑤𝐶 = 𝑡𝑉 )︀𝜌1 (1 − 𝑔𝛾)𝑤𝑙
𝐶 + 𝜌𝛾𝑔𝛾𝑤𝛾

𝐶⌈︀
(3.10)

where ○𝑉 is the initial volume of the elementary
domain, 𝜌𝑙 is the density of the liquid, 𝜌𝛾 is the
density of the austenite, 𝑡𝑉 is the volume of the
previous elementary domain at time 𝑡, 𝑔𝛾 is the
volume fraction of austenite in the domain, ○𝑤𝐶

nominal mass fraction of C in domain, 𝑤𝑙
𝐶 mass

fraction of C in the liquid, and 𝑤𝛾
𝐶 mass fraction of

C in the austenite.
The solution assumes that kinetic effects can be

neglected, meaning that precipitation of austenite
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Figure 3.6: Illustration of the solidification sequence of hypereutectic SGI. (a) The solidification path in the
isopleth section 𝑤𝑆𝑖 =

○𝑤𝑆𝑖, and (b) the corresponding cooling curve. ○𝑇𝐿 is the nominal liquidus temperature, 𝑇𝐸𝐺

is the eutectic temperature, ○𝑤𝐶 is the nominal C composition of the alloy, 𝑤𝐸
𝐶 is the eutectic C composition, ○𝑤𝑆𝑖

is the nominal Si composition of the alloy, 𝑤𝐸
𝑆𝑖 is the eutectic Si composition, 𝑇𝑚𝑎𝑥 is the maximum temperature

reached during the recalescence (the eutectic arrest), 𝑇𝑚𝑖𝑛 is the minimum temperature reached during the initial
undercooling, and 𝑇𝐹 is the temperature at which the material is fully solidified. Courtesy of Lesoult et al [80]

will begin as soon as the temperature reaches the
nominal austenite liquidus ○𝑇𝐿. It is assumed that
the dendrite growth proceeds at equilibrium condi-
tions for both the melt-austenite interface and the
coexisting austenite and liquid phases. Finally, the
graphite precipitation between the austenite and
liquid is assumed to obey the Lever rule.

Proeutectic Solidification of Hypereutectic Cast Iron

For hypereutectic alloys, the nucleation and precip-
itation of graphite start at the graphite liquidus.
This early C precipitation results in a reduced C con-
tent in the melt until the temperature reaches the
austenite liquidus, at which point the austenite will
also precipitate and consequently re-increase the C
content of the remaining liquid. This mechanism is
illustrated in fig. 3.6.

The nucleation of graphite is strongly influenced
by the inoculation, which controls both the num-
ber of eutectic cells and the required temperature
for the growth of the cells. The nucleation model
is empirically determined but originates from Old-
field’s 1966 model which describes the relationship

between undercooling and the number of nuclei [68,
69, 81]:

𝑁𝑉 = 𝐴∆𝑇𝐵 (3.11)

where 𝑁𝑉 is the number of eutectic cells per mm3,
𝐴 is a nucleation constant, ∆T is the undercooling
upon reaching recalescence, and 𝐵 is an inoculation
constant dependent on the inoculation quality. In
Oldfield’s original model 𝐵 is fixed as 2 [81]. Mag-
masoft defines the inoculations as either ‘Fair’,
‘Good’, or ‘Very Good’, corresponding to different
values of 𝐵. The three values can be fine-tuned
by adjusting the treatment yield from 0 % to 100 %
[69].

Oldfield’s model is valid for steady state con-
ditions, and with these limitations, describe the
nucleation of mechanics of LGI. However, Oldfield’s
model is not valid for SGI which exhibit continu-
ous nucleation throughout the solidification. For
this Lesoult et al have developed an extended model
describing the nucleation with consideration to con-
tinued reduction in the amount of liquid available
for nucleation [80]:
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Figure 3.7: Illustration of the elementary volume ele-
ment during solidification of eutectic SGI. Fig. (a) is
a schematic illustration of the elementary volume in-
cluding a graphite nodule with an austenite shell and an
austenite dendrite surrounded by liquid. Fig. (b) shows
the correlating concentrations of C along the horizontal
line in fig. (a). 𝑟𝑔 is the radius if the graphite nodule, 𝑟𝛾

is the outer radius of the austenite shell, 𝑡𝑟 is the radius
of the elementary volume at time 𝑡, 𝑤𝐶 is the mass
fraction of C, where 𝑤𝑔

𝐶 is the fraction in the graphite,
𝑤𝑙

𝐶 is the faction in the liquid, 𝑤
𝛾⇑𝑙
𝐶 is the fraction in

the off-eutectic austenite, and 𝑤
𝛾⇑𝑔
𝐶 is fraction in the

austenite surrounding the graphite nodule. Courtesy of
Lesoult et al [80].

𝑑𝑁 = 𝐴𝑛 (∆𝑇 𝑔
𝐿)

𝑛−1 (𝑔𝑙𝑉 𝑜𝑓𝑓)
𝑑 (∆𝑇 𝑔

𝐿)
𝑑𝑡

𝑑𝑡

when
𝑑 (∆𝑇 𝑔

𝐿)
𝑑𝑡

> 0

and

𝑑𝑁 = 0

when
𝑑 (∆𝑇 𝑔

𝐿)
𝑑𝑡

< 0

(3.12)

where 𝑑𝑁 is the change in number of graphite
particles (nodules) for the time step 𝑑𝑡, 𝑛 is an
inoculation efficiency constant, 𝐴𝑛 is an inoculation
amount constant, ∆𝑇 𝑔

𝐿 is the undercooling relative
to the graphite liquidus, 𝑔𝑙 is the liquid fraction of
off-eutectic volume, 𝑉 𝑜𝑓𝑓 . Thus, 𝑔𝑙𝑉 𝑜𝑓𝑓 describes
the volume of the remaining liquid and its limiting
influence on nucleation sites as the solidification
progresses. The expression 𝑔𝑙𝑉 𝑜𝑓𝑓 is sometimes re-
placed with the fraction of remaining liquid, 𝑓𝐿, for
simplicity [82, 83].

The total number of graphite nodules, 𝑁 , is the
sum of 𝑑𝑁 for the entire volume at the time 𝑡.

Note, however, that the inoculation efficiency and
amount changes with time. The inoculation fades as
soon as it is added to the melt, which is often done
in the stream during filling. Magmasoft considers
this fading, which is another reason for running
the filling simulations beside the temperature fields.
With respect to Lesoult’s eq. (3.12) this can be
simulated in a discrete model, and the values for 𝑛
and 𝐴𝑛 can be updated for each time step 𝑑𝑡.

The conditions specified for the equation state
that the nucleation becomes zero when the change
in undercooling, concerning the graphite liquidus,
becomes positive. This nucleation state can happen
during recalescence, as this raises the temperature of
the domain due to the heat of fusion. Alternatively,
the graphite nucleation can stop during the initial
deposition given that the growth rate of the free
nodules us great enough [80].

Magmasoft handles the inoculation efficiency
via a graphite precipitation factor which is a number
between 1 and 10, where ten the most abundant
precipitation possible. The precipitation of graphite
at the beginning of solidification is governed by the
undercooling. The amount of late precipitation,
however, is controlled by the precipitation factor
and is physically governed by the composition and
inoculation [69].

While Lesoult’s eq. (3.12) for nucleation of graph-
ite in SGI is a better and more accurate description
of the physical process, it is also not well suited
for numerical simulations of the type provided by
Magmasoft. Thus, Magmasoft use a modified
version of Oldfield’s eq. (3.11) on page 48 which was
also used for nucleation of eutectic cells in LGI [69].

Eutectic Solidification of Cast Iron

The eutectic solidification for LGI is handled on the
basis of an equation originally derived by Wetterfall
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(a) Illustration of the three different types of shrinkage
observed during casting. Courtesy of Campbell [24].

(b) Illustration of the volume change for three types of
LGI during solidification. The specific volume is 𝑚3

⇑𝑘𝑔.
Courtesy of Elliott [84].

Figure 3.8: Temperature dependent volumetric thermal expansion of cast iron, 𝛼𝑉 .

et al [85] and later described by Aagaard [75]:

𝑑𝑅

𝑑𝑡
= 𝐾𝑛

𝑅𝑔
(𝑇𝐸 − 𝑇 ) (3.13)

where 𝑑𝑅⇑𝑑𝑡 is the growth rate of the eutectic cell,
𝐾𝑛 is the nucleation rate dependent on the Si con-
tent, 𝑅𝑔 is the radius of the nodule within the
eutectic cell, 𝑇 is the temperature, and 𝑇𝐸 is the
eutectic temperature. The equation taken into ac-
count the Si segregation and the concentration of Si
at the interface between austenite and liquid [75].

It is estimated that Magmasoft use a derivative
of Wetterfall’s eq. (3.13) for LGI. However, the eu-
tectic solidification of SGI is much more complex and
is driven by local diffusion kinetics. Figure 3.7 on
page 49 shows the correlation between the C concen-
tration and the formation of austenite dendrites and
graphite nodules. The graphite and austenite grow
simultaneously in the melt, and the model assumes
an approximately homogeneous liquid regarding the
C mass balance. Note, however, that Lesoult et al,
contrary to this assumption for the model, expects
some C build up in the liquid. They describes two
ways to satisfy the increased C in the melt necessary
to maintain the chemical equilibrium between the
austenite and the liquid: (1) a build-up of C in the

liquid in front of the fast-growing eutectic austenite
shells, and (2) a build-up of C around the growing
off-eutectic dendrites and subsequent diffusion of
the C back into the bulk liquid. A combination of
the two methods can also be imagined.

The mass balance equations describing the growth
kinetics for the eutectic solidification of an element-
ary volume of SGI melt is derived by Lesoult et al,
but will not be derived here. Lesoult et al describes
the growth mechanisms and the subsequent mass
balance equations, and the reader is referred to
this work for further details [80], and for Lacaze
et al’s and Pedersen’s publications for a numerical
implementation [86–88].

3.4 Porosity Handling and Feeding

The solidification and microstructure formation
of the cast iron play a significant role in the

shrinkage and feeding characteristics of cast iron.
Depending on the alloy composition, melt treatment,
and cooling conditions the contraction, expansion,
and feeding characteristics may change significantly.
Feeding of porosities in Magmasoft, as in real
castings, can be divided into three steps: (1) the
need for feeding (shrinkage), (2) the formation and
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(a) GJS-500 cast iron (b) Steel, Magmasoft standard

Figure 3.9: Temperature dependent volumetric thermal expansion, 𝛼𝑉 , in Magmasoft 5.2.0 [69].

location of porosities, and (3) the removal of poros-
ities (feeding).

3.4.1 Thermal Expansion (Volume Change)

As cooling and solidification progresses the casting
and the melt contracts creating shrinkage. This is
illustrated in fig. 3.8a on page 50, and is the all
dominating reason for having feeders, though not
the only one, as described in chapter 2, on page 13.
However, the design of the feeders is dependent on
the amount of porosities, which depends on the
thermal expansion (and contraction) of the alloy.
The volume change (or shrinkage) of the casting
can be described thus:

∆𝑉

𝑉
= 𝛼𝑉 ∆𝑇 (3.14)

where 𝑉 is the volume of the casting, ∆𝑉 is the
volume change, ∆𝑇 is the temperature change, and
𝛼𝑉 is the volumetric thermal expansion coefficient
for the given material for the given temperature
interval. 𝛼𝑉 is defined by rearranging eq. 3.14:

𝛼𝑉 = 1

𝑉

𝑑𝑉

𝑑𝑇
(3.15)

As shown in fig. 3.8a on page 50, the liquid and
solidification shrinkage both contribute to the re-
duction of the casting volume before complete so-
lidification. Note, however, that the directional
solidification may result in some parts of the cast-
ing being completely solidified while other parts are

still entirely liquid. Thus, the contraction of the first
solidified metal may influence the contraction in as
much as a solidified shell may reduce the internal
volume, reducing the feeding requirement.

Magmasoft handles these variations by assign-
ing specific values of 𝛼𝑉 for a given temperature
𝑇 . Figure 3.9 shows Magmasoft’s 𝛼𝑉 values for
a standard GJS-500 iron and steel. Note that, for
the GJS-500 in fig. 3.9a, the coefficient of thermal
expansion is almost constant for the entire tem-
perature range, except for the solidification range.
This data means that Magmasoft considers the
thermal expansion (or contraction) of the GJS-500
close to linear. For the range around the solidi-
fication, it should be noted that the coefficient of
thermal expansion becomes negative, indicating an
expansion as the alloy cools and solidifies. This
behaviour is not the case with the steel in fig. 3.9b.

Additionally, it should be noted that Mag-
masoft use a single constant, 𝛼𝑉 , for the thermal
expansion coefficient of the materials. Hence, it
is assumed that the thermal expansion is isotropic
with equal linear expansion in all three directions:

𝛼𝑉 = 3𝛼𝐿 (3.16)

where 𝛼𝐿 is the linear thermal expansion coefficient.
Cast iron has a special volume change pattern

during solidification when compared to other al-
loys. This is shown by Elliott for LGI in fig. 3.8b on
page 50. SGI also displays a combination of contrac-
tion and expansion during solidification, though the
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Figure 3.10: Dimensional variation during solidifica-
tion. 𝜀 is the graphite expansion, 𝑇𝐿𝐴 is the temperature
at the liquidus arrest, 𝑇𝐸 is the temperature at the start
of eutectic solidification, 𝑇𝐸𝑈 is the temperature at the
maximum undercooling during the eutectic solidification,
𝑇𝐸𝑅 is the temperature at the maximum recalescence
during the eutectic solidification, and 𝑇𝑆 is the temper-
ature at the end of eutectic solidification. Courtesy of
Stefanescu et al [91].

timing is more dependent on inoculation and other
process parameters. This is illustrated by Stefan-
escu et al and Alonso et al in fig. 3.10 [53, 56, 89,
90]. Stefanescu et al goes on to show the measured
difference in displacement between LGI, CGI, and
SGI as shown in fig. 3.11 on the facing page. They
also show the correlation between the graphite mor-
phologies and the total displacement as well as the
graphite expansion displacement respectively. See
fig. 3.12 on the next page.

Comparing fig. 3.9a on page 51 and fig. 3.11 on
the next page it is seen that Magmasoft has a
greater positive 𝛼𝑉 value listed at the initiation of
solidification. This relationship corresponds to a
greater decrease in volume as the metal solidify and
cool, which is also shown by all three curves in fig.
3.11. Following the positive 𝛼𝑉 value, the value
turns negative as the solidification continues. As
noted above, this corresponds to volume expansion
as solidification and cooling continue: and also in
accordance with the displacement graphs in fig. 3.11.

3.4.2 Porosity Formation

The formation of shrinkage porosities in castings is
described in section 2.2.1, on page 17. The present
section focus on the handling of porosities in Mag-
masoft. The total amount of shrinkage is determ-
ined by the volume contraction as described in sec-
tion 3.4.1, on page 51. The shrinkage from the entire
casting volume is distributed between the different
mesh cells. Magmasoft calculate the shrinkage
and material density of each phase, adding this up to
the total shrinkage, which is calculated continually
throughout the cooling of the melt [69].

The location of the porosities is determined by cri-
teria functions and is described in section 3.4.3, on
page 54. Each mesh cell has one of three states: (1)
full—no loss of material, (2) empty—no remaining
material, or (3) partially empty—a fraction of the
mesh cell volume contains material. These states
are fairly straightforward; however, Magmasoft
use a threshold value to eliminate porosities of a size
so small that it would be doubtful if the porosity
prediction were correct or even detectable in a real
casting. The porosity fraction threshold value is a
trade secret; however, the effect can be observed
when changing the mesh to a very fine structure. If
the mesh count is sufficiently high, this can make
the simulated porosities disappear because the total
shrinkage in a given area of the casting is distributed
over a greater number of cells, consequently redu-
cing the absolute porosity fraction for the individual
mesh cell [92]. See fig. 3.13 on page 54. From this,
it can also be deduced that the threshold value is
not percent based, but an absolute value. The value
may be material specific, but it is also possible that
it is a fixed value in iron module—magmairon—or
in Magmasoft in general.

Another factor influencing the amount of shrink-
age is the potential mould dilation, as described
in section 2.3.7, on page 29. Magmasoft includes
this in the porosity estimation [69]; and offers three
mould types, each with a different dilation:

• ‘Die’ (permanent mould)

• ‘Stable Mould’ (stable sand mould)

• ‘Weak Mould’ (weak sand mould)

with ‘Stable Mould’ as the standard.
The shrinkage developed in each of the mesh

cells agglomerate into larger porosities—or rather
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Figure 3.11: Comparison of displacement during solidification for different graphite morphologies as a function
of time in a rigid mould. 𝑇𝛾𝑠ℎ𝑟 is the temperature at which austenite shrinkage starts, 𝑇𝐺𝑟𝑒𝑥𝑝 is the temperature
at which graphite expansion starts, 𝑇 𝜀

𝑆 is the temperature at the end of solidification as indicated by the linear
displacement analysis, 𝜀𝛾 is the displacement at the start of the austenite shrinkage, 𝜀𝐺𝑟 is the displacement at the
start of the graphite expansion, and 𝜀𝑆 is the displacement at the end of solidification. Courtesy of Stefanescu et al
[89].

(a) Total displacement, defined as the sum of austenite
shrinkage (Δ𝛾) and graphite expansion (Δ𝐺𝑟).

(b) Graphite expansion displacement, defined as the
graphite expansion (Δ𝐺𝑟) alone.

Figure 3.12: Comparison of displacement during solidification for different graphite morphologies as a function
of CEV. Courtesy of Stefanescu et al [89].
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(a) Porosity result (b) Corresponding mesh

Figure 3.13: Porosities in small cast iron casting with varying mesh cell size showing the relation between mesh
cell size and porosity threshold value. Courtesy of Vedel-Smith [92].

the melt around the porosities flow together thus
pushing the voids in the melt together to larger
entities. The melt flow in the casting is controlled
by gravity and other factors influencing the internal
pressure in the casting [69]:

• Primary Contraction

– Liquid Contraction
– Primary Austenite Contraction

• Secondary Contraction

– Non-Interacting Growth of Graphite
– Austenite at the End of Solidification

• Graphite Expansion

• Solidification Morphology

• Shell Forming, and

• External Pressure on the Solidifying Shell

Magmasoft can calculate the porosities in two
different ways—as a final result after the end of the
solidification simulation or progressively during the
solidification simulation [69]. Both approaches make
use of the same criterion function, however, for the
progressive results to be calculated the required data
have to be dumped from the simulation at regular
intervals to be available for the post-processing of
the results. While any casting manufacturer or
casting buyer will only care about the porosities

present in the casting when it is fully solidified, it
can be useful from an evaluation and development
point of view to know-how and when the porosities
develop within the casting. Especially for cast iron
where porosities can first develop and grow, then
diminish or disappear as the graphite expansion
begins at the later stages of solidification.

3.4.3 Criteria Functions

In simulations, the material properties of castings—
such as ultimate yield strength, mould erosion, hot
and cold tearing, and porosity formation—are mod-
elled using criteria functions [22, 70]. Criteria func-
tions are in nature descriptions of process para-
meters that are expected to yield certain results,
often defined as threshold values determining if the
casting is sound or defect.

The first, and simplest, of these criteria func-
tions was proposed by Bishop and Pellini in
1950 and simply described the correlation between
the thermal gradient, 𝐺𝑠, and the formation of
centreline porosities in steel castings [44, 93]. Bishop
and Pellini defined a critical temperature gradient,
𝐺𝑐𝑟, which the temperature gradient of the casting
𝐺𝑠, should be larger than to avoid porosities.

BP = 𝐺𝑠 ≫ 𝐺𝑐𝑟 (3.17)

However, Bishop and Pellini’s criterion is both
shape and size dependent, meaning that the critical
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temperature gradient had to be established for each
casting geometry [94].

Pellini’s approach was improved in 1982 by
Niyama et al who discovered that 𝐺𝑐𝑟 is propor-
tional to 1⇑⌈︂�̇�𝑠 [95]:

Niyama = 𝐺𝑠⌈︂
�̇�𝑠

(3.18)

where �̇�𝑠 is the cooling rate also at the solidus
temperature. The Niyama criterion was later proved
to be size-independent [22, 26, 70, 94], though the
shape-dependence is still unresolved [22, 96].

A further development was made by Hansen and
Sahm in 1988 whom included the flow velocity of
the metal feeding through the solidifying dendrite
structure, 𝑢 [96]:

HS = 𝐺𝑠⌉︂
�̇�

1⇑4

𝑠 𝑢1⇑2

(3.19)

The HS criterion function has the significant ad-
vantage that it only requires one critical value for
different geometries [22]. It has been shown to be
size-independent and is also believed to be shape-
independent [22]. At the same time, it is a weakness
of the HS criterion function that it requires the
knowledge of the feeding flow velocity through the
dendritic structure. This information is difficult, at
best, to obtain experimentally, but should today be
part of what Magmasoft calculate as part of its
feeding algorithm, though most likely through other
empirically based macro models and not found in
actual interdendritic flow simulation.

The flow velocity is related to the pressure drop
experienced by the melt, as it has to feed through
the interdendritic structure. Campbell derived func-
tion eq. (2.10) on page 32 to describe this phe-
nomenon. His derivation is based on the work of
Piwonka and Flemings, and address capillary flow
[25]. For eutectic and hypereutectic cast irons it
may be better to use Darcy’s law of flow through
a porous medium to describe the feeding flow, as
these alloys do not form dendrites but solidify as a
grainy structure [68, 70]:

𝑑𝑝

𝑑𝑥
= 𝜇 (1 − 𝑓𝑠)

𝐾
𝑣 (3.20)

where 𝑑𝑝⇑𝑑𝑥 is the incremental pressure change per
distance, 𝜇 is the viscosity of the liquid metal, 𝑓𝑠 is
the fraction of solid, 𝐾 is the permeability of the
porous region being fed, and 𝑣 is the velocity of the

liquid metal. Note that 𝑣 is equal to 𝑢 in eq. (3.19),
thus Darcy’s law can be used to find the feeding
velocity required for the HS criterion function.

The independence of shape and scale is important
for the universality of the criteria functions. Hansen
et al made a review of the most common criteria
functions and determined their independence of
both shape and size respectively [22], which has
also been elaborated by Hattel et al [70]. Hansen et
al define the following equation for evaluating the
dependence of a range of different criteria functions:

𝐶𝑟𝑖𝑡 = 𝐶𝑟𝑖𝑡0 𝑁𝑚 (3.21)

where 𝐶𝑟𝑖𝑡 is the criterion number, 𝑁 is the linear
scale factor, and 𝑚 is an exponent. Thus, all criteria
functions that have 𝑚 = 0 scale linearly and can be
said to be independent of size. Hansen et al used
this method to evaluate a range of criteria function
[70]:

Size-Independent Niyama [95], HS criterion [96],
and Xue [97]

Size-Dependent LLC criterion (Lee, Chang, and
Chieu) [98], GAP criterion (Gradient Acceler-
ation Parameter) [99], Flender’s hot tearing
criterion [22], and Chovorinov’s rule [37]

Note that Chvorinov’s rule, as described in sec-
tion 2.3.2, on page 20, is neither shape-, nor size-
independent. The scaling evaluation using eq. (3.21)
show, however, that Chvorinov’s rule, eq. (2.4) on
page 20, has an exponent value of 𝑚 = 2. This
means that by doubling the dimensions of a casting
geometry, the solidification time, 𝑡𝑠, will increase
four times [70]. This corresponds directly to Cho-
vorinov’s own revision of his rule in 1963 [21, 22]:

𝑡𝑠 = (𝑡𝑠)0 𝑁2 (3.22)

where 𝑁 is the same linear scaling factor as used
by Hansen et al in eq. (3.21) [22].

Also the Niyama criterion, eq. (3.18), has been
presented in a dimensionless form. Carlson and
Beckermann derived the dimensionless Niyama cri-
terion based on Darcy’s law [100]:

Ny* = 𝐺𝜆2

⌋︂
∆𝑃𝑐𝑟⌉︂

𝜇𝑙𝛽∆𝑇𝑓 �̇�
(3.23)

where 𝐺 is the temperature gradient, 𝜆2 is the
Secondary Dendrite Arm Spacing (SDAS), ∆𝑃𝑐𝑟
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Figure 3.14: Illustration of the 1-dimensional mushy
zone solidification with constant temperature gradient,
𝐺, and isotherm velocity 𝑅. 𝑇𝑠𝑜𝑙 and 𝑇𝑙𝑖𝑞 is the solidus
and liquidus temperature, 𝑇𝑐𝑟 is the critical temperat-
ure 𝑔𝑙 is the volume fraction of liquid and 𝑔𝑙,𝑐𝑟 is the
critical fraction liquid, 𝑃𝑙𝑖𝑞 and 𝑃𝑐𝑟 is the liquid and
critical pressures respectively, 𝑥𝑐𝑟 is the critical spatial
distance, 𝜆2 is the SDAS, 𝑢𝑙 is the liquid velocity in the
mushy zone, and 𝛽 is the total solidification shrinkage.
Courtesy of Carlson and Beckermann [100].

is the critical pressure drop (∆𝑃𝑐𝑟 = 𝑃𝑙𝑖𝑞 − 𝑃𝑐𝑟),
𝜇𝑙 is the dynamic viscosity of the liquid, 𝛽 is the

total solidification shrinkage (𝛽 = 𝜌𝑠 − 𝜌𝑙⇑𝜌𝑙)—with
𝜌𝑙 and 𝜌𝑠 being the density of the liquid and the
solid respectively, ∆𝑇𝑓 is the alloy’s freezing range
(∆𝑇𝑓 = 𝑇𝑙𝑖𝑞 − 𝑇𝑠𝑜𝑙), and �̇� is the temperature incre-
ment (�̇� = 𝑑𝑇⇑𝑑𝑡). See fig. 3.14.

Additionally, Carlson and Beckermann also show
that for different criterion values it is valid for not
only steel, but also for Al, Mg, and Ni alloys [100].

The Niyama criterion, dimensionless or not, is,
however, not well suited to describing porosity form-
ation in cast iron. Cast iron, unlike the above-
mentioned alloys, does not solidify exogenously, and
eutectic and hypereutectic irons do not form dend-
rites. While cast irons of both hypoeutectic, eu-
tectic, and hypereutectic compositions form mushy
zones that require feeding, the different flow proper-
ties, thermal gradients, and the graphite expansion
are significantly different from eg steel or Al alloys.

Tavakoli defines that the criteria functions must
be modelled at the same spatial scale as phenomena
they are meant to describe [94]. Hence, macro poros-
ities should be modelled using macro models, and
micro porosities using micro models respectively. At
the same time, Tavakoli also stresses that alloy so-
lidification is a multiscale phenomenon that involves
both macro, meso, micro, atomic, and sub-atomic
(electronic) scales [94].

While a wide range of different criteria functions
have been developed since Bishop and Pellini in-
troduced their temperature gradient criterion, a
large part of these functions are defined based on
the same basic parameters: Temperature gradient,
𝐺𝑠, square root of cooling rate,

⌈︂
�̇� , feeding velo-

city, 𝑢 or 𝑣, and solidification speed, 𝑉𝑠 [70]. Thus,
while the porosity criterion function for cast iron
in Magmasoft is not based on the Niyama cri-
terion, it may be based on a modified version of
the HS criterion function or another function using
the same (but not limited to) criteria parameters
as the more basic functions presented here. Here it
should also be noted that the porosity predictions in
Magmasoft, as with most other criteria functions,
indicate a probability for porosities in a given area,
not a certainty [69].

3.4.4 Feeding Algorithms

For the iron module Magmasoft offers two differ-
ent algorithms for calculating feeding—‘Standard’
and ‘Extended’—where the extended option is the
default [69]. The extended feeding algorithm con-
siders the porosity formation factors listed in the

56



previous section. The standard feeding algorithm is
presumably based on more straightforward criteria
functions focusing on thermal gradients and fraction
solid.

The feeding algorithms determine the movement
of feed material within the casting. Hence, the
algorithms change how Magmasoft calculate the
transport of melt within the feeders and the casting
during solidification. While the standard approach
for generating the porosity result is after the end of
the solidification simulation, the feeding algorithms
are active during models running as part of each
time step in the solidification simulation.

An essential parameter for the feeding flow is the
‘Feeding Effectivity’, which defines the threshold
for when it is no longer possible to feed through a
section that has solidified a given percentage [69].
The feeding effectivity is a material property defined
as a value between 0 % to 100 %, where 0 % is no
feedability, and 100 % is full feedability, meaning
that it is possible to feed through the material until
it is completely solidified.

For cast iron the feeding effectivity must be set
to 100 % [69]. The reason for this is that the iron
module calculates the feeding efficiency for the ma-
terial based on the nucleation modelling, hence a
user-defined feeding efficiency of less than 100 %
will influence this calculation in an unintended way.
The feeding effectivity also defines the following
solidification criteria [69]:

• FSTime

• Hot Spot FSTime

• Porosity

• Soundness

Magmasoft also offers a feature called ‘Active
Feeding’, which allow the user to define externally
applied pressure within the feeders. This feature,
though, is not available for with magmairon at
present [69].

3.4.5 Feeders

Magmasoft request that the user defines the in-
dividual parts of the casting; pouring cup, runner,
gating, feeder, feeder neck, feeder sleeve, etc. Mag-
masoft, however, does not specify for what purpose
these parts need to be defined. With respect to the
feeders, it was previously the case that the feeder
neck was used to control the melt flow between the

feeder and the casting, and that the flow was only
allowed to pass from the feeder into casting, and not
from the casting and into the feeder. This scenario
seems a reasonable simplification for most feeder
applications in most alloys; however, for cast iron,
the variation in displacement shown in figs. 3.10
and 3.12 on page 52 and on page 53 challenge this
assumption, and Magmasoft now allow for the
melt flow to pass both ways through the feeder
neck.

The material properties characterise the feeder
sleeves. For the commercial sleeves provided via
the Foseco Pro Module, these material data are
disclosed. However, for the insulating sleeves this is
handled via the thermal conductivity, Lambda (𝜆),
and the specific heat capacity, 𝐶𝑝, with the thermal
conductivity as the governing parameter defining
the insulating power of the material.

The thermal conductivity and the specific heat
capacity is also of importance for the exothermic
sleeves. The exothermic sleeves, however, display
a release of chemical potential that will reheat the
melt and keep it heated for an extended period. It
is not known if this behaviour is modelled via the
same material parameters as are available for other
materials, however, if it is, this is likely done via
the specific heat content, 𝜌𝐶𝑝. In Magmasoft the
specific heat content is more than just the product
of the density, 𝜌, and the specific heat capacity, 𝐶𝑝

[69]. The release of latent heat, ∆ℎ, is incorporated
into the parameter as a function of the temperature,
𝑇 , and the fraction solid curve, 𝑓𝑠:

Rho * Cp = 𝜌𝐶𝑝 + ⋀︀∆ℎ
𝑑𝑓𝑠
𝑑𝑇

⋀︀ (3.24)

Hence, the definition of latent heat can be used to
define a heat release from the material at a given
temperature. It is possible to determine the initial
temperature of the sleeve material, and this is often
set to 20 ○C. Thus, use of the specific heat content
requires some special adaptation that does not re-
quire the same amount of energy to be put into
the sleeve material during heating, as is released
afterwards.

Another aspect is the way in which the latent
heat is released. Physically the exothermic material
will ignite from the centre and outwards, hence the
heat release and temperature will rise as the process
progresses. Similarly, some locations will burn out
before others depending on the order of ignition and
access to O, resulting in a fading heat release towards
the end. For the simulation of exothermic feeder
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sleeves, Sutaria and Ravi assume the exothermic
material to be a perfect heat source—meaning a
uniform heat release throughout the combustion
[101].

Besides the parameters mentioned above, the HTC
is also a parameter of some importance. As the
standard for both exothermic and insulating sleeves
the HTC, between the melt and the sleeve, is handled
by the temperature dependent HTC (TempIron).
Meanwhile the HTC between the sleeve, the sand
mould, and breaker core respectively is controlled
by a constant HTC of 800 𝑊⇑𝑚2𝐾 [69].

The pre-defined feeder sleeves and breaker cores
in the Foseco Pro Module are locked macros where
the subentries cannot be edited or scaled. Likewise,
no stress data are defined in the Foseco Pro Mod-
ule. Thus, the filters, sleeves, and breaker cores in
this database cannot partake in stress calculations
[69].

The potential reheating of the melt also raise
the question of remelting. It is perceivable that a
feeder with a smaller melt volume may cool and
form a solid shell before the heating of the exo-
thermic feeder sleeve reaches the temperature at
which the material is ignited. In this case, the heat
from the exothermic sleeve will initially remelt the
solidified shell before it can heat the remaining melt
in the feeder. It is unclear if the macro model sup-
ports remelting, and if it does, then if the nucleation
model would provide a different result for the second
nucleation. It is likely, however, that this scenario is
eliminated by defining the ignition temperature of
the exothermic material above the liquidus temper-
ature of the alloy type that the feeder is designed
to be used with.

3.4.6 Feeding

So in relation to the previous sections, what is
feeding in the sense of numerical simulations? It is
just a calculation of the defined boundary conditions.
The calculation is based on different parameters
and criteria functions; however, Magmasoft is not
moving any melt around as a part of a feeding micro-
model. The simulation setup—material properties,
geometry, pouring temperature, alloy composition,
filling, etc.—describe the casting process including
the feeding regime. As with real castings, the virtual
castings of numerical simulations are made porosity-
free by adjusting the parameters as described in the
feeding review in chapter 2, on page 13.

3.5 Stress and Deformation

Mathematical modelling of stress and strain
in casting processes is not a simple matter.

It involves a series of different phenomena, includ-
ing; solidification, phase transformations, shrinkage-
dependent interfacial heat transfer, mould distor-
tion, temperature and time-dependent plasticity,
hydrostatic pressure from the liquid, and potential
crack formation [70]. The coupled 3-dimensional
thermomechanical analysis have to determine which
of these matter for the situation at hand, and how to
implement these phenomena to accurately describe
the stress/strain-development in the casting. Ie the
stress/strain analysis implemented in Magmasoft
is a so-called semi-coupled analysis as the thermal
analysis is performed first, as part of the solidifica-
tion simulations, as this information is subsequently
used for the mechanical stress/strain analysis [70].

For castings, the stresses originate from the
thermal history of the casting and the constraints of
the mould. The stresses induced by thermal changes
in the material is called thermal stresses [70], and is
closely coupled with the casting geometry and the
constraints enforced by the mould. This correlation
between casting geometry and mould constraint is
shown in fig. 3.15 on the facing page. As illustrated,
the more constrained the casting is, the less it will
contract, consequently increasing the stresses within
the casting. However, this contraction is not linear
over the entire temperature range, as the solid-state
phase transformations act as stress relief but also a
significant volume change. See fig. 3.16 on the next
page.

A constraint preventing free contraction of the
casting will introduce strain, 𝜀, into the casting.
Note that the thermal strain, 𝜀𝑇ℎ, cannot produce
stress by itself, but only in combination with some
kind of constraint resulting in elastic strain, 𝜀𝐸𝑙.
The relationship describing the total strain, 𝜀𝑇𝑜𝑡, is
defined as [70]:

𝜀𝑇𝑜𝑡 = 𝜀𝐸𝑙 + 𝜀𝑇ℎ (3.25)

Thermal contraction can, based on eq. (3.25),
yield three types of outcome; (1) deformation only
(free contraction: 𝜀𝐸𝑙 = 0), (2) stress only (totally
restrained: 𝜀𝑇𝑜𝑡 = 0), or (3) a combination of the
previous two. Case number three is almost always
the outcome in reality. Case one does not produce
any stress as the material elastically yields to the
thermal strain. In case two, however, the material
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Figure 3.16: Influence of different degrees of con-
straints on contraction at different temperatures. Here
for a steel casting in a green sand mould. Courtesy of
Campbell et al [25].

2.4%

1.64%

0.92%

Figure 3.15: Influence of casting geometry and mould
constraint on contraction. Courtesy of Campbell et al
[25].

holds firm by matching the thermal strain with
an equal amount of stress. Or more precisely, the
thermal load promote elastic strain which in turn
causes the stress in the material [70].

As shown in section 3.4.1, on page 51 there exist
a direct correlation between temperature and ex-
pansion. This volume change is the basis for strain
to arise in the first place, and can be expressed as
[70]:

𝜀𝑇ℎ = 𝛼𝐿∆𝑇 (3.26)

where 𝜀𝑇ℎ is the thermal strain, ∆𝑇 is the temperat-
ure interval, and 𝛼𝐿 is the linear thermal expansion
coefficient for ∆𝑇 . 𝛼𝐿 is the 1-dimensional equi-
valent of 𝛼𝑉 expressed in eq. (3.14) on page 51.
Equation (3.26) is valid for a constant 𝛼𝐿.

The direct correlation between thermal expansion
and thermal strain is unsurprising as strain can be
defined as the relative elongation (or displacement
in the 3-dimensional implementation). This can be
expressed as [70]:

𝜀 = ∆𝐿

𝐿
(3.27)

where strain, 𝜀, is defined by the original length of
the object, 𝐿, and the change in length, ∆𝐿, which
again can be described as the slope of a line defined
by the length along one axis, 𝑥, and the change in
length along another axis, 𝑢:

𝜀 = 𝜕𝑢

𝜕𝑥
(3.28)

where the partial definition is used to describe the
time-dependent increment.

When a material is under strain it can respond
either by deforming (potentially breaking) or by a
corresponding but opposing stress, 𝜎. Stress can be
seen as a force acting on the cross-sectional area,
balancing out the strain the material is exposed to:

𝜎 = 𝐹

𝐴
(3.29)

Having defined stress as force per area, 𝜎 = 𝐹⇑𝐴,
the force, 𝐹 , can be defined by Hook’s law:

𝐹 = 𝑘∆𝑥 (3.30)

where 𝐹 is the external force (opposite of the spring
force), 𝑘 is the spring constant, and ∆𝑥 is the elong-
ation of the material. An elastic strain is defined
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by the materials ability to totally recover when
unloaded, combining eq. (3.30) on page 59 with
eq. (3.29) on page 59, stress can be redefined as
[70]:

𝜎 = 𝐸𝜀𝐸𝑙 (3.31)

where 𝐸 is Young’s modulus of elasticity which
describe the relationship between stress and strain;
𝐸 = 𝜎⇑𝜀.

Combining eq. (3.31) with eq. (3.28) on page 59
and eq. (3.29) on page 59 yields:

𝐹 = 𝐸𝐴
𝜕𝑢

𝜕𝑥
(3.32)

which yield the force, 𝐹 , that corresponds to 𝐸
of the given material, and the cross-sectional area,
𝐴, of the geometry for a partial increment. In
correlation with Newton’s second law of mechanics
for a stationary body, ∑𝐹 = 0, eq. (3.32) yields the
necessary force exerted on the body to deform it
corresponding to 𝜕𝑥. Reversely this is the same
force the mould needs to exert on the casting body
to prevent a deformation of 𝜕𝑥.

3.5.1 Irreversible Deformations

While the mechanisms described above may yield lin-
ear deformations, these deformations are per defin-
ition reversible. At low temperatures, the linear
relationship and deformation reversibility is a good
approximation of most metals stress/strain beha-
viour. These assumptions, however, are not valid
for high stress levels or elevated temperatures [70],
where the material behaviour become inelastic.

All materials have a limit at which they yield
when subjected to a sufficient amount of stress.
This limit is called yield stress, 𝜎𝛾 , and denote the
shift from the elastic strain, 𝜀𝐸𝑙, (reversible), to
plastic strain, 𝜀𝑃𝑙, (irreversible). How a material
behaves when loaded beyond its yield stress is very
material dependent, but the elasto-plastic behaviour
is also strongly dependent on the temperature.

Assuming ideal plasticity—meaning that the yield
stress, 𝜎𝛾 , is constant for all stain values, 𝜀—
mechanical strain, 𝜀𝑀𝑒𝑐ℎ can be defined as the sum
of elastic and plastic strain: 𝜀𝑀𝑒𝑐ℎ = 𝜀𝐸𝑙+𝜀𝑃𝑙. Com-
bined with eq. (3.25) on page 58 this yields:

𝜀𝑇𝑜𝑡 = 𝜀𝐸𝑙 + 𝜀𝑃𝑙 + 𝜀𝑇ℎ (3.33)

In metals, the material properties are related to
the microstructure, grain boundaries, and disloca-
tions in the material [32]. When the material is

strained, the grain boundaries will reposition until
the vacancies capture the dislocations in the lattice
structure, thus reducing the material’s plasticity in
turn for deformation or elasticity (strain hardening).

For casting processes, the thermal history of the
casting significantly influence the stress/strain de-
velopment and the resulting deformations. At in-
creased temperatures the material is softened, and
reversely it is hardened at decreased temperatures.
Thus, the yield stress needs to be defined as a func-
tion of both temperature and plasticity, 𝜎(𝑇, 𝜀𝑃𝑙),
to adequately describe thermal deformation for ir-
reversible loads at elevated temperatures [70]:

�̇�𝛾 = 𝜕𝜎𝛾

𝜕𝑇
�̇� + 𝐸𝐸𝑇

𝐸 −𝐸𝑇
�̇�𝑃𝑙 (3.34)

where �̇�𝛾 is the yield stress increment, �̇� is the tem-
perature increment, 𝐸 is the Young’s modulus of
elasticity, 𝐸𝑇 is the tangent modulus of mechan-
ical strain, and �̇�𝑃𝑙 is the plastic strain increment.
The dot denotes an increment and is understood
as differentiation with respect to a monotonically
increasing parameter. The tangent modulus, 𝐸𝑇 , is
defined as:

𝐸𝑇 = 𝑑𝜎

𝑑𝜀𝑀𝑒𝑐ℎ
(3.35)

Equation (3.34) shows that when only the tem-
perature is varying, then the stress will remain the
same, while the casting will deform as a consequence
of thermal expansion (or contraction) and plastic
deformation. Equation (3.34) also yields that there
must be a balance between the temperature, 𝑇 , and
the plastic strain, 𝜀𝑃𝑙 [70]:

�̇�𝑃𝑙 = 𝐸𝑇 −𝐸

𝐸 𝐸𝑇

𝜕𝜎𝛾

𝜕𝑇
�̇� (3.36)

when the yield stress increment, �̇�𝛾 , is set as zero.
Equation (3.36) yields additional information

about the thermo-elasto-plastic deformation of cast-
ings [70]: (1) as the tangent modulus, 𝐸𝑇 , is smaller
than Young’s modulus, 𝐸, the yield stress decreases
with increasing temperature, and (2) the mechan-
ical strain increment, �̇�𝑀𝑒𝑐ℎ, and the plastic strain
increment, �̇�𝑃𝑙 are equal to the elastic strain incre-
ment, �̇�𝐸𝑙, is zero (assuming that Young’s modulus,
𝐸, is equal for both temperature states).
Note that, while thermoplastic mechanisms domin-
ate some thermomechanical problems, thermoelastic
properties (eg Young’s modulus, 𝐸, and the thermal
expansion coefficient, 𝛼) cannot be neglected as
they also significantly influence the result [70].
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3.5.2 Phase Transformations

The solutions so far all address the stress/strain
development in the solid; however, castings undergo
at least one, and often multiple, phase transforma-
tion on the road from liquid to room temperature.
While it is beyond the scope of this text to derive
the mathematics behind calculating stresses in a
solidifying slab, it should be noted that this the-
orem exists and is used in numerical simulations
[70]. Stress can only be analysed in the solidified
material as the liquid cannot resist deformation and
hence cannot develop stress or strain. Including the
mould that contains the melt, the system comprises
three zones (plastic, elastic, and plastic), where the
two boundaries in-between are non-stationary.

For cast iron, the stresses developed during the
solidification are partially erased by the eutectoid
transformation. However, the eutectoid phase trans-
formation introduces new stresses into the casting.
Furthermore, the thermal gradients developed by
the phase transformations also influence the stress
creation.

Denis et al has described the correlation of physical
phenomena and the strain development for carbon
steel [102]. While some of the strain mechanisms
are known from basic stress/strain descriptions as
related in the previous section, Denis et al had to
expand on eq. (3.37) to adequately describe the total
strain, 𝜀𝑇𝑜𝑡, for solid state phase transformations
[102]:

𝜀𝑇𝑜𝑡 = 𝜀𝐸𝑙 + 𝜀𝑃𝑙 + 𝜀𝑇ℎ + 𝜀𝑇𝑟 + 𝜀𝑇𝑝 (3.37)

where 𝜀𝐸𝑙 is the elastic strain, 𝜀𝑃𝑙 is the plastic
strain, and 𝜀𝑇ℎ is the thermal strain which is de-
scribed above. The new terms are 𝜀𝑇𝑟 which is
transformation strain, and 𝜀𝑇𝑝 which is the trans-
formation plasticity strain.

3.5.3 Dimensional Accuracy

The result of the deformation mechanisms described
in the previous sections all come together, with the
sum of the stress and strain resulting in the cast-
ing deformations seen at room temperature. The
difference between the pattern and the casting at
ambient temperature, except the expected linear
pattern makers shrinkage, can be difficult, but vi-
tal to predict. Such prediction allows changes to
the pattern; compensating for the deformations to
reduce machining allowance and reducing costs. Ad-
dressing machining allowance by changing the pat-

tern to accommodate for deformations is, however,
not new idea.

Working with grey cast iron and steel, Jackson
[103] showed why casting precision was more than
just a distance between a finite number of working
faces, but more importantly also a concern with re-
gards to eliminating excess machining and grinding.
Jackson’s paper also discussed the influence of alloy
composition, casting geometry, and thermal gradi-
ents on the dimensional variation of the castings.
Demonstrating that free linear contraction was in-
versely related to the section modulus, Mkumbo et
al [104] also reported a correlation between the mod-
ulus and shape of the casting and modelled how
flanges affected this. Likewise, Motoyama et al [105]
examined the effect of flanges and showed how resid-
ual stress and distortion develop during solidifica-
tion and cooling of the casting, and that these were
affected by the casting geometry and the strength
of the sand mould.

The idea of counteracting distortion by modify-
ing the pattern geometry was suggested by Kang et
al [106] who also proposed machining allowance as
a parameter for distortion reduction. This pre-
emptive approach requires precise measurements
and an understanding of the casting’s dimensional
change and surface finish. As part of the develop-
ment of a better model for a sand surface element,
Chang and Dantzig [107] described how the green
sand mould itself was deformed by the contraction
of the casting, and how that left the casting uncon-
strained by the mould. Subsequently, Nwaogu et al
[108] described how to characterise the surface of
ductile iron castings, and provide some guidance as
to which types and sizes of surface roughness can
be expected with and without coating.

Mkumbo et al [104] also showed that ductile iron,
even with a higher CEV, displayed greater contrac-
tion than grey iron, and variations in dimensional
change between pearlitic and ferritic alloys were
demonstrated by Sosa et al [109]. They worked with
Austempered Ductile Iron (ADI) to show that a fer-
ritic microstructure displayed greater dimensional
stability than a pearlitic microstructure and that a
pearlitic-ferritic structure was even more prone to
dimensional change.
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4.1 Trial Purpose

The purpose of these trial series was to prove
that SGI castings with an isolated section could

be produced soundly on vertically parted moulding
systems in a manner that would be feasible for
foundry production applications. As part of this
proof, the trial was designed to show and quantify
the effects of different feeder sleeve materials as
well as different feeder geometries. Additionally,
it was a goal for the trail to show the types of
casting defects that would be found in the castings

if sufficient feeding was not provided.
Later it also became a trial purpose to prove that

other, more demanding, SGI-alloys could be feed
via the ram-up sleeves. It became a purpose to
find the limitations of the ram-up sleeves used in
the trials. Both of the alloys was later tested for
microstructural changes caused by the feeders used
in the trial series.

Adaptive Thermal Analysis System (ATAS), Carbon (C),
Copper (Cu), Modulus Extension Factor (MEF), Phosphorus
(P), Pores Per Inch (PPI), Spherical Graphite Iron (SGI),
Silicon (Si), Tellurium (Te)
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Table 4.2: Alloy Compositions for α (EN-GJS-500-7)
and β (EN-GJS-450-10) [wt%].

Alloy C Si Mn P S Mg Cu CEV

α 3.67 2.73 0.50 0.015 0.005 0.049 0.025 4.60
β 3.35 3.48 0.34 0.017 0.003 0.046 0.010 4.50
τ 3.20 3.71 0.27 0.044 0.028 0.048 0.081 4.44

Table 4.1: Casting Geometry in mm and moduli in
mm.

Section T.Rim U.Sec Boss L.Sec B.Rim

Height 27.5 55 55 55 27.5
Thickness 20 10 30 10 20

Modulus 6 5 9 5 6
Feed Modulus 7 6 11 6 7

Finally, it was a goal of the trial to cast a series
of castings in production conditions in an operating
foundry. The series had to include multiple castings
of the same configuration in order prove that the
results of the single feeder configuration could be
repeated. It would also provide statistical data
for determining the variation of the production as
well as the feeders. These repeated castings would
subsequently be used assess the process stability
and dimensional accuracy of the castings concerning
alloy composition and feeder configuration.

4.2 Design of the Disc Casting

The disc casting was designed to imitate casting
components with isolated high modulus sections

that were difficult to feed via traditional solutions
for vertically parted moulds. The casting consisted
of a central boss (modulus = 9 mm), separated from
an outer ring (modulus = 6 mm) by a thin-walled
section (modulus = 5 mm). See fig. 4.1 on the
next page. The down sprue was designed to use a
15 × 50 × 50 mm 10 PPI foam filter.

The dimensions of the different sections of the
casting are shown in table 4.1 and fig. 4.1 on this
page and on the next page. The pouring weight was
∼8 kg and the castings themselves weighed ∼4 kg.
The pouring time was ∼3.5 s.

The feeders used in the trials were selected based
on the feed modulus shown in table 4.1. The feed
modulus was calculated based on the modulus of
the individual casting section using Chvorinov’s law
of modulus [37]. The following equation was used:

𝑀𝑓 = 1.2 ×𝑀𝑐 (4.1)

where 𝑀𝑓 is the required modulus of the feeder
to feed the given section, 𝑀𝑐 is the geometrical
modulus of the casting, and 1.2 is an empirical size
factor for the feeder traditionally used in foundries.
See section 2.3.2, on page 20.

4.2.1 Alloys

The trial casting was cast with three different SGI-
alloys during the project. The three alloy composi-
tions are found in table 4.2. Table 4.5 on page 72
shows the pouring temperature and the order in
which the different alloys were cast. The alloy com-
positions were determined using optical emission
spectroscopy.

The α-alloy is a traditional, commercial produc-
tion grade of SGI and is widely used in the in-
dustry. It is defined by the European standard—EN
1563:2012-3 Founding: Spheroidal Graphite Cast
Irons [110], classified as an EN-GJS-500-7-grade. The
α-alloy displayed a moderate graphite expansion for
a SGI-alloy. The EN-GJS-500-7-grade is often used
for non-hydraulic car and truck components.

The β-alloy is also a traditional production grade
of SGI as defined by EN 1563:2012-3 [110] and clas-
sified as an EN-GJS-450-10-grade. The EN-GJS-450-10-
grade is often used for hydraulic components. The
main differences between the α and β-alloys were
the lower C and higher Si content of the β-alloy. The
changed alloy composition increased the elongation
of the material due to a higher percentage of ferrite
in the final casting. However, the low C, high Si also
decreased the graphite expansion and increased the
overall shrinkage of the metal. Hence, the β-alloy
required more feeding than the α-alloy to produce
sound castings.

Finally, the τ-alloy was made to resemble the β-
alloy as much as possible. However, some differences
in alloy composition exist. The β-alloy is a standard
grade for the foundry, Valdemar Birn A⁄S, and was
produced as part of a large-scale production. Similar
large-scale production conditions were not present at
the Technical University of Denmark (DTU) where
the τ-alloy was prepared. The main differences
between the β-alloy and the τ-alloy are the slightly
lower C content and a higher Si content for the τ-
alloy, but also an increased Sulphur (S)-, P- and
Cu-content.
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Figure 4.1: Technical drawing of the disc casting including the gating system, mounted on the pattern plate. The
short dashed line indicates the pattern to mount the top feeder, and the long dashed line indicates the centre feeder.
Numbers indicate thermocouple locations.

(a) Pattern (b) Mould (c) Casting, α23A

Empty

14.40
13.83
13.27
12.70
12.14
11.58
11.01
10.45

9.88
9.32
8.76
8.19
7.63
7.06
6.50

(d) Feeding Modulus in
mm

Figure 4.2: Production overview; (a) the pattern with a ram-up sleeve mounted at the centre, (b) the mould with
a top feeder sleeve mounted at the top, a ram-up sleeve moulded in at the centre, and a 10 PPI foam filter mounted
at the bottom of the down sprue, (c) casting α23A after shot blasting, and (d) numerical simulation of the feeding
modulus of the different sections of the casting.

4.2.2 Feeder Options

The pattern was made to provide three types of
feeders for the casting. See figs. 4.1 and 4.2. The
top feeder was at the parting line where a cavity
was made by the pattern. The feeder sleeve could
be inserted into the cavity after moulding. The
installation of the feeder sleeve could be done either
by hand or automatically by using the core setter.
The feeder neck for this feeder was determined by

the pattern.
The second feeder option was a moulded in ram-

up sleeve placed at the centre boss. The ram-up
sleeves were mounted on a specially designed pin
and were then moulded into the green sand mould.
This design required that the pin and ram-up sleeves
be mounted normal to the pattern plates. Hence,
the ram-up sleeves have a horizontal orientation
when mounted. The pin has a small spring-loaded
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Table 4.3: Feeder Overview [23].

Top Feeder
T# ID Type Shape Vol Surface 𝑀𝑔 MEF 𝑀𝑡 Brand Diss.

[𝑚𝑚3] [𝑚𝑚2] [𝑚𝑚] [ ] [𝑚𝑚]

1 2 E/I

d

30.304 4.064 7.5 1.3 10 Kalminex 2000 ZP 3.5/5K α23
2 2 E/I

d

30.304 4.064 7.5 1.3 10 Kalminex 2000 ZP 3.5/5K α22
3 2 E/I

d

30.304 4.064 7.5 1.3 10 Kalminex 2000 ZP 3.5/5K α21
4 1 Ins

d

30.304 4.064 7.5 1.2 9 Kalmin S KSP3.5/5K α13
5 1 Ins

d

30.304 4.064 7.5 1.2 9 Kalmin S KSP3.5/5K α12
6 1 Ins

d

30.304 4.064 7.5 1.2 9 Kalmin S KSP3.5/5K α11
7 2 E/I

d

30.304 4.064 7.5 1.3 10 Kalminex 2000 ZP 3.5/5K α23 Sul
8 1 Ins

d

30.304 4.064 7.5 1.2 9 Kalmin S KSP3.5/5K α13 L
9 1 Ins

d

30.304 4.064 7.5 1.2 9 Kalmin S KSP3.5/5K α12 L
10 2 E/I

d

30.304 4.064 7.5 1.3 10 Kalminex 2000 ZP 3.5/5K α20
11 0 α02
12 0 α00
13 2 E/I

d

30.304 4.064 7.5 1.3 10 Kalminex 2000 ZP 3.5/5K β23
14 1 Ins

d

30.304 4.064 7.5 1.2 9 Kalmin S KSP3.5/5K β11
15 2 E/I

d

30.304 4.064 7.5 1.3 10 Kalminex 2000 ZP 3.5/5K β23 s
16 1 Ins

d

30.304 4.064 7.5 1.2 9 Kalmin S KSP3.5/5K β11 s
17 2 E/I

d

30.304 4.064 7.5 1.3 10 Kalminex 2000 ZP 3.5/5K β22 s
18 2 E/I

d

30.304 4.064 7.5 1.3 10 Kalminex 2000 ZP 3.5/5K β20
19 2 E/I

d

30.304 4.064 7.5 1.3 10 Kalminex 2000 ZP 3.5/5K τ23TC

Centre Feeder
T# ID Type Shape Vol Surface 𝑀𝑔 MEF 𝑀𝑡 Brand Diss.

[𝑚𝑚3] [𝑚𝑚2] [𝑚𝑚] [ ] [𝑚𝑚]

1 3 Exo

d

69.025 8.042 8.6 1.40 12 Feedex HD1 GK4/7KW/33MH α23
2 2 E/I

d

69.025 8.042 8.6 1.28 11 Kalminex SDP7/7K/33MH α22
3 1 Ins

d
69.025 8.042 8.6 1.28 11 Kalmin 250 FE P4/7KL/33MH α21

4 3 Exo
d

69.025 8.042 8.6 1.40 12 Feedex HD1 GK4/7KW/33MH α13
5 2 E/I

d

69.025 8.042 8.6 1.28 11 Kalminex SDP7/7K/33MH α12
6 1 Ins

d

69.025 8.042 8.6 1.28 11 Kalmin 250 FE P4/7KL/33MH α11
7 3 Exo

d

69.025 8.042 8.6 1.40 12 Feedex HD1 GK4/7KW/33MH α23 Sul
8 3 Exo

e

122.145 11.432 10.7 1.31 14 Feedex HD1 CUSTOM α13 L
9 2 E/I

e

122.145 11.432 10.7 1.22 13 Kalmin 250 CUSTOM α12 L
10 0 α20
11 2 E/I

d

69.025 8.042 8.6 1.28 11 Kalminex SDP7/7K/33MH α02
12 0 0 α00
13 3 Exo

d

69.025 8.042 8.6 1.40 12 Feedex HD1 GK4/7KW/33MH β23
14 1 Ins

d

69.025 8.042 8.6 1.28 11 β11
15 3 Exo

d

28.000 3.500 8.0 1.38 11 Feedex HD1 CUSTOM β23 s
16 1 Ins

d

28.000 3.500 8.0 1.13 9 Kalmin 250 CUSTOM β11 s
17 2 E/I

d

28.000 3.500 8.0 1.25 10 Kalminex CUSTOM β22 s
18 0 β20
19 3 Exo

d

69.025 8.042 8.6 1.40 12 Feedex HD1 GK4/7KW/33MH τ23TC

ball that holds the ram-up sleeve in place while the
pattern plates move and as the moulding chamber is
filled with sand. The ram-up sleeves used a specially
designed breaker core made of steel. These breaker
cores were made to collapse and thus achieve two
things: (1) Prevent the ram-up sleeve from being
crushed as the mould compacts, and (2) to help
compact the sand properly between the ram-up
sleeve and the pattern. The feeding modulus of the

ram-up sleeves could be changed by using different
sleeves materials. Likewise, the geometry of the
ram-up sleeves could be changed. The used feeders
are listed in table 4.3.

The third feeder option provided by the pattern
was to mount a ram-up sleeve at the top of the
outer ring, just below the top feeder. The same
ram-up sleeves that could be mounted at the centre
boss could also be mounted at the top of the outer
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Table 4.4: Casting Overview.

T# C# Dup. Alloy Pouring Temp. Casting Date Session Diss. AFS TMS JMPT

1 12 A,B,C α 1401(5) ○C 2011-05-30 1 α23 α1 α1 α23
2 11 A,B,C α 1401(5) ○C 2011-05-30 1 α22 α22
3 10 A,B,C α 1401(5) ○C 2011-05-30 1 α21 α21
4 9 A,B,C α 1401(5) ○C 2011-05-30 1 α13 α13
5 8 A,B,C α 1401(5) ○C 2011-05-30 1 α12 α12
6 7 A,B,C α 1401(5) ○C 2011-05-30 1 α11 α2 α2 α11
7 6 A,B α 1401(5) ○C 2011-05-30 2 α23 Sul
8 5 A,B α 1408(5) ○C 2011-05-30 2 α13 L
9 4 A,B α 1408(5) ○C 2011-05-30 2 α12 L

10 3 A,B,C α 1408(5) ○C 2011-05-30 2 α20 α3 α3 α20
11 2 A,B,C α 1408(5) ○C 2011-05-30 2 α02 α4 α02
12 1 A,B,C α 1408(5) ○C 2011-05-30 2 α00 α5 α00
13 13 A,B,C β 1392(5) ○C 2012-01-24 3 β23 β1 β1 β23
14 14 A,B,C β 1392(5) ○C 2012-01-24 3 β11 β2 β2 β11
15 15 A,B,C β 1392(5) ○C 2012-01-24 3 β23 s β23 s
16 16 A,B,C β 1392(5) ○C 2012-01-24 3 β11 s β11 s
17 17 A,B,C β 1392(5) ○C 2012-01-24 3 β22 s β22 s
18 18 A,B,C β 1392(5) ○C 2012-01-24 3 β20 β3 β3 β20
19 19 A,B τ 1385(5) ○C 2014-05-21 4 τ23TC

ring. This option was only used at the beginning
of the project. The trial was designed to show how
a similar casting with a secluded section could be
feed on a vertically moulding line. Most foundries
would choose to feed this section with a parting
line feeder, and thus the same was chosen for these
trials. Instead, the placeholder for the top feeder
would be removed from the pattern for the few trial
combination that required this setup.

4.3 Trial Setup and Configuration

The setup of the first trial was decided in close
collaboration with FosecoLtd. and was partly

based on an initial test casting at the university
foundry at DTU. The second trial series was planned
based on the result of the first trial series. Thus,
the feeder combinations for this trial series was
deliberately selected to elaborate on the results and
findings of the first series.

4.3.1 Casting Sessions and Conditions

The trials were conducted at Valdemar Birn A⁄S. All
castings, except no. 19 A and B, were cast on the
same Disamatic 230A using the same machine set-
tings for all castings. See table 4.5 on the following
page. As two different alloys were used for the trial,
the castings were made on two different dates—June
2011 and January 2012. The June 2011 trial series
used the EN-GJS-500-7-alloy, and the January 2012

trial series used the EN-GJS-450-10-alloy. The trial
series in June 2011 was divided into two sessions
cast approximately one hour apart. This approach
was used to enable continuously casting of the differ-
ent casting configurations; which again was done to
secure a uniform pouring temperature for all cast-
ings. As only half of the total number of castings
could be stored on the moulding line, between the
moulding chamber and the pouring station, the trial
series was divided into two sessions. The trial series
in January 2012 was cast in one session. Finally, a
fourth session was cast at the foundry at DTU in
May 2014. For this trial series a Disamatic 2110
was used. The focus of the trial series was thermal
measurements of the solidification of the different
sections of the casting. The alloy used for this trial
series was the τ-alloy, made to be as similar as pos-
sible to the EN-GJS-450-10 (EN-GJS-450-10)-alloy
used for the third session cast in January 2012.

All moulds had a mould thickness of 250 mm
for both the Disamatic 230A and the Disamatic
2110.

4.3.2 Feeder Configurations and Properties

The castings shown in table 4.5 on the next page
represent a range of different feeder configurations—
different top feeder solutions and different centre
feeder solutions. Table 4.3 on page 70 shows which
top and centre feeders were used for the different
castings. Some of the feeders were commercial

71



(a) Top feeder sleeve, here for Kalmin S. Kalminex
sleeve is geometrically identical.

(b) Ram-up sleeve, here Feedex. The custom sleeves are
made to match this design. The metal breaker core is
shown on the sleeve for moulding, and at the bottom as
100 % collapsed state.

Figure 4.3: Technical sectioned drawings of feeder
sleeves.

Table 4.5: Feeder Sleeve Dimensions

du Du do Do h H
[𝑚𝑚] [𝑚𝑚] [𝑚𝑚] [𝑚𝑚] [𝑚𝑚] [𝑚𝑚]

Top feeder sleeves 35.0 53.0 30.5 49.0 39.5 49.5
Ram-up sleeves 41.5 59.0 64.0 76.0

products that could be bought off the shelf, while
others were custom feeders made especially for these
trial series. The first column shows the trial no.
which can be used to cross-reference between the
tables.

The last column shows the systematic name for
the casting. This naming scheme is used through-
out the dissertation to reference the individual
castings. The name reads as follows: alloy (α,
β, or τ), top feeder ID (0,1,2), centre feeder ID
(0,1,2,3), and centre feeder comment (special fea-
ture). Thus, β23s indicate the EN-GJS-450-10-alloy,
with a Kalminex 2000 ZP 3.5/5K top feeder sleeve
made of a combination material with both insulat-
ing and exothermic properties, and a small Feedex
HD1 GK4/7KW/33MH centre feeder.

Table 4.3 on page 70 also show the melt volume,
cooling surface area, geometrical modulus (𝑀𝑔),
MEF, and true modulus (𝑀𝑡) of the different feed-
ers. These feeder properties provide a correlation
between melt volume, heat capacity, and feeding
ability. Some of the properties were listed in the Fo-
seco Sleeve Database released in connection with
Magmasoft [111], other properties have been cal-
culated based on the properties listed in aforemen-
tioned database in combination with calculations
of cooling times for the different feeder types. The
correlation between 𝑀𝑔 and 𝑀𝑡 via MEF is shown
in the following equation:

𝑀𝑡 = MEF ×𝑀𝑔 (4.2)

The MEF combine both the thermal properties of
the material and the geometry of the sleeve into a
single factor. Thus, the MEF is not solely a material
parameter, which is seen by the variation in MEF in
table 4.3 on page 70. Note also, that the MEF is a
factor relative to the properties of the surrounding
mould. More information about the MEF is found in
section 2.3.2, on page 20. The MEF values listed in
table 4.3 on page 70 are found based on cooling so-
lidification times simulated with Magmasoft 5.1.0
[111, 112]. This approach was chosen as includes
both material and geometrical properties, as well
as allow for the simulation and calculation of MEF
values for the custom feeder sleeves. FosecoLtd.
do not list the MEF values directly in their material;
however, the values can be calculated from the given
data for geometry and modulus, though only for
the commercially available sleeves [113].
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Figure 4.4: Overview of castings from session three. The missing casting, 15B, was incompletely filled during
casting and was thus discarded.

Figure 4.5: Setup of sleeves used in session three.
Numbers correspond to trial numbers in tables 4.3
and 4.5 on page 70 and on page 72.

4.4 Production of Castings

As described, the castings were cast in four dif-
ferent sessions on three different dates. The

experimental approach for the three sessions cast at
Valdemar Birn A⁄S is described in this section. The

fourth session, cast at DTU, is described in section
4.5, on the next page.

The pattern plate with the disc geometry, see
fig. 11.2 on page 160, was mounted on the squeeze
plate. The plain pattern plate was mounted on
the swing plate. The pattern plates were made
for a Disamatic 2110 (500 × 400 mm), and was
thus mounted in a cassette system to fit the larger
moulding chamber of the Disamatic 230A (600 ×
480 mm).

All feeders and sleeves were numbered and ar-
ranged in order of use before the experiment, see
fig. 4.5.

For sessions 1 and 2 Dymo-labels were mounted
on the casting geometry on the pattern plate, thus
moulding an individual marker into each casting.
For session 3 the casting numbers were imprinted
into the sand mould itself.

The moulding of the castings was done in sessions
to be able to cast continuously to minimise the
potential temperature drop. Pouring was done from
a heated pouring station, and in-stream inoculation
was used. The pouring temperature was measured
twice for each casting session, and ATAS-analysis
was performed for sessions two and three [114].

The castings were transported through the cool-
ing tunnel with the production goods. The cooling
time before shake-out was ∼1 h. At the shake-out
station, the trial castings were separated from the
other production goods and moved to a container
to cool to room temperature. After the castings
were cooled, they were cleaned using shot blasting.

Finally, the castings were sorted, marked with
casting number and duplicate letter, and photo
documented. See fig. 4.4.
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(a) Marking of location for the placement of the ther-
mocouples on the reverse side pattern.

(b) Thermocouples mounted in the mould. The N-
elements are the vertical metal rods.

Figure 4.6: Placement of K- and N-element thermocouples for temperature measurements.

4.5 Temperature Measurements

The fourth session of castings was not cast at Val-
demar Birn A⁄S. Instead, the two castings were

cast at the university foundry at DTU to allow for de-
tailed temperature measurements from the casting
and mould. The temperature measurements were
made to document the thermal gradients present
in the casting during solidification. The two cast-
ings both have the same feeder combination as trial
casting no. 1, 7, and 13—Kalminex top feeder and
Feedex centre feeder. See table 4.3 on page 70.

The locations of the thermocouples were marked
on the reverse side pattern plate using Dymo-labels.
See fig. 4.6a. The Dymo markers imprinted the
thermocouple location in the mould. A hole was
punched through the mould using a 3.5 mm metal
rod. After the holes had been punched, the thermo-
couples were guided through the mould from the
opposite side. Here the thermocouple cables were
assembled and guided to the top of the mould. See
fig. 4.6b. Then the thermocouples were carefully
placed to be at the centre of the individual section,
and the moulds were pushed together.

In total 22 thermocouples were used. 11 in each
of the two identical castings—nine in the casting
itself and two in the mould. See fig. 4.1 on page 69.
Additionally, two quick cups were cast and recorded.
One standard and one with Te for white solidific-
ation. The thermal measurements were recorded
using DasyLab at a sample rate of 100 Hz [115].
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5.1 Porosities Quantification

The trial castings were produced as described in
chapter 4, on page 67. Identifying and quanti-

fying the size, location, and amount of porosities
could be achieved in different ways. However, as the
geometry as-cast was not well suited for any poros-
ity analysis, the castings had to be sectioned and
adapted for analysis. As the investigations required
destructive measured to be taken, it was important
to conduct the experiments in the right order to
obtain as much information as possible.

Priority is to analyse the amount and location of
porosities in close connection with the feeders. It
was decided that this was best investigated by sec-
tioning the castings through the vertical centreline,
thus exposing the centre of both the top and centre
feeder, as well as the sections they are meant to feed.
The exposed surface could then be analysed using

Aligned Porosities (AP), Computer Aided Design (CAD),
Computer Numerical Control (CNC), Non-Linear Clustered
Indications (CP), Finite Difference Method (FDM), Graphite
Precipitation Coefficient (GP), Heat Transfer Coefficient
(HTC), Linear Porosities (LP), Pores Per Inch (PPI), Silicon
(Si), Non-Linear Isolated Indications (SP)
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(a) A caliper was used to position each cating accurately
to ensure the cutting line was placed correctly.

(b) All castings were first sectioned through the vertical
centreline.

Figure 5.1: Sectioning of the castings. A special mount was made to fasten the castings during the cutting process.
A ∼10mm thick slice was cut from each casting.

the liquid penetrant method. The visual inspection
of a casting surface (sectioned or not), will however
only find porosities with a connection to the ana-
lysed surface. Thus, other methods were required
to ensure that the porosities found via the liquid
penetrant tests were representative for the castings.
To aid the analysis, a standardised penetrant test
procedure was used.

For these reasons it was chosen to start by sec-
tioning the castings through the vertical centreline,
thus enabling a direct visual analysis of the casting
at the sectioned plane.

Ultrasound analysis requires an even reverse side
of the casting; else the unevenness would interfere
with the echo rendering the analysis difficult at
best. Ultrasound could be used for all other sections
than the boss with an attached feeder. The feeders
themselves hindered the analysis. As the boss was
the main point of interest for the porosity analysis,
it was important that this part of the casting could
be analysed. Thus, for a select number of castings,
the feeders were removed and the surface area where
the feeders had been was ground plane to ensure a
clean and undisturbed surface without interfering
geometries influencing the ultrasound analysis.

X-ray analyses are strongly dependent on the
variance in the absorption of the x-rays. Thus, non-

uniform section thicknesses can be difficult to ana-
lyse simultaneously. However, removing the feeders,
especially the centre feeder, a foreshadowing of the
boss section is prevented. Consequently, selected
castings were subsequently x-ray imaged and ana-
lysed to confirm the results from the ultrasound
analysis.

5.1.1 Sectioning of the Castings

All castings in sessions 1-3 were sectioned. The
sectioning was done using a cold saw. The cold
saw prevented changes to the microstructure due
to friction heating from the cutting process. Addi-
tionally, the long blade of the cold saw, combined
with the mounting of the castings, ensured that the
cuts were straight. See fig. 5.1.

5.1.2 Preparation of Samples

The cutting process left the sectioned pieces with
straight cut sides, but with cutting marks. All
sample pieces were plane ground to provide as
smooth and uniform a surface as possible. This
step was done to eliminate potential errors and dis-
turbances that may have arisen if the unplanned
samples had been used for the penetrant test.
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Figure 5.2: Sectioned and planar ground sample from casting β11C.

After the pieces had been ground plane they were
all etched in oxalic acid dihydrate—approximately
25 g and 500 ml water per casting. The pieces were
etched at 20 ○C for 24 h. The etching was done
to etch away any material that might have been
smeared over any porosities by the plane grinding
process. In most cases, a penetrant test would be
performed on the production piece as it is, without
any grinding and etching preparations. However, it
was chosen to include this procedure for the trial to
obtain as detailed and unobscured porosity indica-
tions as possible.

5.1.3 Liquid Penetrant Test

The liquid penetrant test was conducted accord-
ing to EN1371-1:2011 Founding: Liquid Penetrant
Testing—Sand, Gravity Die, and Low Pressure Die
Castings [116]. The penetrant test process consists
of four steps: (1) the sample was cleaned with the
specified aerosol spray cleaner, (2) the sample was
thoroughly covered with dye penetrant, also ad-
ministered via aerosol spray, then the sample was
allowed to rest for 5-10 min., after which (3) the
sample was thoroughly cleaned once more using the
same aerosol spray cleaner, and finally (4) the re-
cleaned sample was sprayed with a white developer
that draws out any remaining dye penetrant.

As the development of the penetrant test was con-
tinuous, all castings were photo-documented within
20 min. of the development. This procedure al-

lowed for penetrant analysis to be performed at a
later time. Additionally, the photo documentation
also allowed for multiple people to each perform an
individual analysis of the porosity indications.

5.1.4 Analysing the Castings

The sectioned casting samples were divided into nine
separate areas to analyse and quantify the results
of the liquid penetrant test. See fig. 5.2. Each area
was analysed separately and in correspondence to
the standard [116].

The standard classifies porosities according to
type and size. All porosities found during this ana-
lysis were classified as either non-linear isolated
indications (SP) or non-linear clustered indications
(CP). The two other, more severe categories de-
scribed by the standard, were linear porosities (LP)
and aligned porosities (AP). The classification type
was then appended with a number indicating the
size of the porosity—eg SP1. The SP-classification
ranges from SP01, SP02, SP03, SP1, SP2, SP3,
SP4, and SP5. The CP-classification cover the
same ranges, but only up to CP3.

The red edges seen in fig. 5.2 were found on all
castings. The colouring on the edges did not indic-
ate porosities. It was the result of small amounts
of dye penetrant located at the sides of the samples
after the second cleaning. However, the false pos-
itive at the edges could in principle have obscured
true positives, if they were located near the edges
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of the sample. The risk of this phenomena was con-
sidered unlikely due to the solidification direction
from the mould-metal interface and inwards into
the melt towards the thermal centre.

5.1.5 Test Results

The photos of the treated samples were reviewed
by three different people, each assigning a classi-
fication to each of the nine areas of the sample.
This triplicate analysis was done for all castings
within the first three sessions. Recording all found
porosities in a data-sheet; it was possible to sort the
data according to several different parameters—eg
casting vs amount of porosity, or areas vs amount of
porosity. See fig. 5.3 on the next page.

Structuring the Results

First, the porosities were sorted according to casting
and area, and then plotted for porosity size. See
fig. 5.3a on the facing page. The graph shows an
even distribution across the 12 different α-alloy cast-
ings (blue). The six different β-alloy castings (red)
also displayed a uniform distribution of porosities,
but with an increase in porosities over the α-alloy.

Secondly, the porosity data for each area were
grouped. Hence, the location of porosities could be
analysed. See fig. 5.3b on the next page. The graph
shows that three areas had no porosities—areas II,
IV, and VI. These areas were the top feeder neck
(II), the upper thin-walled section (IV), and the
lower thin-walled section (VI). Thus, it was not
surprising that these areas were without porosities.
However, the analysis showed that they could be
left out of the continued analysis.

An area that displayed porosities was the lower
section of the outer ring (VII). This area was loc-
ated just above the ingate. In total four of the 51
castings had a defect in this area. Analysing each
of the four defects in detail, α21B and β20C have
regular but very small porosity defects. α13B was
slightly larger and located directly above the ingate.
β20A was assessed to be an inclusion defect more
than a porosity defect. See section 2.2.1, on page 17.
However, although three of the porosities were genu-
ine, they were excluded from the continued analysis.
This exclusion was because the porosities were es-
timated to be related to an imperfect gating system,
and not related to the efficiency of the different
feeder combinations. The porosities near the ingate
are discussed further in section 5.2.2, on page 84 as
part of the numerical simulation analysis.

Having excluded the areas without porosities,
and area VII, the next step was to evaluate which
areas would be expected to yield porosities. The
graph shows that areas I and IX have a significant
number of registered porosities. Again, as these
areas were the top feeder (I) and the centre feeder
(IX), respectively, these results were also expected.
Porosities found in the feeders provide information
in the functioning of the individual feeder type,
for the given conditions. However, to simplify the
analysis to the degree that could provide a general
overview, the feeder areas (I,IX) were excluded from
the analysis.

Castings no. 1-9 — α-alloy with both feeders

The remaining areas were sorted according to cast-
ing and area vs type and size of the porosities. See
fig. 5.3c on the facing page. The first nine castings
displayed only one porosity defect in any of the
three analysed areas. That was casting no. 6 (α11B)
area VIII which had an SP1 porosity. Area VIII was
the feeder neck of the centre feeder, so the porosity
is not within the casting itself. However, the feeder
neck was still an interesting area to analyse. Poros-
ities in this area indicated that the feeder was close
to the limit of its capability. Had more castings
shown porosities in this area, then a revised feeding
solution should be considered. In this case, however,
the feeder neck porosity was a single defect for the
first group of castings, and should not be taken as
an indication that the feeder had reached its limit.
Local variations in the location of porosities occur
as reported by Kainzinger [117]. It should be noted
that all castings in this groups were sound. On
the other hand, the variation in porosity locations
was an indication of the process robustness and
variation.

Castings no. 10-12 — α-alloy without feeders

The next series of castings of interest were the refer-
ence castings—no. 10-12. These three casting groups
were all cast without either the top feeder, the centre
feeder, or without any of the two feeders. Casting
group no. 10 (α20), which was cast with the top
feeder, but without the centre feeder, showed poros-
ities at the boss (V) for all three castings. Casting
group no. 11 (α02), which was cast without the top
feeder, but with the centre feeder, showed porosities
at the upper ring (III) for all three castings. Finally,
the last group, no. 12 (α00), cast without the top
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Figure 5.3: Results of the Porosity Analysis
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Figure 5.4: Ultrasound analysis of casting without centre feeder, before the sectioning.

and the centre feeder, had porosities at the upper
ring (III) in all three cases and porosities at the
boss (V) in two of three cases.

Comparing the results from the first series of
castings with the series of reference castings; it
was concluded that sound castings could not be
produced without both feeders being used at the
same time.

Castings no. 13-18 — β-alloy

All the β-alloy castings displayed porosities in one
or more of the three selected areas, except the three
castings in group no. 13. Group no. 13 used an
insulating-exothermic top feeder and an exothermic
centre feeder; the same feeders as used in group
no. 1. Casting group no. 14 used an insulating top
feeder and an insulating centre feeder. The same
as group no. 6. However, while group no. 6 had
only a single small porosity defect, group no. 14 had
porosity defects in all three castings. Hence, it was
concluded that the insulating feeder sleeves were
sufficient for the α-alloy, but not for the β-alloy.

The groups from no. 15-17 used scaled down ver-

sions of the centre sleeves. None of these castings
was without porosities. No. 15B did not fill com-
pletely and was thus never part of the analysis.
The types of porosities found in these three casting
groups were also more severe than the porosities
mentioned above. Most of the porosities were clas-
sified as CP2 or CP3.

Finally, the group of reference castings, no. 18, all
displayed porosities at the boss (V). This result was
similar to the identical feeder configuration for the
α-alloy, although the porosities were larger for the
β-alloy castings.

5.1.6 Ultrasound Analysis

The castings without centre feeder were analysed
with ultrasound as part of a quick initial analysis
of the castings. See fig. 5.4. However, the main
analysis was conducted as described above. Hence,
as the castings were sectioned before the main ul-
trasound analysis, each casting part has the casting
number written on it, as well as designated if it was
the left or right part. One would believe that the
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left or right part would be self-evident, however,
with all other parts cut off, the castings were simple
geometries without strong indications of up or down,
left or right. Thus, as the ultrasound analysis was
performed by an experienced operator at Valdemar
Birn A⁄S, it was ensured that left and right was not
mixed up by mistake.

The ultrasound operator was also given a doc-
ument with an illustration of the two sectioned
casting parts and a commentary field for each of the
24 castings. The operator was instructed to draw
in all the porosities, as he would typically mark
them on the casting itself. The commentary field
was used for remarks about the type of porosities,
clarifications about locations, and other comments.

In total 24 castings, divided between eight differ-
ent feeder configurations, were ultrasound tested.
The eight different configurations were; 01 (α23),
06 (α11), 10 (α20), 11 (α02), 12 (α00), 13 (β23), 14
(β11), 18 (β20). All groups encompassed duplicates
A, B, and C, though the left part of casting β20B
was missing.

The analysis showed an excellent correlation with
the results from the liquid penetrant test, listed in
fig. 5.3 on page 79. Casting groups α23 and α11 were
found to be utterly free of porosities. Remember
that the porosities recorded for these two groups
were located in the feeders, and for α11B in the
feeder neck (VII), which have all been cut from the
castings before the ultrasound analysis.

The α20 groups showed porosities at the boss
section (V) for all three castings, precisely as indic-
ated by the liquid penetrant test. Group α02 was
found to have porosities at the top part of the ring
(III) for all three castings, as was also found in the
liquid penetrant test. For casting α02C, however,
the ultrasound analysis showed the porosity as off
centre, located in the left part of the casting. Thus,
the porosity found in the same section, using the
liquid penetrant test, seems to have been lost as
part of the sectioning.

The α00 casting group without feeders was found
to have porosities at both the top part of the ring
(VII), as well as at the boss section (V), for all three
castings. These results also match the results from
the liquid penetrant test, except for porosity at the
boss section (V) for α00B, which was not found in
the liquid penetrant test.

Of the casting groups cast with the high Si β-alloy,
group β23 corresponded perfectly with the liquid
penetrant test results and showed no porosities.

The next group cast with the β-alloy, group β11,
was found to have small porosities near the surface

of the boss section (V), where the porosities in β11B
was a bit deeper than the two other castings. The
liquid penetrant test showed porosities at the boss
section (V) for casting β11B. The location of the
porosities near the surface may have been obscured
by the bleeding of the edges, as described in section
5.1.4, on page 77.

Finally, casting group β20 showed porosities at
the boss section (V) for all three castings, matching
the results of the liquid penetrant test. The ultra-
sound results, however, did not reveal the porosities
in the bottom ring (VII) discovered for both β20A
and β20C with the liquid penetrant test.

In summary, the ultrasound results showed a good
correlation with the previously recorded porosity
results based on the liquid penetrant test. A few
variations were found; however, these do not signi-
ficantly change anything for the overall results as
revealed by the liquid penetrant test.

5.1.7 X-ray Analysis

A few of the castings selected for ultrasound analysis
was also analysed using x-ray imaging. These were
castings α23A, α20C, α00C, and β11B. See fig. 5.5 on
the following page. The results of the x-ray analysis
corresponded with the ultrasound analysis. α23A
showed no signs of porosities, α20C showed poros-
ities at the centre boss section (V), α20C showed
porosities at both the ring section (III) and the boss
section (V), while β11B showed porosities near the
surface of the boss section (V). The only porosity
found in the x-ray analysis, which was not also found
by the ultrasound analysis and liquid penetrant test,
was the small porosity in the ring section of casting
α00C, as marked on the right-hand side of fig. 5.5b
on the next page.

Thus, the x-ray analysis has further confirmed
the results of the liquid penetrant test and the
ultrasound analysis.

5.1.8 Other Shrinkage Defects

In addition to the internal porosities that have been
quantified and analysed in section 5.1.5, on page 78,
external shrinkage was also a possibility. However,
external shrinkage—or surface shrinkage—cannot
be identified using either ultrasound, x-ray, or liquid
penetrant tests. The surface shrinkage requires de-
tailed measurements and model comparisons to de-
termine the existence and amount of surface shrink-
age. Surface shrinkage was not included in the
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(a) X-ray of casting α23A.

(b) X-ray of casting α00C. Arrows indicate location with porosities. The circle mark a small porosity located away
from the cross-section.

Figure 5.5: X-ray analysis of castings α23A and α00C. α23A was cast with an exothermic-insulating feeder at the
top, and an exothermic feeder at the centre. α00C was cast without feeders.
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analysis in section 5.1.5, on page 78; however an in-
vestigation of the surface shrinkage and deformation
can be found in chapter 7, on page 97.

5.2 Porosity Simulations

Matching the simulations of the castings to the
results of the trials provided a better under-

standing of both processes—numerical simulation
and casting.

Most of the 19 trial combinations have been sim-
ulated using a commercial numerical simulation
software—Magmasoft 5.1 and 5.2 [69]. Only trial
combinations no. 7-9 have not been simulated. Most
simulated castings were simulated multiple times
with different setups.

5.2.1 Setup and Assumptions

All simulations were set up to match their respective
castings conditions as precisely as possible. In most
cases existing projects have been copied to a new
version to preserve all settings, ensuring that only
specifically changed parameters were different from
previous versions of the simulation. This approach
allowed for multiple iterations, examining the effect
and influence of multiple parameters.

Geometry Modelling

The casting geometry, including the pouring cup,
down sprue, filter holder, runner, and ingate, were
loaded from an external CAD-file. The CAD-file
used to CNC-machine the pattern was also used
for the simulations. Additionally, also the pin for
the ram-up sleeves was imported from CAD-files.
The remainder of the geometries used during the
simulations were modelled in Magmasoft itself.

The top feeder sleeves were imported from the
build-in Foseco sleeve database [111]. The two
top feeder sleeves used during the trials—Kalmin S
KSP 3.5/5K and Kalminex 2000 ZP 3.5/5K—were
both available in the database. These were used
without modifications.

Only one of the centre feeder sleeves were a
standard Foseco product—namely the Feedex HD1
GK4/7KW/33MH. This standard feeder was used
for trial combinations no. 1, 3, 13, and 19. Trial com-
bination no. 7 used the standard sleeve, but lined
with sulphur. Trial combinations no. 2, 5, and 11
used the same geometry but with the Kalminex
material. Trial combinations no. 3, 6, and 14 used

the same geometry but with the Kalmin S material.
See table 4.3 on page 70.

As the custom sleeves were not available in the
database, the feeder geometry was imported sep-
arately and assigned material properties according
to the sleeves materials that already existed in the
sleeve database. This work-around was necessary
because the sleeves from the database are locked en-
tities that cannot be edited, as described in section
3.4.5, on page 57.

The trial combinations no. 15-17 used a scaled-
down centre feeder sleeve. Again the imported geo-
metry of the standard feeder was used as it was not
locked. The CAD-geometry was scaled to match the
size of the custom feeders used during the trials. The
sleeve material was again changed between the exo-
thermic Feedex-material, the insulting-exothermic
Kalminex-material, and the insulating Kalmin S-
material.

The 10 PPI Sedex foam filter that was used during
the trials was selected in the Foseco filter database
in Magmasoft [118].

Thermocouples For all simulations, except trial
combination no. 19, eight thermocouples were placed
at select locations in the casting and inside the feed-
ers themselves. The thermocouples were located;

• In the casting

– at the centre of the boss,
– at the centre thin-walled section between

the top feeder and the boss,
– at the centre of the upper ring section just

below the top feeder.

• In the feeders

– inside the top feeder,
– inside the centre feeder.

• In the mould, 25 mm behind the casting

– behind the upper ring,
– behind the upper thin-walled section,
– behind the boss.

The cooling curves obtained from these virtual
thermocouples were used in the analysis of the sim-
ulation results, the trial castings, and in the com-
parison of these.

For trial combination no. 19, 11 thermocouples
were included in the simulation; nine thermocouples
in the casting itself, and two in the mould. See
fig. 4.1 on page 69.
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The cooling curves were used as part of the simu-
lation results analysis. A more thorough comparison
of the measured and the simulated cooling curves
is found in section 8.2.2, on page 124.

Mesh Generation

The mesh generation was divided into two para-
meter sets: ‘Standard’ and ‘Advanced’. The mould
and the gating system were assigned the standard
mesh setting. This setting used equidistant mesh
cells of 5 mm and allowing for three subdivisions.
All other geometries, including the casting, feeders,
and filter, were assigned equidistant mesh cells of
1.5 mm and allowing for three subdivisions. The
equidistant approach to the mesh generation was
chosen because Magmasoft is based on the Finite
Volume Finite Difference Method (FVFDM) [6, 70],
as described in chapter 3, on page 39.

These settings generated meshes with between
2.5million cells and 3.6million cells, depending on
the size and shape of the feeders.

Process Parameter Definitions

Material Definitions The different trials were simu-
lated using the temperatures given in table 4.5 on
page 72. The simulations used the standard settings
for bentonite green sand provided by Magmsoft, and
the initial sand temperature was set to 40 ○C. The
initial temperature of the feeder sleeves was set to
20 ○C.

The trial combinations were simulated using both
the standard GJS-500 material data available with
Magmasoft, but also using custom material data-
sets calculated with JMatPro [119]. In all cases, the
alloy compositions obtained via the optical emission
spectrometry were used. See table 4.2 on page 68.

Heat Transfer Definitions The standard temperat-
ure dependent HTC (TempIron) was used, as this
was adjusted according to the temperature of the
two materials. However, investigations using a con-
stant HTC were also performed. Eventually, it was
chosen to use the dynamic build-in HTC for the
simulations. An explanation of the different HTC
types is given in section 3.3.3, on page 43.

The castings have been simulated with a filling
time of 3.5 s and using a stable mould, as described
in section 3.4.2, on page 52. The influence of mould
stability is further elaborated in section 2.3.7, on
page 29.

Melt Treatment The melt treatment settings in-
fluenced the simulation outcome the most. The
melt treatment at Valdemar Birn A⁄S was excellent;
hence this was reflected in the settings as inocula-
tion method was set as Very Good with a treatment
yield of 80 %. The graphite precipitation was set on
a scale from 1 to 10, with 1 = minimal graphite ex-
pansion and 10 = full potential graphite expansion.
Several different graphite precipitation coefficients
were simulated and analysed. Comparing the sim-
ulations with the results of the porosity analysis
from the trials, a graphite precipitation of 8 was
chosen as the most accurate setup for the α-alloy.
Likewise, a graphite precipitation coefficient of 6
was chosen for the β-alloy; however, a setting of 6.5
would have been more accurate. Magmasoft only
allow integers to be used.

Solidification and Cooling As the production of the
trial castings was different from a standard Disa-
matic production, a few adaptations were needed
for the solidification and cooling setup. The simula-
tions used Production Rate/Shake out Time with a
moulding time of 120 s and a production rate of 10.
The shake-out time was set to 3600 s.

As the castings were removed at the shake-out
station they did not undergo any additional con-
trolled cooling, nor were they sent through a cooling
drum. Magmasoft, however, require a time set
for these phases, so they were set to 1 s.

5.2.2 Results

The porosity analysis showed a good correspondence
with the porosity defects found in the trials. The
overview given in fig. 5.7 on page 86 shows that alloy,
feeder configuration, and graphite precipitation all
made a significant difference.

Graphite Precipitation

The rows in fig. 5.7 on page 86 represent three dif-
ferent graphite precipitation coefficients. Higher
coefficient utilises more of the potential graphite
expansion, thus limiting porosities. However, the
analysis showed significant differences between the
location of the porosities as the graphite precipita-
tion changes.

The α23 casting with insulating-exothermic top
feeder and exothermic centre feeder displayed few
changes to the amount and location of the porosities,
regardless of the graphite precipitation coefficient.
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Figure 5.6: Comparison of the feeders influence on temperature during solidification for four different trial setups
(α23, α11, β23, and β11). The first two simulated with a GP of 8. The other two with a coefficient of 6. The
results are shown in x-ray mode at 85% solidified. The scale is 1100 ○C to 1600 ○C.

However, the β23 displayed a significant increase
in the porosity probability as the coefficient de-
creased. A probability for porosities in the boss
was present for a coefficient of 7, albeit it was not
present for either a coefficient of 6 or 8. The porosity
predictions moved and merged into larger porosity
probabilities close to the lower outer ting and in the
centre feeder.

A similar effect of the graphite precipitation coeffi-
cient was found for the β11, which had an insulating
top feeder and an insulating centre feeder. Again,
the porosity probabilities were seen to merge and
grow. However, for the β11, as opposed to the β23,
the porosities move upward toward the boss. A
similar effect was found for α11, where the merging
porosities also moved towards the boss.

The movement and merging of the porosity prob-
abilities changed with changing graphite precipita-
tion coefficient. However, the feeder type influenced
the direction of the porosity movement. Thus, the
exothermic centre feeder of β23 apparently ‘pushed’
the porosity closer to the lower ring section. Both
of the simulations using the insulating centre feeder
sleeves appear to draw the merging porosities to-
wards the boss and the centre feeder.

Note that porosities were only observed for four

of the castings in area VII, as described in section
5.1.5, on page 78, while the numerical simulation
of both α11, β23, and β11 indicate a probability
for a porosity forming in this area. The porosity
prediction indicated by Magmasoft are probabil-
ities, hence a risk that a porosity will form in this
area, not a certainty that it will form. Additionally,
Kainzinger showed that porosities form within a
defined thermal area sums up to the probabilistic
area when comparing multiple castings; though the
exact location of the porosity within the single area
is still difficult to predict [117]. As a consequence
other porosities may have been form in the vicinity
of the ingate, but missed by the porosity analysis.
The latter is not unplausible as the chosen method
of analysis views a single sectioned plan of the cast-
ing only. This limited sample size, though, can
also be said to apply for the porosities at the other
areas. Another possibility may be that the numer-
ical simulation was setup in a way, especially with
the mesh at the ingate, the made the simulation
results influenced more by the filling of the mould.

The prediction of porosities in Magmasoft is
based on criteria functions, though the exact criteria
used by Magmasoft is not known, as described in
section 3.4.3, on page 54.
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Figure 5.7: Comparison of four different trial setups (α23, α11, β23, and β11), simulated with three different
graphite precipitation coefficients (GP 6 to 8). The comparison shows the influence of graphite precipitation (6
to 8), alloy (α or β), and the application of feeders. α- and β23 had insulating and exothermic top feeder and
exothermic centre feeder. α- and β11 had insulating top and centre feeder. The simulation results are shown in
x-ray mode and sectioned through the vertical centreline. Scale indicates probability of porosities in %.



Alloy and Feeder Configuration

Analysing the influence of the two different
alloys—EN-GJS-500-7 (EN-GJS-500-7) α-alloy and
EN-GJS-450-10 β-alloy—it was found that the high
Si β-alloy was influenced more by the variance in
graphite precipitation than the low Si β-alloy. The
α23 displayed no changes for any of the three GP
levels, which indicate that the prolonged solidific-
ation of the exothermic feeders allows for a more
extended and more complete precipitation, releas-
ing a more significant part of the potential graphite
expansion. The fact that the simulation predicts an
almost porosity-free casting for all three GP levels
indicate that the combination of the prolonged so-
lidification of the exothermic feeders, even with the
low graphite expansion factor of GP 6, was enough
to yield an almost porosity-free casting. The only
remaining porosity probability at the centre feeder
neck is not formed due to lack of graphite expansion
potential.

The same alloy with the lower modulus insulating
feeders showed a considerable variation between the
GP 7 and 8, though the continued step to the GP
6 assembled rather than increased the number of
porosities predicted, as mentioned in section 5.2.2,
on page 84.

It is concluded that the α-alloy contains a more
substantial graphite expansion potential, which can
be used with a high enough modulus feeder. It can
also be concluded that there are two influencing
factors; (1) the graphite expansion potential, and
(2) the ability to use the full potential. The α23
castings had both the potential and the ability to
feed the casting. The α11 castings had the same
potential for each of the three GP levels, as the alloy
was the same, but the total of the potential and the
ability was not a sufficient to remove all porosity
probabilities from casting simulation. The analysis
shows that the α11 with a GP of 8 fares better than
the castings with a lower GP level. This difference
between the alloys is because of the reduced ability
to utilise the potential of the graphite expansion.

The same correlation is also governing the cast-
ings simulated with the β-alloy. The β23 with a
GP level of 8 yields almost no porosities, which
correspond well with the results from the porosity
analysis. See fig. 5.3 on page 79. Note that the
simulation does not predict any significant porosit-
ies at the feeders, though porosities were found in
these areas in the sectioned castings. The simula-

tions with GP levels of 6 and 7 yield more credible
amount of porosities when comparing the feeder
areas with porosity analysis results. Note, however,
that these two levels also predict porosities at other
areas, which at least was not found in the poros-
ity analysis—neither for the liquid penetrant test,
ultrasound analysis, nor x-ray imaging.

The final casting simulation, β11, confirmed the
combined influence of the graphite expansion po-
tential and the ability to utilise it.

Finally, it should be noted that the exothermic
feeders showed indications of liquid shrinkage at
the upper part of the feeders. This liquid shrink-
age was observed for both the top and the centre
feeders. The effect was most pronounced for the
α-alloy, though it was also found in the β-alloy sim-
ulations. It is proposed that the exothermic effect
itself cause this effect. The feeders sleeves have the
same temperature as the surrounding mould when
they are filled with the melt. For the insulating
feeders, this instant chill may be enough to form a
shell that remains throughout the remainder of the
solidifications. This shell-forming is not advantages
as the encapsulated melt will be more difficult to
move due to the vacuum effect of the feeders as
described in section 2.3.6, on page 28. The problem
can be helped by the application of a William’s
wedge as described in the same section. It is likely
the that exothermic feeders experience the same
shell-forming and encapsulation shortly after the
filling of the feeder. However, where the insulating
and insulating-exothermic feeders retain the shell,
the heat transferred to the metal by the exothermic
sleeve material remelts the shell, ensuring that the
entire melt volume in the feeder remains liquid for
a prolonged period. The simulations indicate that
the prolonged period is sufficient to manifest liquid
shrinkage at the top of the feeder.
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" Macro- and microstructure analysis of the α- and β-alloys. The
chapter covers the initial macro etchings of the sectioned casting

samples, and follow-up with a description of the process of colour etching
using picric acid. The chapter is concluded with a short analysis of the
formation of the observed porosities.

Keywords: . . . . . . Macro Etching, Colour Etching, Picric Acid,
Segregation, Feeding Effects, Porosities, Si.

Chapter findings reported in: . . .Supplement II, on page 315
Supplement III, on page 325

6.1 Introduction

The previous chapters have shown that the disc
castings, depending on alloy composition, pro-

duce a varying amount of porosities. The entire
sectioned plane of the casting was macro etched,
and selected areas (called sections) were cut out
and colour etched. This was done to analyse the
microstructure of the two different alloys used in the
experiment; the low Si α-alloy (EN-GJS-500-7), and
the high Si β-alloy (EN-GJS-450-10). The alloy com-
position influence the segregation and solidification
of the castings, and in turn the feeding efficiency.

6.2 Macrostructure Analysis

The macrostructure analysis was conducted for
three purposes: (1) to confirm that the α-alloy

castings were ferritic-pearlitic and that the β-alloy
castings were fully ferritic, (2) it should show the
macrosegregation of the α-alloy castings to indicate
solidification patterns, and (3) to aid in identifying
the sections of interest for further investigation.

Lamellar Graphite Iron (LGI), Manganese (Mn), Phos-
phorus (P), Spherical Graphite Iron (SGI), Silicon (Si)
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Figure 6.1: Overview of sectioned casting α11A. Etched with 1% Nital for ∼600 s. The casting is divided into
nine non-overlapping sections (Roman numerals) for quantification and analysis of porosities. Six sections (Arabic
numerals) of 10 x 10 mm were cut and color etched. All measurements are in mm.

6.2.1 Macro Etching

Following the liquid penetrant test, all the sectioned
casting samples were planar ground once more. The
newly ground samples were then etched in a 1 %
Nital etchant—99 ml Ethyl alcohol and 1 ml Nitric
acid (HNO3). Each sample was etched for ∼600 s
at 20 ○C. After etching the castings were cleaned
with ethanol and left to dry in a convection oven at
110 ○C for ∼1800 s. The macro etched castings were
analysed using a magnifying glass.

One of the macro etched castings, α11A is seen
in fig. 6.1.

6.3 Analysis of the Macrostructure

The Nital etching of the high Si β-alloy had little
or no effect. This outcome was as expected;

but confirmed that all the β-alloy castings were
indeed fully ferritic, with very little or no amount
of pearlite.

The analysis of the pearlitic-ferritic α-alloy
showed evenly distributed pearlite in all areas of
the castings. Dendrite structures were visible to the
naked eye in areas I, II, III, V, VIII and IX. See
fig. 6.1. Areas IV, VI and VII did not have visible
dendritic structures. All α-castings showed clear
signs of directional dendrite growth across areas I,
II and III. The dendrites in areas V, VIII and IX
did not show a clear direction of solidification.

Based on the investigation of the macrostructure
of the α-alloy castings, six areas were selected for
further analysis. The amount was chosen as a com-
promise between the regions of interest to the study,
the number of castings that had to be included in
the analysis, and the number of samples that reas-
onably could be etched and analysed. The six areas
chosen are shown in fig. 6.1 and was selected based
on the area related to the feeding paths of the top
and centre feeder.

6.4 Microstructure Analysis

The selected sections were cut from the selec-
ted castings, and the samples were all mounted

and polished. In total nine castings were analysed,
divided by two sessions. Initially, castings α23C,
α11C, and β23C were etched and analysed for all six
sections. Subsequently castings α23C, α11C, α20C,
α00C, β23C, β11C, β23sC, β11sC, β22sC, and β20
were etched and analysed for selected sections.

6.4.1 Colour Etching

The samples were colour etched with picric acid—
50 ml Distilled water, 10 g Sodium hydroxide
(NaOH), 40 g Potassium hydroxide (KOH) and 10 g
Picric Acid (C6H3N3O7). This etchant was first
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proposed by Motz in 1988 [120], albeit other sim-
ilar picric etchants have also been developed [121].
After mixing the mounted and polished pieces were
etched at 105 ○C. Most pieces required an etching
time around 330 s, but some required more.

Each piece was analysed in an optical microscope
after etching and then etched again if the etching
was not fully developed. This approach was to pre-
vent over-etching of the samples. An over-etched
sample had to be polished anew and etched again.
The etching process has a narrow window between
not fully developed and over-etched. Thus, the
etching time should be controlled within this win-
dow. Timing the submersion of the sample is simple;
however, the required etching time depends on the
sample size, if it is mounted, and the age of the
etchant. This hard to control process means that,
even for similarly sizes and mounted samples, the
required submersion time changes as the etchant
ages and becomes in-reactive. For large samples it
may not be possible to achieve an acceptable etch-
ing on the entire sample; either the centre will be
under-developed, or the edges will be over-etched.

Motz’s picric etchant is interesting concerning
cast iron because it is sensitive to Si segregation.
Combined with Si’s affinity with austenite this
etchant can reveal austenite patterns in the cast
iron microstructure. For the α- and β-alloy this
is particularly interesting as the main difference
between the two alloys is the Si-content. Note that
Motz’s picric etchant is also capable of showing P
segregations, though the P content of both the α-
and β-alloys was low. See table 4.2 on page 68. An-
other aspect of the picric based colour etchants is
that they are more sensitive to grain orientation and
other segregation effects, compared with eg Nital
etchant. As a result grains and segregation effects
become visible on the etched sample.

The colours, or tint, comes from an optical inter-
ference phenomenon, where the thickness of the thin
film layer on top of the sample changes the refrac-
tion of the light. Subsequently, the thickness of the
thin film layer determines the reflected tint. The
etchant colours different sections of the sample in
different tints based on the growth rate of the thin
film. Thin films of <0.04 µm are too thin to create
an optical tint. Thin films of ≥0.5 µm are too thick
to provide colourisation [121]. Thin films between
0.04 µm to 0.5 µm is where the etchant tints the
sample; hence the etching time should be adjusted,
as best possible, accommodate this. Reproducing
the same etching, even of the same sample, requires

skill and practice which is also a challenge regarding
automation of the process.

Note of warning: Picric acid must be handled with
extreme care as it is carcinogenic and toxic in case
of both inhalation and skin contact. Additionally,
picric acid is also explosive by stroke, friction, fire
or ignition.

A detailed guide for colour etching cast iron with
picric acid is found in appendix A, on page 296. For
further information, the reader is referred to the
work of Vazehrad et al [121, 122].

6.5 Analysis of the Microstructure

Different etchants can enhance different mi-
crostructural elements in a range of different

ways [123, 124]. Hence, it is important to illustrate
which parts of the etched sample is which phase.
See fig. 6.2 on the next page.

6.5.1 Comparing the Castings

Comparing the microstructures of the α- and β-
alloys it was seen that the β-alloy display a greater
nodule count. All three castings displayed good
nodularity in all of the etched sections. The thin-
walled section (3) showed directional solidification
from the edge and towards the centre of the section.
Dendrites were found in sections 3, 4, 5 and 6 for
the α23C, α11C, and β23C castings. See fig. 6.3
on page 93. Dendrites were not identified in the
etchings of section 1 and 2.
α23C and β23C with the exothermic feeder sleeves

contained a significant fraction of low Si eutectic
segregation in section 6. α11C with the insulat-
ing sleeves, showed a substantial fraction of low Si
eutectic segregation in sections 3, 4 and 5. Fur-
thermore, sections 4 and 5 for castings α23C and
β23C showed an alignment of the graphite nodules
according to the dendritic structure, while the same
section for α11C was less orderly and displayed a
more substantial fraction of non-linearised nodules.
For section 6 none of the three castings showed a
high degree of linearised nodules.

6.5.2 Solidification and Microstructure

The greater nodule count in the β-alloy cannot be
contributed to the difference in alloying elements.
Increased Mn content can increase the nodule count,
but the β-alloy has a lower Mn content than the
α-alloy, and should thus have a lower nodule count.
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Figure 6.2: Overview of the different microstructures made visible by colour etching with Motz’s picric acid.
Pearlite, ferrite, and graphite nodules are located in the microstructure. The areas with bluish tint are high on Si.
The low Si areas have an orange-brown tint, and these areas are the last to freeze.

However, the two alloys were cast at different dates,
and the inoculation procedure may have changed
in between. It is also reasonable to assume that
different inoculations settings were deliberately used
due to the demand for a 95 % ferritic structure in
the β-alloy castings.

The castings with the exothermic feeder sleeves
(α23C and β23C) both showed a significant fraction
of low Si eutectic solidifying in between the nodules
at the boss (6). The insulating sleeves showed the
opposite effect, having low Si eutectic at the feeder
neck and in the feeder itself. In supplement II
on page on page 315 it was speculated that this
phenomenon might be explained by the delayed
graphite expansion of the exothermic feeders. The
boss section (V) would have expanded and squeezed
out part of the low Si eutectic, after which the
graphite expansion in the feeder (IX) would push
back the last to freeze melt—the low Si eutectic.

However, as is also mentioned in the supplement
II, the etchings are very sensitive to etching time,
and the lack of brown areas in section 6 of β11C
may be due to under-etching, and that additional
etchings should be performed and analysed before
conclusions were made. See fig. 6.4 on page 94.
Hence, the subsequent etchings showed that the
observed effect was indeed related to etching time
rather than a solidification effect.

In supplement II, on page 315, it was also spec-
ulated that the higher tendency to shrink could
be found in the fact that the β-alloy had an im-
proved inoculation procedure. Elmquist et al had
previously shown that over-inoculation could in-
crease the primary graphite expansion in LGI and
potentially cause increased shrinkage [43]. It was
later found that over-inoculation influences SGI dif-
ferently. For highly inoculated SGI, the increased
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(a) α-alloy; microstructure from section 3 [×10] (b) β-alloy; microstructure from section 3 [×10]

(c) α-alloy; microstructure from section 4 [×2.5] (d) β-alloy; microstructure from section 4 [×2.5]

(e) α-alloy; microstructure from section 4 [×10] (f) β-alloy; microstructure from section 4 [×x10]

Figure 6.3: Microstructures from castings α23C (a,c) and β23C (b,d). Both castings were made with an insulating-
exothermic top feeder and an exothermic centre feeder. Microstructures (a) and (b) were from the thin-walled
section at the vertical centre line just below the upper ring. Microstructures (c), (d), (e), and (f) were from the
centre of the boss section.
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(a) α23C, section 6, first etching [×2.5] (b) α23C, section 6, second etching [×2.5]

(c) α11C, section 6, first etching [×2.5] (d) α11C, section 6, second etching [×2.5]

(e) β23C, section 6, first etching [×2.5] (f) β23C, section 6, second etching [×2.5]

Figure 6.4: Comparison of the first and second etching of the boss section (6) of the α23C, α11C, and β23C
castings. First etching on the left, and second etching on the right.
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(a) α20B, section 6 [×5] (b) α20B, section 6 [×5]

(c) β11C, section 4 [×2.5] (d) β11C, section 4 [×10]

Figure 6.5: Porosity microstructure from the boss section (4) and the centre feeder section (6).

nodule count caused by the inoculation eases the
precipitation of graphite from the melt, which in
turn reduces the constitutional undercooling. The
constitutional undercooling subsequently limits the
distance the graphite excreted from the austenite
at the eutectoid phase transformation had to travel;
which increases the likelihood that the graphite will
precipitate to the existing nodules, rather than form
pearlite [42]. The formation is described in detail
in section 8.3.1, on page 126.

While under-inoculation will result in a decreased
graphite expansion, over-inoculation can advance
the occurrence of the graphite expansion result-
ing in a decreased expansion later in the process.
Additionally, if the mould and solidified shell of
the casting cannot contain the expansion from the
graphite, the effect may cause dilation of the mould

cavity and subsequently result in massive porosities.
Mould dilation is shown in fig. 2.14 on page 28. The
subject is discussed further in section 13.8.7, on
page 261.

Thus, the colour etchings of the six different areas
of each of the various castings show no indication
that the material of the exothermic sleeves has any
influence on the casting microstructure, except what
would be expected by an increased modulus and
prolonged solidification time.

6.5.3 Formation of Porosities

Comparing the formation of porosities for the two
different alloys, it was found that the ‘shell’ formed
around the cavity was different. See fig. 6.5. The
α-alloy showed porosities completely surrounded by
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pearlite, while the high Si β-alloy had a similar type
of shell, but fully ferritic.

The smooth shell indicates that the porosities
were formed in the melt before final solidification.
One suggestion, made by Campbell, is that these
types of porosities are caused by bi-films in the melt
[24]. Bi-films, however, is not as common in cast
iron as in light metals. The porosities can also be
explained as the gas porosities, which have possibly
nucleated on inclusions in the melt, as described in
section 2.2.1, on page 17. The shape of the porosities
indicates that they are formed in the semi-solidified
mushy zone, as their irregular shapes suggest that
the surrounding melt has been structured enough
to shape the porosities. These irregular shapes are
opposed to gas porosities formed in the entirely
liquid melt which is often very close to spherical.
The porosities are sized in the range between micro-
and macroporosities. Hence, if they have formed as
interdendritic porosities as described by Stefanescu
and Carlson and Beckermann [26, 100], then they
have grown significantly from there. This growth
mechanic, however, is possible as gas in the melt
can more easily expand an existing pore, rather
than create a new, as long as the diffusion distance
for the gas is not too long.

In any case, the colour etchings do not reveal
the cause of the porosity formation. However, it
is almost certain that a rupture has occurred in
the melt as an effect of tension that overloaded the
cohesiveness of the melt, weakened by impurities or
not. This phenomenon is described in section 2.2.1,
on page 17 and discussed further in section 13.8.8,
on page 262.
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7.1 Quantifying Surface Shrinkage

As shrinkage of the metal during solidification can
cause internal porosities in the casting, the

same process can also cause external shrinkage or
surface shrinkage. Whether or not this happens,
depends on the shell forming abilities of the casting,
as described in section 2.2.1, on page 17. The quan-
tification of the internal porosities was described in
chapter 5, on page 75.

The external shrinkage, though, cannot be quanti-
fied using the same methods as were used to quantify
the internal porosities.

The internal shrinkage defects can be identified

Computer Aided Design (CAD), Coordinate Measure-
ment Machine (CMM), Computer Numerical Control (CNC),
Degrees of Freedom (DoF), Maximum Permissible Error
(MPE), Normal Probability Plot (NPP)
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(a) Casting α11B (b) Casting α20A (c) Casting α02C (d) Casting α00A

Figure 7.1: Overview of the surface shrinkage analysis performed on the sectioned castings. Subfigures (a) to
(d) shows the different feeder combinations. The analysis show shrinkage/deformation (red), however, precise
quantification was not possible to achieve based on these images. The images were processed using a digital image
filter to enhance the contrast between the casting and the area with surface shrinkage. It is the digital filter that
gives the black and red colours to the images.

as porosities, smaller or larger, within a material
that should be solid or fully dense. External shrink-
age defects are otherwise difficult to identify and
quantify. The external shrinkage defects appear as
differences between the geometry that should have
been, and the actual geometry. In this case the
geometry that should have been was not the CAD-
geometry of the pattern, the shape of the mould
before casting, nor even the mould after casting.

Surface shrinkage is defined as the volumetric dif-
ference between the actual casting and an identical
casting without surface shrinkage. The reference
casting geometry is defined as the casting would look
without any deformation—de facto a scaled-down
version of the pattern, scaled down according to the
solid shrinkage of the material from the solidus tem-
perature to 20 celsius. The CAD-geometry allowing
for pattern makers shrinkage.

The reference casting geometry, though, cannot
be cast without special control of the solidification
and cooling of the casting. The solidification se-
quence and phase transformations during cooling
and the subsequent residual stresses is what creates
the deformations in the castings. See section 3.5,
on page 58.

In practice, comparing the casting’s geometry
with the geometry of the CAD-model partly solves
the comparison problem. However, it is essential to
keep in mind that the filling, cooling, solidification,
solid-state phase transformation, and shake-out all
influence of the casting geometry. Thus, smaller or
larger deformations found on the casting were not
surface shrinkage but rather the result of the overall
process itself.

7.1.1 Initial Deformation Analysis

It was found that α00B had no porosities at the
sectioned plane at the boss area, despite that no
feeders were used for this casting. The surface of
the reverse side of the casting, however, had a clear
indentation at the boss. Later ultrasound analyses,
however, also showed that porosities could indeed
be found in the boss section.

Still, the force of the contracting melt was
stronger than the already solidified shell; hence
shrinkage of the contracting melt was compensated
by a collapse of the casting’s volume rather than
by internal porosities. As described in chapter 2,
on page 13 the alloy composition influence the shell
forming of the casting, and thus also the tendency
to have shrinkage defects internally or externally.

Initially, all of the sectioned castings were moun-
ted alongside a straight line and photo documented.
The images were then enhanced digitally and the
castings analysed. See fig. 7.1. The investigation
showed that all of the casting surfaces had sunken
in at the otherwise plane reverse side of the casting.
On the other hand, the investigation gave no accur-
ate measure to the amount of deformation or how
it was distributed across the casting. Another type
of deformation measurement was needed, and a bet-
ter understanding of the deformation mechanisms
governing the casting.

7.1.2 Deformation Prediction and Simulation

Having established that the reverse surface of the
castings all curved inward, with the reverse side of
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(a) Reverse side of α23 simulated with a graphite pre-
cipitation of 8 and stable mould which is deformable but
not included in the stress calculations.

(b) Reverse side of β23 simulated with a graphite pre-
cipitation of 6 and weak mould which is deformable and
included in the stress calculations.

Figure 7.2: Comparison of the simulated total displacement of castings α23 and β23. The displacement is relative
to the global coordinate system used during the simulation. The gating system was also included in the simulation,
though not shown here. Scale in mm.

the boss section as the, lowers area, it was sought
to establish how the casting geometry was expected
to look after solidification, cooling, and resulting
phase transformations.

It was expected that the thermal centre at the
front of the casting would weaken this side of the
casting. The thermal centre was created by a com-
bination of the outer ring, the centre boss, and if
present, the centre feeder. All three sections and
feeders heat the front of the casting—where the
reverse side is entirely free of similar heat centres.

The thermal strain, 𝜀𝑇ℎ, reacting on casting dur-
ing solidification and cooling, is constrained by the
mould, in turn building a corresponding stress, 𝜎,
within the casting. The amount of stress and de-
formation is dependent on the firmness of the con-
straint. See section 3.5 on page 58. Some constraint

may come from the geometrical interlocking of the
overhang of the outer ring. However, besides this,
the casting geometry is only constrained by the gat-
ing system and possibly the feeders. In this case
the feeder is assessed to provide a minimum of con-
straints to the casting. Remaining is the firmness
of the mould itself, which also play a role. Green
sand moulds are considered as a type of mould that
provides a minimum of rigidity [125]. This limited
rigidity is in part related to the drying out of the
sand, as a consequence of the heat from the melt.

To confirm the expectation of a forward folding
of the disc casting, as a consequence of the thermal
fields, the deformation of the castings were simu-
lated using Magmasoft. The simulations were set
up the solutions space within which the castings
were produced—meaning that the extremes were
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(a) Reverse side of α23 simulated with a graphite pre-
cipitation of 8 and stable mould which is deformable but
not included in the stress calculations.

(b) Reverse side of β23 simulated with a graphite pre-
cipitation of 6 and weak mould which is deformable and
included in the stress calculations.

Figure 7.3: Comparison of the simulated displacement in the y-direction of castings α23 and β23. The displacement
is relative to the global coordinate system used during the simulation. The gating system was also included in the
simulation, though not shown here. Scale in mm.

simulated to ensure that no combinations would
yield an inward curving reverse side of the cast-
ing. The parameters analysed were; alloy (α- or β),
stable or weak mould, and stress simulation of the
mould itself or not. The results are presented in
fig. 7.2 on page 99, which shows the total displace-
ment of the two castings—α23 and β23—at ambient
temperature. Total displacement means the sum of
displacements in all three spatial directions (x,y,z).
Note that the displacement is relative to the overall
location of the CAD geometry—corresponding to the
pattern—with reference to the global coordinate sys-
tem used in the simulation. Hence, the displacement
shown in the simulations include pattern makers
shrinkage as well as the displacement of the gating
system.

Figures 7.2a and 7.2b on page 99 show the dis-

placement in mm relative to the global coordinate
system, as viewed from the reverse side of the cast-
ing. Note that the reverse side of the casting is set
up as part of the x-z plane; thus the displacement
shown is relative to the original reverse surface from
the pattern, with origo at the centre of the casting.
The figures show that for both simulations, an area
at the lower left corner has remained in the same
place as at the beginning of solidification. All other
parts of the casting have contracted towards this
location. That the centre of contraction is not the
centre of the castings is due to the gating system,
which is not shown in the figure. The gating system
has, though, been included in the simulations.

The deformation in the x- and z-directions, how-
ever, make the analysis of the deformation of the
reverse side itself difficult. Thus, fig. 7.3 shows the
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Figure 7.4: Displacement in the y-direction of castings α23 magnified ×30. Scale in mm.

101



(a) Overview of the CMM. (b) Close up of the measurement setup.

Figure 7.5: Zeiss OMC 850 mechanical Coordinate Measurement Machine (CMM) [126].

same casting simulations as in fig. 7.2 on page 99,
though only showing the displacement in the y-
direction. Note also, that the scale of fig. 7.3 is ten
times smaller than the scale in fig. 7.2. Figure 7.3
on page 100 shows that the castings are bending for-
ward at the lower left corner and that the thermal
centre at the boss location to some extent changes
this pattern.

Comparing the simulations with the deformations
found in fig. 7.1 on page 98, the two do not match
up. The simulations show the centre of the casting
as the highest point if the casting, together with the
upper right corner. The initial deformation analysis
of the castings showed that top and bottom were
the high points on the reverse side of the casting,
with the centre as a valley. The deformation of the
simulated casting is seen in fig. 7.4 on page 101 that
shows the same simulation as in 7.3a, but viewed
from the side and magnified ×30. This figure shows
how the outer ring, as well as the centre of the

reverse side, are deformed as a consequence of the
stress and strain developed during cooling and phase
transformations.

Additionally, the simulations also showed that
this deformation of the simulated castings was over-
all the same for both alloys, and for both stable and
weak moulds. It should, however, be noted that,
while the overall direction of deformations remained
the same, the magnitude of the deformation was
significantly influenced by these changes.

7.1.3 Quantifying Measurement Results

Having established that the deformations on the re-
verse side of the castings could not be explained by
the simulated thermal deformation of the castings,
the next step was to obtain more precise meas-
urements of the deformation and potential surface
shrinkage.
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(a) Skewness of the pattern plate. Scale ±0.025mm. (b) Flatness of reverse pattern plate. Scale ±0.010mm.

Figure 7.6: Deformation measurements of the pattern plates.

To quantify the surface shrinkage of the castings,
it was decided to measure the reverse surface of
the castings using a CMM. This CMM measurement
approach was chosen to provide deformation and
surface shrinkage data with a level of detail and
repeatability that would allow for comparison of
the different castings. Additionally, the pattern
plates themselves were also measured to ensure that
the deformation was not contributed by partly or
entirely by any inaccuracy in the pattern plates.

7.1.4 Setup, Equipment, and Procedure

All measurements were acquired using the same cal-
ibrated Ziess OMC 850 mechanical CMM [126, 127],
running the same automated measurement program.
See fig. 7.5 on page 102. The CMM was located in
a climate controlled room, kept at 20(2) ○C.

Each measurement point was stored as a 3D co-
ordinate referenced to a local Cartesian coordinate
system, defined by a few measurement at the start
of the automated measurement program.

The measurements were performed with a 3 mm
probe. The probe size was chosen so it would act
as a mechanical filter against the general surface
roughness. The typical ranges of surface roughness
were described and characterised by Nwaogu et al
[108].

Reference Measurement of the Pattern Plates

To eliminate that any of the deformations measured
could be contributed to inherent geometries in the
patterns, both the swing plate (SP) and the squeeze
plate (PP) were mapped using the same CMM as
for the casting measurements. The measurements
were automated.

The front pattern was manufactured by insert-
ing a CNC-milled model made of steel into a steel
plate. This approach allows for a smaller block of
steel to be machined, hence saving both material
and machine time. However, the measurement of
the pattern plates showed that model had a small
skewness, or tilt, towards the side with the down
sprue. See fig. 7.6a. When this measured skewness
was compared with the CAD-model plate itself and
the measurements of the plate, it was observed the
skewness was not an inaccuracy of the CNC-milled
model, but rather an imperfect mounting of the
model in the steel plate. The size of the skewness
was, however, a factor of 10 to 20 times smaller
than the size of the deformations measured on the
castings.

The reverse pattern plate was a flat plane surface
and has been measured to have a flatness value
(𝑓𝑣) of 16.4 µm. See fig. 7.6b. The flatness value
(𝑓𝑣) is a simple measure of the maximum height
difference found on a surface—it is the difference
between the highest point measured and the lowest
point measured.
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(a) Skewness of the pattern plate. Scale ±0.025mm. (b) Flatness of reverse pattern plate. Scale ±0.010mm.

Figure 7.7: The two automated measurement programs for measuring the castings.

Measurement Programs

The castings were measured twice, using two differ-
ent automated measurement programs. See fig. 7.7.
The first program, fig. 7.7a, was a series of lines of
measurement points (MP) from the centre (boss)
towards the ring. The program was designed to
provide a relatively high resolution from the centre
and outward with a reasonable distance between
each of the lines.

The resolution of the measurement points—not
the accuracy of the measurement itself—have a sig-
nificant influence on the running time of the auto-
mated measurement program. While the machine
handles the measurements automatically, some con-
siderations must be taken concerning the machine
time. Additionally, additional measurements that
are not used or useful do prolong not only the meas-
urement time but also the subsequent data analysis.
The automated measurement program is shown in
fig. 7.7a had a duration of approximately 20 min.;
and a few minutes for the operator to take down
the measured sample, save the data, mount the new
sample, and restart the program. In total more
than 20 hours of active machine time. The data
from the first measurement program are analysed
in section 7.2, on the current page.

The second measurement program was devised
base on the analysis of the data from the first meas-
urement program. The program was designed to ad-
dress some of the shortcomings of the first program—

overall deformation of the casting and thickness of
the sections. See fig. 7.7b. This second program
encompasses more measurement points than the
first. Where the first program measured only the
flat reverse surface of the casting, the second pro-
gram measured four flat surfaces and three cone
geometries. The program had a duration of approx-
imately 60 min. For this reason only 17 selected
castings were measured with this program.

Additionally, the feeders had to be removed from
the castings before the measurement to allow full
access for the probe. Some areas, though, had to be
excluded from the measurement program because
some of the castings had markings that would ob-
scure the measurement. An example of this was
the numbers imprinted into the castings during the
casting trial for identification. These markings were
not a natural part of the deformation or geometry
of the casting. Part of the data from the second
measurement program is analysed in section 7.3, on
page 113.

7.2 Deformation Analysis

The analysis of the deformation of the reverse,
plane side of the casting was divided into two

separate analyses. First, a visual analysis was made,
identifying and characterising the features describe
the castings’ deformation. The second analysis used
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Figure 7.8: Measured casting topography amplified
×100. Scale in mm. Sub-figures (a) and (b) are the same
casting, α23B, viewed perpendicular to the measured
surface. Sub-figures (c) and (d) are the same, but for
casting β21sB. The black horizontal line on (a) and (c)
indicates the mean of the measured values (0.0000 on
the scale) for the respective casting. (b) shows a mean
(M) centre area, and (d) shows a low (L) centre area.
(e) show the thermal gradients at 50% solidified for α23.
The black box frame the area viewed in (b) ad (d).

the simplified flatness value (𝑓𝑣) to describe and
compare the castings statistically.

7.2.1 Deformation Characterisation

The measured coordinates obtained from the auto-
mated measurement program was illustrated as a
coloured surface, amplifying the deformation. The
colours provide a plus-minus scale—meaning that
the scale was centred on 0.0000 mm as a mean value
(green). The positive (high) areas have colours
shifting towards red, while the negative (low) have
colours shifting towards blue.

In addition to the colour scale, Calypso (the meas-
urement program used with the Zeiss OMC 850
CMM) [128], was able to present the measurements
as a 3D surface or topographic image. Amplify-
ing the deformation by ×100, the curvature of the
surface became visible and easier to analyse. See
fig. 7.8.

The measurement data of all the castings were
illustrated using the same setup and depicted as
both perpendiculars to the surface and from the
side, as seen in 7.8. This combination of perpendic-
ular views aided primarily by the colour scale and
a side view taking advantage of the amplified de-
formation provided a basis for the characterisation
and analysis of the casting deformation.

The analysis of the 18 different alloy and feeder
configurations, comprising in total 46 measured
castings, showed that the casting deformation could
be described based on: (1) the crescent shape of
the casting (viewed from the side), (2) the height
of the centre area (boss area), and (3) the shape,
size and direction of the ‘valley’ (low area indicated
by blue). The quantified results of the analysis are
found in table 7.1 on page 107.

The basic idea behind the description of the cast-
ing deformation features was to subdivide the fea-
tures into simple descriptions that could easily be
quantified with as little bias as possible. The fea-
tures should be the characteristics that were found
(or at least can be described by their absence) for
all castings in the examined population. The sub-
division of the features allows for a more thorough
comparison of the individual features, as they can
be analysed individually.
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Casting Crescent (𝑓𝑣 and SV)

When the 3D topography of the castings measure-
ments are viewed from the side (SV), the high top
and bottom part of the casting make the topography
appear like a crescent moon. See figs. 7.8a and 7.8c.
However, the middle of the casting varies between
a high (H), mean (M), or low (L) position. For
instance, the crescent of castings α23B shown in fig.
7.8a was characterised as high (H), because of the
middle part, near the blue arrow, is markedly above
the black vertical mean line. For comparison the
β21sB casting shown in fig. 7.8c was characterised
as low (L). Again this is because of the middle part,
near the coordinate arrows, curves markedly below
the black vertical mean line.

Of the 40 castings analysed and listed in table 7.1
on the facing page two were designated as high (H),
nine were designated as low (L), and the remain-
ing 29 were designated as mean (M). Nine of the
15 groups had the same designation for all three
castings in the group. No group varied across all
three designations.

The flatness values (𝑓𝑣) are listed in table 7.1 on
the next page for comparison. No correlation was
found between the hight of the crescent shape and
the flatness value, 𝑓𝑣, of the casting.

Centre Area Height (Por and Cen)

The centre area was analysed using the view per-
pendicular to the surface. Again the analysis char-
acterises the height of the selected area, here the
area of the casting above the boss, and characterise
it as high (H), mean (M), or low (L). This local area
was of particular interest because it could be linked
directly to the analysis of the porosities found in
the boss in chapter 5, on page 75.

As the shape of the area could not be evaluated
based on an absolute value due to the varying de-
formation of the different castings, it was instead
evaluated according to its height in comparison to
the surrounding casting. For example α23B in 7.8b
was characterised as mean (M) because the area at
the boss was higher than the area just outside the
boss area. On the other hand, β21sB was character-
ised as low (L) because the boss area was as low (or
lower) as the surrounding area. The analysis used
the same scale as for the shape of the crescent.

Of the 40 analysed castings none were designated
as high (H), 17 as mean (M), and 23 as low (L).
All groups were designated the same; meaning that
either the group was low or it was mean. No group

had a combination of low and mean. Most of the
α-alloy castings were mean (M), while most of the
β-alloy castings were low (L).

The porosities in the boss, found in the analysis
in chapter 5, on page 75, was designated as a simple
present or not—(Y) for yes porosities were found,
or (N) for no porosities were found.

Comparing the results of the analysis of the centre
area with the porosity analysis for the underlying
section (the boss), it was found that all 17 areas
that were classified as mean (M) were also porosity-
free. Of the 23 areas that were classified as low (L)
19 had porosities. Of the remaining seven castings
that were classified as low (L), three was from the
α02 group which had a centre feeder, but not two
feeders. This was an indication that the top feeder
did influence the solidification and deformation of
the centre boss to some degree despite the separ-
ation of the thin-walled section. The final three
castings classified as low (L) at the centre area were
all found in a group where porosities were found
in at least one of the other castings with the same
feeder configuration. Due to the nature of the li-
quid penetrant test, it is possible that these three
castings have porosities that were just not found in
the porosity analysis. Three of these—namely α00B,
β11A, and β11C—was subsequently discovered by
the ultrasound analysis to have porosities at the
boss section away from the sectioned line. These
subsequent results leave only casting β23sC, which
was not selected for the additional ultrasound ana-
lysis.

Note that a relatively small variation in surface
hight—here ≈0.1 mm—between two areas, could be
used as a good indication of the presence of poros-
ities.

Casting Valley (Dir, Ang, Vol, and Dist)

The description of the valley—the blue area in
figs. 7.8b and 7.8d—was the most complex of the
three casting deformations characteristics that were
chosen to evaluate the castings. As the valley dis-
played more variation than the previous two descrip-
tions, it was decided to subdivide the description
into four individual characteristics.

Direction (Dir) It was found that the valleys of
the different castings had different directions. By
drawing a line through the middle of the valley from
the boss to edge of the casting, this line acted as
the hour hand of a clock. Hence, if a clock face
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Table 7.1: Topography Overview; where 𝑓𝑣 is the flat-
ness value measured, SV is a low, mean, high evaluation
(L,M,H) of the central area of the crescent, Por indic-
ates porosities (Y = yes—porosities were found, N =
no—porosities were not found) in the boss as described
in chapter 5, on page 75, Cen is a low, mean, high
evaluation (L,M,H) of the boss area at the centre, Dir
is an time indication of the direction of the valley, Ang
is an angle degree width indication for the valley, Vol is
a 1-3 scale volume indication for the valley, and Dist is
a x/3 indication of the distance the valley reaches from
the centre.

Grp Id 𝑓𝑣 SV Por Cen Dir Ang Vol Dist

α23
A 0.486 M N M 10:30 75° 2 2/3
B 0.502 H N M 11:00 65° 2 1/3
C 0.479 M N M 10:30 75° 2 2/3

α22
A 0.359 M N M 10:00 75° 1 2/3
B 0.337 M N M 10:00 65° 1 2/3
C 0.364 M N M 10:00 75° 2 2/3

α21
A 0.367 M N M 10:30 75° 1 2/3
B 0.316 M N M 10:30 65° 1 2/3
C 0.424 L N M 10:00 90° 2 3/3

α13
A
B 0.520 M N M 09:00 75° 3 3/3
C

α12
A 0.375 M N M 09:30 65° 1 2/3
B 0.428 L N M 09:30 75° 2 3/3
C

α11
A
B 0.335 M N M 10:00 65° 1 2/3
C 0.350 M N M 10:30 50° 1 2/3

α20
A 0.406 M Y L 09:30 65° 2 2/3
B 0.371 L Y L 10:00 65° 2 2/3
C 0.383 M Y L 09:30 65° 2 2/3

α02
A 0.505 M N L 11:00 65° 2 1/3
B 0.530 M N L 11:00 65° 2 2/3
C 0.505 M N L 11:00 65° 2 1/3

α00
A 0.915 L Y L 09:30 75° 3 3/3
B 0.969 L Y L 09:30 75° 3 3/3
C 0.820 L Y L 09:30 75° 3 3/3

β23
A 0.415 M N M 10:00 65° 2 2/3
B 0.388 H N M 10:30 50° 1 1/3
C 0.395 M N M 10:30 65° 1 1/3

β11
A 0.412 M Y L 10:30 65° 2 2/3
B 0.409 M Y L 10:30 65° 2 2/3
C 0.396 M Y L 10:30 75° 2 2/3

β23s
A 0.452 L Y L 10:00 75° 2 2/3
B
C 0.487 L N L 09:30 75° 2 2/3

β12s
A 0.430 M Y L 10:00 65° 2 2/3
B 0.437 M Y L 10:00 75° 2 2/3
C 0.424 M Y L 10:00 65° 2 2/3

β21s
A 0.396 M Y L 10:30 65° 2 2/3
B 0.423 L Y L 10:00 65° 2 3/3
C 0.403 M Y L 10:30 65° 2 2/3

β20
A 0.358 M Y L 09:30 65° 1 2/3
B 0.398 M Y L 10:00 65° 1 2/3
C 0.351 M Y L 09:30 65° 1 2/3

was superimposed on figs. 7.8b and 7.8d, the line
through the middle of the blue area acted as an
hour hand, indicating the direction of the valley as
time. See fig. 7.7a on page 104.

For α23B in fig. 7.8b this was 11:00 h and for
fig. 7.8d this was 09:30 h. All castings were within
the interval between 09:00 h and 11:00 h. Seven
of the 15 groups had all valleys pointing in the
same direction. The eight remaining groups had a
maximum deviation of 30 min.

There was minimal variation in the direction of
the valley within each group. This limited variation
indicates a relationship between the feeder config-
uration and direction of the valley. If the identical
feeder combinations are compared for the two alloys,
it is found that: (1) for groups α23 and β23 four
castings have a valley direction of 10:30 h, one at
10:00 h, and one at 11:00 h. (2) for groups α11 and
β11 four castings have a valley direction of 10:30
and one at 10:00. And, (3), for groups α20 and β20
four castings had a valley direction of 09:30 h and
two at 10:00 h.

The feeder choice influences the direction of the
valley. However, the influence was not a simple shift
between two feeders. The direction of the valley was
not directly drawn towards or pushed away from
the feeders.

For comparison, the casting group without any
of the two feeders—α00—all three castings had a
direction of 09:30 h. Hence, this valley direction
was the natural direction for the casting when not
influenced by feeders. The addition of the top feeder
in group α20 yielded that one of the three castings
had a valley direction of 10:00 h. The two others
remained at 09:30 h. The valley had turned, margin-
ally at best, towards the location of the top feeder.
On the other hand, the group with only the centre
feeder, α02, had three castings with a valley direc-
tion of 11:00 h, indicating that the centre feeder
had pushed the direction of the valley towards the
top of the casting.

The above data suggest that the centre feeder had
the prime influence on the direction of the valley.
However, if groups α23, α22, and α21 that all have
the exothermic-insulating top feeder are compared
with groups α13, α12, and α11 that all have the
insulating top feeder, it is seen that lower modu-
lus feeder manages to push the valley downwards.
At least for groups α13 and α12, while α11 was un-
changed compared to α21 and the other groups with
the exothermic-insulating top feeder.
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Angle (Ang) The valleys of the different castings
also displayed varying width. As the valley geo-
metry was similar to a piece of a pie-chart, the angle
was used to describe the size of the valley. Like the
direction, the angle of the valley was viewed starting
at the boss. The most narrow valleys were α11C
and β23B with an angle of 50°, while the widest was
α21C with an angle of 90°. These three castings,
however, are the only castings that displayed an
angle outside the interval of 65° to 75°.

Analysing the three groups with one or zero feed-
ers, it was found that groups α20, α02, and β20
which had only the top feeder or only the centre
feeder, all had valleys with an angle of 65°. However,
the group α00 which was cast with any of the two
feeders comprised only castings with a valley angle
of 75°.

The analysis of the castings with feeders removed
indicates that the feeders reduce the angle of the
valley. However, for the castings with both the top
and the centre feeder all have the same angle of 65°
or an even more substantial angle of 75°. Except for
the two castings that were 50° and the one that was
90°. Thus, one feeder will reduce the angle of the
valley, while two feeders displayed a less definitive
behaviour.

Distance (Dist) The area of the valley was only
in part described by the angle of the pie section.
It was found that the length of the valleys varied
as well. Some castings had valleys that reached
from the centre boss all the way to the edge of
the casting at the outer ring. Others reached less
than half the way from the centre to the edge. The
length of the valleys was described as the distance
reached from the centre towards the edge. As it
was a subjective evaluation where the end of the
valley was found, three equally spaced distances
were chosen as categories—1⁄3, 2⁄3 and 3⁄3.

Five of the castings had a valley that reached
only 1⁄3 of the distance from the boss towards the
edge. These were α23B, α02 (A,C), and β23 (B,C).
The first is shown in figs. 7.8a and 7.8b. Some
connections were found between the castings that
displayed this short valley distance. Three of the
five belong to the groups with an exothermic centre
feeder. The other two had an exothermic-insulating
centre feeder but had no top feeder to counter or
change the influence of the centre feeder. This lack
of a top fee indicates that a dominant centre feeder
would favour a short valley. However, α13B which

also had a similar feeder configuration was found to
have a valley distance of 3⁄3.

Seven of the castings had a valley that reached
all the way to the edge of the casting. Three of
these were found in the group without any feeder—
α00. The remaining four belonged to four different
groups—α21C, α13B, α12B, and β21sB respectively.
The last is found in figs. 7.8c and 7.8d.

Eight of the casting groups were found to have the
same valley distance for all of the group’s casings.

Volume (Vol) The direction was used to describe
the location of the valley, and the angle and distance
have been used describe shape and size of the area
of the valley. However, none of these describes the
size of the valley itself. Defining a depth for the
valley would, together with the angle and distance
describe a volume, albeit this description was found
to be inaccurate. The reason for this was the depth
of the valleys were far from uniform. For some
valleys, most of the area would have the same depth,
but other valleys comprised both higher and lower
areas within the area that was classified as the
valley. Thus, to give a truthful description of the
displacement, a volume description was chosen.

A simple three grade system was chosen to ease
the evaluation and the subsequent analysis—1, 2,
and 3—where 1 represents the smallest volume, 2 a
mean, and 3 the most substantial volume.

Four of the 15 groups were evaluated as having
variations in the valley volume; also meaning that
11 of the 15 groups had identical volumes for all
the castings in the group. All castings in the group
without feeders—α00—were classified as having sig-
nificant volume valleys. The only other casting with
the same classification wasα13B. No direct correl-
ation was found between the volume of the valley
and the presence of porosities in the boss.

Scale, Resolution, and Ripples

The precision of the results and the analysis can
be affected by several factors. The precision of the
measurements themselves is described in section 7.3,
on page 113. However, other simpler factors may
also influence the results and conclusions.

Scale The range of the scale illustrating the cast-
ing deformation influenced the perception of the
deformation. As a large part of the analysis was a
visual evaluation this influence should be considered
and addressed.
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Figure 7.9: Detailed measurement of one of the cast-
ings to prove or disprove the ripple effect.

A scale ranging from ±0.2500 mm was used for
all topographic images used in the analysis. This
uniform scale ensures comparable images for the
analysis. Additionally, before the scale was chosen,
different scales were viewed and tested. A narrower
scale would provide greater detail close to the mean
value (0.0000 mm). However, it would also cut off
the highest and lowest area as out of range.

A broader range would only be useful for the
castings that displayed a deformation great enough.
Hence, the range was set to the scale the just in-
cluded most of the castings. The flatness value (𝑓𝑣)
listed in table 7.1 on page 107 show which castings
was affected by the set range—this was all castings
with a 𝑓𝑣 above 0.5000 mm. De facto only group
α00 was significantly affected by the threshold value,
as they were the only ones that displayed a more
significant deformation. For the same reason, these
castings were also analysed with a broader scale to
support the findings of the standard scale.

Resolution and Ripples Besides the resolution (pre-
cision) of the CMM itself, the resolution of the points
of the automated measurements program influenced
the topographic representation of the casting de-
formations. The topographic image was made by
the Calypso software [128] by connecting the dif-
ferent measurement points (MPs) into a surface.
However, the program had no information about
the casting between the different MPs. Even more
so, as the MPs in the automated program was ar-

ranged as in a polar grid, the distance between
the points were small close to the point of origin
at the boss, but the distance between the lines of
points would grow towards the edge. See fig. 7.7a
on page 104.

Additionally, the colour scale was displayed as
steps rather than a gradient. This serrated dis-
play of data meant that measurements within as
specified range was given a single uniform colour
representing the entire range. This representation
was the most correct, as gradient colours in between
MPs would be interpretations describe by either a
simple or an advanced algorithm. In any case, the
gradients would be interpretations by the program,
and potentially false. On the other hand, the colour
step approach also has shortcomings. It was, for
instance, not possible to see if two points that have
the same colour was 0.0624 mm apart in height, or
only 0.0001 mm. The same goes for two adjacent
colours. Two MPs of different colours may be as
little 0.0001 mm apart, or as much as 0.1249 mm
apart.

The initial analysis identified ‘ripples’ in the cast-
ing deformation measurements. These were repor-
ted in [30]. The ripples were consistent and present
for all castings and was also present at different
scales settings. However, the ripples differentiated
between the different castings which lead to the
belief that wavy effect would be contributed to the
similar shape of the casting and the subsequent
solidification progression.

To confirm or dismiss this effect, a new measure-
ment was made using a different automated measure-
ment program. This time with a higher resolution
(MP density) and with a Cartesian distribution as
opposed to the radial polar coordinates used for the
original measurement program. The topographical
image of the new measurement is seen in fig. 7.9.

The new measurement setup showed that the
‘ripples’ was an effect caused by the MP coordinate
setup of the original program, and not an effect
present in the castings.

7.2.2 Statistical Deformation Analysis

Visual inspection, characterisation, and analysis of
the castings was a time consuming and partly a
subjective evaluation process. As the measurement
programs were automated, the evaluation could also
be. The features evaluated in the previous section
could be described as threshold values for different
MPs; a build in evaluation of the surrounding MP
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α23 β23α22 α21 α13 α12 α11 α20 α02 α00 β11 β23s β12s β21s β20

Figure 7.10: Flatness values (𝑓𝑣) for each separate casting group, sorted by order of casting. Group α13 consist
of one casting, groups α11, α12, and β23s consist of two castings. The remaining 11 groups all consist of three
castings.

values. This form of evaluation, though, require a
large effort to both develop and program. Hence, it
would only be needed for high volume parts with
very high tolerance and production requirements.

Some of these challenges could be solved by using
optical 3D scanners. They provide a complete meas-
urement of the part far faster than a CMM could do,
and without the need for a pre-made program to
guide the measurement process. This scanner tech-
nology, though, do not in itself provide a statistical
representation of the cast part.

Information within the Flatness Value (𝑓𝑣)

A simple representation of the of a plane surface
was the so-called flatness value. This value repres-
ented the surface as a distance between the highest
and lowest points measured on the surface, regard-
less of where these points were measured. This
value, again, was an extremely simple measure for
an entire casting, and using this measure without
the knowledge gained through the casting deforma-
tion analysis described in section 7.2.1, on page 105
would be like an art critic reviewing paintings in
the dark.

A simple measurement value was required to be
able to perform a statistical analysis. It may be
said that the 𝑓𝑣 was a simple, single value in it-
self to represent an entire casting surface. This
value, though, represents the difference between
two points, but also the knowledge that all the
other measurements represented values in between
these two points. The uncertainty of this one value

representation was that the distribution of points
within the range was unknown.

Statistical Representation of𝑓𝑣

The 𝑓𝑣 of the different castings can be grouped ac-
cording to the selected process parameters, allowing
for process variations to be determined and outliers
to be identified.

The 𝑓𝑣 were represented as box plot graphs. See
figs. 7.10 and 7.11 on this page and on the next
page. × indicated the average of the group, — indic-
ated the median of the group, the boxes themselves
showed the spread of the group from min. to max.
value, the whiskers (or error bars) indicated a 95 %
confidence interval assuming a Gaussian distribu-
tion. Outliers were defined as > 3 × 𝜎 (the standard
deviation) and was indicated by ∗. Outliers were
only found in fig. 7.11a on the facing page. The
Gaussian (or student’s t) distribution was chosen
because of the small population size.

The 𝑓𝑣 for each of the castings are listed in
table 7.1 on page 107.

Group Overview Sorting the different castings ac-
cording to the feeder configurations and alloys
provide an overview of the different castings groups
that were analysed in section 7.2.1, on page 105.
See fig. 7.10. The confidence interval was strongly
dependent on the number of samples of each group.
As each group comprised only three castings, the
95 % confidence interval naturally entail a signific-
ant range increase compared to the variation found
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α β α wF β wF All All wF

(a) Flatness values (𝑓𝑣) for all α-castings, all β-castings,
all castings, and all castings with two feeders (wF).

α Ins α E/I+Ins β Exoα Exo α E/I β E/I+Ins

(b) Flatness values (𝑓𝑣) for each alloy (α,β) and sorted
by centre feeder.

α Ins β E/Iα E/I β Ins

(c) Flatness values (𝑓𝑣) for each alloy (α,β) and sorted
by top feeder.

Figure 7.11: Flatness values (𝑓𝑣) for sorted groups.

within the group. A narrower confidence interval
would require a larger population. A sizeable statist-
ical population is seldom found for research castings;
however, measurement of castings that are part of a
production in a foundry can quickly provide a pop-
ulation size raised above the statistical limitations
of a small population.

The groups that were missing one casting showed
a greater confidence interval. These are groups
α21, α12, and β23s. Group α00 showed a similar
confidence interval, albeit this was related to the
actual instability of the process without feeders, as
this group did contain three castings. Finally, group
α13 displayed no confidence interval because only
one casting remained in this group.

The group overview was divided into three groups
based on the casting sessions. The first session (blue)
were the EN-GJS-500-7-alloy castings with two feed-
ers. The second session (grey) were the EN-GJS-500-7-
alloy configurations that were cast with one or no
feeders. The third session (red) were cast with the
EN-GJS-450-10-alloy.

Analysing the groups it was found that the 𝑓𝑣
for all castings were within the range 0.316 mm for
α21B to 0.530 mm for α02B, with the exception of
group α00, which ranges from 0.820 mm for α00C to
0.969 mm for α00B. These results indicated that the
feeders helped minimise and stabilise the casting
deformation. The analysis also indicated that one
feeder, top or centre, was enough to achieve the
stabilising effect, and that little or no additional
minimisation or stabilising of the casting deform-
ation was gained by two feeders, as compared to
only one.

Influence of Alloy Sorting the castings according
to alloy; it was found that the pearlitic-ferritic α-
alloy (EN-GJS-500-7) displayed a more significant
variation in 𝑓𝑣 as compared to the fully ferritic
β-alloy (EN-GJS-450-10). See fig. 7.11a. However, it
must be noted that the feeder configurations and the
number of castings for each of the two alloys were
not identical. Hence, when the castings without
two feeders were separated from the alloy groups, it
was found that the repeatability of the α-alloy was
significantly improved.

The alloy groups with two feeders both comprise
14 castings. It was found that the pearlitic-ferritic α-
alloy displayed a smaller average deformation than
the fully ferritic β-alloy. However, the fully ferritic
β-alloy displayed a much smaller variance (range) of
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the deformation compared to the pearlitic-ferritic
α-alloy. In other words, the β-alloy was more pre-
dictable and had greater reproducibility.

Examining the different groups shown in fig. 7.10
on page 110 individually it was found that the
pearlitic-ferritic α-alloy casting groups themselves
did not display a higher variance than the groups
cast with the fully ferritic β-alloy. However, the
variation between the different groups was more
significant, resulting in a greater overall variance
for this alloy. The pearlitic-ferritic α-alloy was influ-
enced more by the changes in feeder configuration
than the fully ferritic β-alloy.

The population size matter; as discovered when
all castings were grouped. See the two grey box
plots on the right on fig. 7.11a on page 111. The All
group was the only group that included outliers, as
previously defined as > 3 × 𝜎. Only the two most
‘deviant’ casting in group α00 were characterised as
outliers when all 40 castings were analysed together.
When analysed in its alloy group of 23 castings,
the population size was too small to identify these
castings as outliers. This example demonstrated the
vulnerability of small population statistics. How-
ever, while this showed that the casting analysis had
limitations, it did not render the analysis invalid.
The limited populous statistics by nature have a
wider uncertainty span, which was exactly what was
shown in the graphs.

In short, the analysis requires a larger sample size,
or more significant deviation, to identify outliers
within the sorted groups.

Influence of Top and Centre Feeder By sorting the
castings according to the different feeders—first
centre feeder then top feeder as seen in figs. 7.11b
and 7.11c on page 111—the effect of the different
feeders were illustrated.

While five of the six groups in fig. 7.11b on
page 111 were statistically indistinguishable from
each other, the first group (α Exo) was found to be
statistically different from groups α E/I, α E/I+Ins,
and β E/I+Ins with a 95 % confidence interval. The
lower value of the α Exo interval was 0.450 mm,
while the upper range of the confidence interval
of the other groups is just below this value with
0.449 mm, 0.428 mm, and 0.440 mm respectively.
Additionally, group α Ins overlapped the confid-
ence interval by the smallest possible margin by an
upper value of 0.451 mm.

The exothermic centre feeder with a modulus
of 12 mm was statistically distinguishable from the

exothermic-insulating centre feeder with a modulus
of 11 mm. Regardless of alloy. Additionally, it
was also almost distinguishable from the purely
insulating centre feeder with a modulus of 11 mm.

On the other hand, the β Exo group that also
comprised the exothermic centre feeder displayed
both a greater deformation and a more substantial
variation than the other groups, and could not be
distinguished from the other groups. Note also that
the α Exo showed the least variance of the four
pearlitic-ferritic groups.

When the castings were sorted according to the
top feeder type, as seen in fig. 7.11c on page 111,
it was found that the four groups could not be
distinguished in statistical terms. However, the
variance of the pearlitic-ferritic α-alloy was higher
than that for the fully ferritic β-alloy. The range
of the 95 % confidence interval covered a range of
0.249 mm and 0.337 mm for the two α-alloys, while
the β-alloy groups covered 0.126 mm and 0.061 mm.
Again the fully ferritic β-alloy display less variance,
though the average deformation for the β-alloy was
slightly higher than the pearlitic-ferritic α-alloy.

Comparing the two graphs, figs. 7.11b and 7.11c
on page 111, it was found that for both the top
and the centre feeder the pearlitic-ferritic α-alloy
was most stable, meaning that it showed the least
amount of variance, with the high modulus feeders.
This effect was most significant for the centre feeder.
The effect, however, was found to be the opposite
for the fully ferritic β-alloy. In this case, the low
modulus feeders showed the least amount of vari-
ance. This changing effect indicates that the feeders
influence on casting repeatability and stability was
strongly dependent on the alloy type.

7.2.3 Conclusions

The deformation of the plane, reverse side of the
trial casting was analysed, classified, and character-
ised. The analysis was divided into two different
approaches—a descriptive characterisation of fea-
tures and a statistical representation of the deform-
ation.

Deformation Classification

A series of different features were identified and
described for all the castings. The variation in the
deformation for the different castings were classified,
listed and analysed. It was found that the deforma-
tion features could be linked to the different feeder
configurations and alloys.
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Figure 7.12: Placement of the measurement points.
There are 155 points on the front, opposed by 155 other
points on the reverse side of the casting. The top of the
casting is left, bottom right.

Table 7.2: Measurement calibration of reference
artefact—10mm gauge block.

Measurement 1 9.9979 mm
Measurement 2 9.9990 mm
Measurement 3 9.9978 mm
Measurement 4 9.9988 mm
Measurement 5 9.9989 mm

Average 9.9985 mm
Standard Deviation (𝜎) 0.0006 mm
Variance 3.37E-07 mm2

Certified Value 10.00028 mm
Systemic Error -0.00180 mm

A good correlation between a local low area at
the boss and the presence of porosities were found.

The scale and resolution of the measurements
were examined, and it was found that the ripple
effect was created by the location of the measure-
ment points in combination with the manner the
topographic images were produced.

Statistical Representation and Analysis

The flatness value 𝑓𝑣 was used to condense inform-
ation of the deformation of the plane, reverse side
of the casting into a single comparable value. It
was analysed how the 𝑓𝑣 retain some overall inform-
ation of the deformation as it represents the min.
and max. values measured on the surface, thus also
conveying the information that all other values lie
within this range.

It was found that some groups could be dis-
tinguished statistically even with relatively small
sample populations.

It was established that the pearlitic-ferritic α-alloy
displayed a smaller average deformation; however,
it was also found that the fully ferritic β-alloy dis-
played less variance. Hence, pattern adaptations

to counter casting deformation would be easier to
accomplish accurately for a fully ferritic alloy.

Finally, it was also found that the modulus of
the feeders influenced the two alloys differently.
While the high modulus exothermic feeders ten-
ded to increase both deformation and stability for
the pearlitic-ferritic α-alloy, the same feeders tended
to decrease the stability for the fully ferritic β-alloy.

7.3 Measurement Uncertainty

As the surface deformation measurements were
expanded it became important to secure the

validity of the measurements. Thus, it was even
more important to show that the effect of chan-
ging process parameters is statistically significant.
The thickness of the thin-walled section was chosen,
as the variation in thickness would provide insight
into the alloys and feeders influence on the feeding
‘through’ the thin-walled section. Also, by choosing
only the thin-walled section, variations related to
the modulus of different sections could be elimin-
ated.

The thickness was calculated by finding the dis-
tance between the two vector coordinates. The
centre area was excluded from the automated meas-
urement program due to identification markings in
this area, which will produce measurement errors
if measured. See figs. 7.7b and 7.12 on page 104
and on this page.

7.3.1 Data Validation

The first part of the analysis was to validate the
data, and if systematic errors are found to correct
the data before any further analysis was performed.
A box plot of the data for each of the 17 castings
that were part of this analysis is seen in fig. 7.13 on
the next page.

Systematic Error of the Measurement Machine

The thickness of the thin-walled section of the cast-
ings which was analysed here was ∼10 mm. Thus, to
identify the systematic error of the machine itself for
this particular measurement range, a certified refer-
ence artefact—a 10 mm gauge block—was measured
five times. See table 7.2.

The systemic error was found to be −1.8 µm. Usu-
ally, the complete dataset should be corrected for
this systematic error. In this analysis, this correc-
tion is not performed because the systematic error
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Figure 7.13: Box plot of all 17 castings sorted in the six groups, showing thickness in mm.

Figure 7.14: Chi-Square (𝜒2) test of complete dataset.

Table 7.3: Individual Distribution Identification—
Goodness of Fit for α23A.

Result Front Reverse

Distribution AD P AD P AD P

Normal 35.507 <0.005 3.689 <0.005 1.028 0.010
3-Parameter Lognormal 56.148 * 2.835 * 0.936 *
2-Parameter Exponential 94.784 <0.010 18.004 <0.010 20.514 <0.010
3-Parameter Weibull 56.625 <0.005 2.696 <0.005 0.759 0.034
Smallest Extreme Value 37.266 <0.010 4.621 <0.010 2.359 <0.010
Largest Extreme Value 37.304 <0.010 2.841 <0.010 1.139 <0.010
3-Parameter Gamme 50.056 * 2.678 * 0.900 *
Logistic 32.509 <0.005 3.795 <0.005 1.336 <0.005
3-Parameter Loglogistic 52.943 * 2.975 * 1.180 *

is negligible compared to the population deviation
which is roughly 50 times greater. Moreover, the
analysis performed here is a relative comparison
of different production setups. A correction of the
dataset should be made to compensate for this meas-
urement error if absolute values were required.

Outliers and Frequency Distribution

Using Chauvenet’s criterion no outliers were found.
Thus the entire population was found to be signi-
ficant, and no data were excluded from the dataset
as being measurement errors. It should be noted,
however, that the Chauvenet’s criterion is less ef-
fective in finding outliers as a result of the different
process parameters included in the dataset.

Following, it was validated that the data were
not normally distributed. Some types of data ana-

lyses are strongly dependent on normally distributed
data; thus a distribution analysis was required to
validate the continued measurement analysis.

First, a frequency distribution test and a 𝜒2 (Chi-
Square) analysis were performed. The analysis
showed that the experimental 𝜒2-value of 252.97 was
outside the range of the theoretical 𝜒2-interval from
81.13 f to 138.65 for a 95% confidence level. The
density frequency is displayed in fig. 7.14, and show
that the data were not normally distributed. This
abnormal data distribution was also supported by
the NPP which was hyponormal.

Risk Assessment The analysis encompasses a low
risk of the first kind (α) of incorrectly rejecting the
null hypothesis—meaning that the data is normally
distributed. By accepting this assumption, it can
be stated with a 95% confidence level, that does
contain systematical effects (or measurement acci-
dents). Traditionally a higher risk (eg 15 % to 20 %)
would be chosen to obtain a more robust proof of
the null hypothesis. The consequences of wrong-
fully rejecting the null hypothesis were small in this
particular analysis of significant parametric effects;
thus the low first-order risks and high second-order
risks were accepted.

The first-order risk of 5% was low, though not
as low as required for statistical certainty for vital
components. In this case, the risk was not set
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in relation to failing to meet a requirement of a
cast product but preferably assessed according to
the validity of the scientific research. The results
may be used to reduce the machining allowance of
castings, reducing the melt required, saving energy
and money. However, if the machining allowance
were reduced too much, the entire casting would be
scrap with additional losses. As only an incorrect
rejection of the lower end of the distribution would
result in a machining allowance that was too small,
the de facto first order risk is only half, namely 2.5 %.
Thus the requirements for validity of the results
strengthen the need for a low-risk assessment.

Individual Distribution Identification As the data are
not normally distributed an ‘Individual Distribution
Identification’-analysis was performed using Mini-
TAB [129]. This analysis was initiated to evaluate if
the data distribution would match other statistical
distribution types when it was proven not to match
the normal distribution.

In this analysis, the data columns were analysed
separately—here for casting α23A. See table 7.3 on
page 114. First, the thickness was the result of
two opposing datasets subtracted from each other.
Evaluating the Anderson-Darling (AD) statistic and
P-value not a single one of the distributions was
found to match. As the resulting dataset consists of
two separate measurements, the analysis was exten-
ded to encompass each of the two sets separately.
This subsequent data analysis showed that the front
of the casting was a better match for all of the
distributions, compared with the combined results,
though it was still not a distribution match in the
statistical sense. Finally, the reverse side of the
casting was even closer to matching the different
distributions. The 3-Parameter Weibull was the
best match as indicated by the lowest AD statistic
and highest P-value.

Null Hypothesis

The data was validated assuming a null hypothesis
of no systematic differences between the thickness
of all the castings. Tests were performed to reject
the null hypothesis with a given confidence interval
for both the complete dataset and the individual
groups concerning; both for the average and the
variance of the data. The results are shown in
table 7.4 on the next page.

For both null hypothesis tests encompassing all
datasets, it was found that a majority of the values

were outside the boundaries. This result means that
the null hypothesis could be rejected, and with a
95 % confidence level state that there were system-
atic differences between the measured thicknesses
of the castings.

Refocusing the null hypothesis to state that there
were no systematic differences between the casting
of each group, it was found that the average hy-
pothesis with a 95% confidence level rejected this
hypothesis for groups α23 and β20, meaning that
these groups displayed signs of systematic differ-
ences. The remainder of the groups were with a
95% confidence interval upholding the null hypo-
thesis and thus display no systematic differences
within the groups.

Additionally, the variance hypothesis was rejected
for groups β23 and β11, each with a single casting
outside the acceptable interval.

Often the hypothesis test would be calculated
with a confidence level of 80%. Here the higher
confidence level was accepted for two reasons; the
higher confidence level still reject the hypothesis
and as there was no operator influence on the meas-
urements the type B risk was limited. Additionally,
the considerations described in section 7.3.1, on
page 114, are also valid here.

Analysis of Variance

An Analysis of Variance (ANOVA) was performed
to determine if there were systematic differences
between the different columns of data. The analysis
was performed assuming that only a single factor
was under control. Thus the analysis was based on
eq. 7.1.

𝑆𝑆𝑇𝐶 =
𝑘

∑
𝐽=1

𝑛

∑
𝑖=1

(𝑥𝑖𝑗 − 𝑥●●)2

=
𝑘

∑
𝐽=1

𝑛

∑
𝑖=1

(𝑥𝑖𝑗 − 𝑥●𝑗)2 + 𝑛
𝑘

∑
𝐽=1

(𝑥●𝑗 − 𝑥●●)2

= 𝑆𝑆𝑊 + 𝑆𝑆𝐵

(7.1)

Though there were 17 different columns (one for
each casting that was part of the analysis), the DoF
for the examined factor was only five because there
were only six different production setups as part of
the population. The variance ration of 46.80 was
greater than the upper limit of the 95 % confidence
interval of the corresponding Fisher distribution,
which was 2.22 See table 7.5 on the next page.
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Table 7.4: Null Hypothesis Testing - bold are outside boundaries

Group α23 Group α11 Group α20 Group β23 Group β11 Group β20

(A) (B) (C) (B) (C) (A) (B) (C) (A) (B) (C) (A) (B) (C) (A) (B) (C)

All 9.453 9.398 9.445 9.479 9.436 9.499 9.465 9.474 9.297 9.325 9.332 9.289 9.272 9.277 9.388 9.312 9.428
Group 9.453 9.399 9.446 9.480 9.437 9.500 9.465 9.475 9.298 9.326 9.332 9.290 9.273 9.277 9.389 9.313 9.428

All 0.030 0.030 0.028 0.024 0.024 0.024 0.022 0.021 0.022 0.015 0.016 0.016 0.024 0.016 0.014 0.014 0.017
Group 0.030 0.030 0.028 0.024 0.024 0.024 0.022 0.021 0.022 0.015 0.016 0.016 0.024 0.016 0.014 0.014 0.017

Average Null Hypothesis Test
All α23 α11 α20 β23 β11 β20

No. of samples avg. 155 155 155 155 155 155 155
Average 9.387 9.432 9.457 9.479 9.318 9.280 9.376
Average 𝜎 0.013 0.014 0.013 0.012 0.011 0.011 0.011
Confidence level 95 % 95 % 95 % 95 % 95 % 95 % 95 %
Lower boundary 9.361 9.405 9.433 9.456 9.297 9.258 9.356
Upper boundary 9.412 9.460 9.482 9.503 9.339 9.301 9.397

Variance Null Hypothesis Test
All α23 α11 α20 β23 β11 β20

No. of samples for Var. 155 155 155 155 155 155 155
Expected Variance 0.021 0.030 0.024 0.022 0.018 0.019 0.015
Expected v 154 154 154 154 154 154 154
Confidence level 95 % 95 % 95 % 95 % 95 % 95 % 95 %
Lower boundary of 𝑠2 0.017 0.023 0.019 0.018 0.014 0.015 0.012
Upper boundary of 𝑠2 0.026 0.037 0.029 0.028 0.022 0.023 0.019

Figure 7.15: Thickness variation in mm from top (x=1) to bottom (x=155), as sorted by height. Described by
3rd degree polynomial equations derived from the regression trend.

Table 7.6: Analysis of Variance (ANOVA)—95% con-
fidence interval, Rows

Variation cause DoF Variance Variance Ratio F Max

Examined factor 154 3.07E-01 32.11 1.20
Random errors 2480 9.55E-03

Total 2634

Table 7.5: Analysis of Variance (ANOVA)—95% con-
fidence interval, Columns

Variation cause DoF Variance Variance Ratio F Max

Examined factor 5 9.86E-01 46.80 2.22
Random errors 2629 2.11E-02

Total 2634

As all measurements were performed by an auto-
mated measurement program and thus can be com-
pared point by point, a single factor ANOVA for
this event was also analysed. This point-by-point
analysis gave 154 DoF, and with the confidence in-
terval kept at 95% it was found that the variance
ration of 32.11 was also outside the upper limit of
the Fisher distribution of 1.20 See table 7.6.

For both of the analysed cases above it were con-
cluded, with a 95% confidence interval, that there
were systematic differences between the different
process parameters and between the different meas-
urement points. As the assessment of the previous
confidence intervals, the 95% confidence interval
was chosen based on the relative requirement for a
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Table 7.7: Significance Index (b): >1 indicate a systematic slope for the regression trend line.

α23 α11 α20 β23 β11 β20
A B C B C A B C A B C A B C A B (C)

Height 10.12 9.05 8.82 11.45 13.35 11.91 11.31 11.02 10.40 8.75 7.39 9.13 11.68 10.03 7.20 7.95 6.74
Width 0.66 0.79 1.13 1.15 0.86 0.40 0.70 0.72 1.19 0.89 1.72 0.68 0.59 0.20 0.26 0.44 0.27
Point 0.18 0.17 0.06 1.21 0.99 1.26 1.23 1.59 0.96 1.57 1.37 1.74 1.47 1.33 2.60 2.28 3.20

low risk of incorrectly rejecting the hypothesis, as
well as the balancing of the risk of the second kind.

Regression Evaluation

In the previous sections, it has been concluded that
the data with a high probability displayed system-
atic differences. To better understand the nature
of this difference regression analysis was used to
evaluate if the data for each thickness measurement
(column) was systematic for both height, width, and
time respectively.

Difference in Height Sorting the data according to
height and analysing the 17 resulting significance
indexes for 𝑏, it was found that all 17 are strongly
significant; meaning that for all castings there was a
significant change in thickness from top to bottom.
See table 7.7.

Difference in Width The significance becomes more
diverse as the data are sorted data concerning the
width of the castings. The slope of the trend lines
are close to 1 for all 17 castings; thus we conclude
that the effect was smaller than for the height. This
concluded, some castings show a significant slope—
β23C with as much as 1.72—indication that the
variation in thickness from the centre towards the
edge may be systematic. The control measurement
of the pattern showed a skewness or sloping, of the
disc as it was mounted on the plate. The height
difference within the area examined in this analysis
was ≈10 µm. Thus, one can argue that the skewness
of the pattern was the reason that some of the
castings showed a significant trend across the width
of the casting. However the skewness of the pattern
only account for 1⁄10 of the difference in thickness
that is measured when sorting according to width,
so the effect has greater relation to other effects
than the skewness of the pattern itself. There was
no significant skewness of the pattern from top to
bottom.

Difference in Measurement Time Systematic in-
fluences were found for some castings when sort-

ing the data according to the measurement se-
quence (Point). Others displayed no significant
slope. Rather than viewing this way of sorting the
data as changes over time, it should be viewed as
a combined effect of height and width. The points
were measured sequentially in half circles, start-
ing from the outside and moving inwards, every
half cycle pass started closest to the ingate and
moved towards the top. Considering the effect of
thermal expansion during the hour-long measure-
ment routine, in a climate controlled laboratory, the
significance displayed by some castings cannot be
contributed to the time passed during the measure-
ment of the casting. Note, though, that the slopes of
the different castings were reasonably similar within
all six groups. Thus, it was possible to relate the
changes displayed by the regression slopes to the
process changes between the groups.

To evaluate how the castings compared with re-
spect to the top to bottom deformation, the re-
gression was used to find a 3rd degree polynomial
equation for each of the castings. See fig. 7.15 on
page 116. The figure shows that both the magnitude
and the curve of the deformation were comparable
for all six casting groups.

Additionally, the changes in process parameters
were also visible in the results. Groups α23 and β23
both use exothermic centre feeders, and both dis-
played an S-shaped thickness curve. The four other
groups all displayed a simpler single bend curve.
Comparing the two alloys, groups α23, α11, and α20
(top three graphs) versus β23, β11, and β20 (bottom
three graphs), it was found that thought the curves
are comparable in shape; the three groups at the
bottom (EN-GJS-450-10) are all slightly thinner than
the three groups displayed on top (EN-GJS-500-7).

7.3.2 Measurement Uncertainty

To assess the measurement uncertainty of the
thickness measurements a certified reference
artefact was measured five times under the same
conditions, using the same machine and operator
as for the castings. The reference artefact chose—a
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Table 7.8: Uncertainty Data

Measuring Instrument

Factor Information Value
Bias Expanded

Uncertainty
3.04 µm

of the average of 5 meas.
at a confidence level
of

95%

Repeatability Standard Deviation 5.81E-04 µm
Resolution ±0.1 µm
Temperature
sensitivity

Declared 1.15E-05 °C−1

Measurement Complex

Factor Information Value
Reproducibility Standard Deviation 6.23E-03 µm

Ambient Conditions

Factor Information Value
Temperature Mean Value 20 °C

Variability Interval ±2 °C

Measurand

Length 𝐶1𝑇 of the manufact at temperature T 9.66130 µm
Length 𝐶2𝑇 of the manufact at temperature T 0.21265 µm
Number of measurement averaged 5

Factor Information Value
Temperature Handbook 1.15E-05 °C−1

10 mm gauge block—was the one closest to the
measured value of the castings. The data used
to calculate the measurement uncertainty can be
found in table 7.8. As the primary influence on
uncertainty for the castings was the temperature
fluctuations in the measurement laboratory; thus eq.
7.2 was used to specify the measurement complex:

𝐿20 =𝐶1𝑇 )︀1 + (𝛼 − 𝛽)(20 − 𝑇 )⌈︀
−𝐶2𝑇 )︀1 + (𝛼 − 𝛽)(20 − 𝑇 )⌈︀

𝐿20 =(𝐶1𝑇 ±Bias ±Repr)
)︀1 + (𝛼 ±∆𝛼 − 𝛽 ±∆𝛽)(20 − 𝑇 ±∆𝑇 )⌈︀
(𝐶2𝑇 ±Bias ±Repr)
)︀1 + (𝛼 ±∆𝛼 − 𝛽 ±∆𝛽)(20 − 𝑇 ±∆𝑇 )⌈︀

(7.2)

Measurement Complex Values

𝐿20 is the length (thickness) of the casting at the
chosen reference temperature 𝑇 = 20 ○C. The 𝐶1𝑇
and 𝐶2𝑇 values are the readings for the x-axis co-
ordinate for the two-point measurements, one on
each side of the manufact respectively. The two

space coordinates were measured as part of the same
measurement program, but each of the two points
is measured approx. 30 min. apart. The thermal
expansion of the measurand, 𝛼 = 1.15 × 10−5, was a
textbook value for pearlitic ductile cast iron in the
interval between 20−100 ○C as listed in the Ductile
Iron Data handbook [130]. The same thermal expan-
sion is declared for the instrument, 𝛽 = 1.15 × 10−5,
by the manufacturer. This duplicity of thermal
expansion coefficients is coincidental and due to
the similarities in materials between the probe and
the examined castings and should not be mistaken
for being from the same source. The ambient tem-
perature and variability interval is certified for the
measurement laboratory.

Type A Uncertainty: Statistical Methods

The first and second variables are the bias of the
measurement instrument for which the MPE of the
CMM provided by the manufacturer was used. The
MPE for 3D measurements was used because it was
not possible to document that the two opposing
measurements points were exactly opposite each
other. The MPE was thus calculated as 𝑢3 = 3.0 µm
+ 𝐿

250
, where 𝐿 is the measured distance in mm [131].

In the third line, the standard deviation of the five
repeated measurements of the α23A manufact gives
the reproducibility of the measurement complex as
6, 23×10−6 m, calculated as the average of the stand-
ard deviation of each of the five samples divided by
the square root of the number of samples. Since
the statistical input based was used in less than
ten measurements, the addition to the uncertainty
budget was multiplied by a safety factor, ℎ. In this
case of the safety factor used was ℎ = 1.4 because
it was based on five measurements as described by
both De Chiffre and the ISO/DTR 14253-2 [127,
132]. The use of reproducibility also eliminated the
need to evaluate the repeatability and the resolution
of the instrument separately; though the data are
still listed in table 7.8 to provide information on
the measurement instrument.

Type B Uncertainty: Non-Statistical Methods

The fourth and fifth lines represent the thermal
deformation coefficient of the measurand and the
thermal sensitivity of the instrument itself. Both
the measureand 𝛼 = 1.15 × 10−5 m [130] and the
instrument 𝛽 = 1.15 × 10−5 m [131] have the same
thermal sensitivity as stated above.
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Table 7.9: Uncertainty Budget

Variable 𝑥𝑗 Statistical Non Statistical Par. Est.

Symbol Value Note 𝑈𝑗 𝑃𝑑𝑗 𝑛𝑑𝑗 𝑘𝑑𝑗 ℎ 𝑠𝑗 𝑎𝑗 𝑘𝑎 𝑛𝑗 𝑛𝑑 𝑛𝑟 𝑢2
(𝑥𝑗) 𝑐𝑖 =

𝛿𝑦
𝛿𝑥

𝑢2
𝑗(𝑦)

𝑢4
𝑗 (𝑦)
𝑛𝑗

𝐶1𝑇 0.0966130 Bias 3.04E-06 95 % 100 2.0 1.0 1.5E-06 3 5 5 1 1.2E-11 1.0E+00 1.2E-11 2.8E-23
𝐶2𝑇 0.0021265 Bias 3.04E-06 95 % 100 2.0 1.0 1.5E-06 3 5 1 1 1.2E+11 -1.0E+00 1.2E-11 2.8E-23

Repr 6.23E-06 95% 100 2.0 1.4 4.4E-06 3 9 1 1 1.9E-11 1.0E+00 1.9E-11 4.2E-23
α 1.15E-05 Table 95% 100 2.0 1.0 0.0E+00 2.0E-06 3 30 1 1 1.3E-12 0.0E+00 0.0E+00 0.0E+00
β 1.15E-05 Table 95% 100 2.0 1.0 0.0E+00 2.0E-07 3 30 1 1 1.3E-14 0.0E+00 0.0E+00 0.0E+00
T 20 Estim. 95% 100 2.0 1.0 0.0E+00 2.0E-00 2 30 1 1 2.0E+00 0.0E+00 0.0E+00 0.0E+00

𝑦 = 𝐿20 0.00944865 m

Figure 7.16: Mean thickness in mm for each of the 17
castings, showing the expanded uncertainty of 13.75 µm.

Table 7.10: Uncertainty Results

Variance of y, 𝑢2
(𝑦) 4.3E-11 9.7E-23

Standard Uncertainty of y, 𝑢(𝑦) 6.5E-06
Degrees of Freedom of y, 𝑛(𝑦) 18
Confidence Level 95%
Coverage Factor (Student t) 2.1E+00

Expanded Uncertainty 𝑈(𝑦) 1.4E-05 m
13.75 µm

The sixth and final line concerns the ambient
temperature during measurement. The certified
variability interval was ±2 ○C and naturally change
in a sinusoidal pattern, allowing for the use of a U-
shaped distribution denominator as coverage factor—
𝑘𝑎 = 2 as reported by De Chiffre and Barbato [127,
133].

Expanded Uncertainty

The uncertainty budget is found in table 7.9. Re-
peatability and resolution were not used, as repro-
ducibility was available for the analysis. The ex-
panded measurement uncertainty was found to be
±13.75 µm for a 95 % confidence interval. This meas-
urement uncertainty was estimated to be entirely
acceptable for measurements displaying significant
changes in the range in 1⁄10 of a mm. The use of
the results in comparison to each other, and not as

absolute values, lessen the requirement for a narrow
expanded measurement uncertainty.

Figure 7.16 shows how most of the castings can
be distinguished from one another when allow-
ing for the expanded measurement uncertainty of
±13.75 µm. The figure does not show that there
were dimensional differences in the castings based
on the variation of the production parameters. How-
ever, it does show that variations between the dif-
ferent castings were significant enough to be dis-
tinguished even when allowing for the expanded
measurement uncertainty.

The most substantial single contribution to the
expanded uncertainty was the reproducibility; how-
ever, the bias of the measurement instrument was
the most significant. This significance was because
it counted twice, once for each of the two opposing
space points. On the other hand, the uncertainty
budget also shows that the influence of thermal
variation during the measurement has no statistical
influence on the readings. The influences of thermal
change were for all three variables so small that
they could be eliminated from the budget by the
sensitivity evaluation.

7.3.3 Normalised Error Analysis

Having established that there were systematic differ-
ences between the different castings, and that was
not contributed to by the expanded measurement
uncertainty, a method was needed to evaluate to
which degree two castings were different. For this
purpose the normalised error was used. See eq. 7.3.

𝐸𝑁 = 𝑅 − 𝑆

2
⌈︂
𝜎2
𝑅 + 𝜎2

𝑆

(7.3)

where 𝐸𝑁 is the normalised error, 𝑅 and 𝑆 is the
average bf the reference and sample respectively,
𝜎𝑅 and 𝜎𝑆 are the averages of the standard devi-
ation for the reference and sample respectively, and
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Table 7.11: Normalised Error Table—Values greater
than ±1 are considered statistically different. The greater
the value, the greater the difference.

Cast All Top Cen 𝐸𝑁 Gr.

α23A a 2 3 -1.83
-1.27α23B a 2 3 -0.33

α23C a 2 3 -1.65

α11B a 1 1 -2.73 -2.09
α11C a 1 1 -1.45

α20A a 2 0 -3.33
-2.78α20B a 2 0 -2.34

α20C a 2 0 -2.67

β23A b 2 3 2.70
2.16β23B b 2 3 2.02

β23C b 2 3 1.76

β11A b 1 1 3.17
3.36β11B b 1 1 3.36

β11C b 1 1 3.55

β20A b 2 1 -0.06
0.36β20B b 2 0 2.47

β20C b 2 0 -1.34

Cast All Top Cen 𝐸𝑁

α20A a 2 0 -3.33
α11B a 1 1 -2.73
α20C a 2 0 -2.67

α20B a 2 0 -2.34
α23A a 2 3 -1.83

α23C a 2 3 -1.65
α11C a 1 1 -1.45
β20C b 2 0 -1.34

α23B a 2 3 -0.33
β20A b 2 1 -0.06
β23C b 2 3 1.76

β23B b 2 3 2.02
β20B b 2 0 2.47
β23A b 2 3 2.70

β11A b 1 1 3.17
β11B b 1 1 3.36
β11C b 1 1 3.55

where 2 signify a sinusoidal distribution. For the
calculations displayed in table 7.11 the average of
the complete dataset acts as reference 𝑅. Values
> ±1 are characterised as significant.

Analysing the table on the right in table 7.11,
which was sorted according to the 𝑁𝐸-value, it is
seen that except for α23B and β20C, all castings
sort according to alloy. It was observed that the
groups α23, α20, β23, and β11 were fairly agglomer-
ated. Groups α11 and β20, on the other hand, are
scattered, indicating a less stable process.

Normalised Error Matrix

The normalised error table shows the 𝑁𝐸-value with
a chosen reference—in this case, the average of
all the castings. See table 7.12 on the next page.
The matrix setup makes it possible to compare the
castings with each other, showing the differences—
in the form of the normalised error—between all
the castings.

The main conclusion drawn from the matrix was
that there was a significant difference between the
two alloys. Additionally, the matrix can be used
to analyse how individual castings compare with
other castings. For example casting β20C was not
significantly different from castings α23 (A,B,C),
but was significantly different from the two other
castings in its group—castings β20 (A,B). In the
same way, β23A was not statistically different from
β11 (A,B,C), while β23 (B,C) were in all cases are.
Groups β11 and β20 were significantly different as
well, except for β11A and β20B. Finally, table 7.12
on the facing page shows that, in therms of thickness,
there was little statistical difference between groups

α11 and α20, meaning that the added centre feeder
did not significantly change the casting thickness
for the EN-GJS-500-7 alloy.

7.3.4 Conclusions

First, it was established that the measurement
equipment displayed a systematic error of −1.8 µm.
The systematic error should normally be subtracted
from all measurements. However, the systematic
error was not corrected here because the magnitude
of the error was considered negligible and the fo-
cus of the analysis was on comparability and not
absolute values.

Data Validation

It has been validated that the data contain no out-
liers and that the dataset does not adhere to a nor-
mal distribution. In fact, only for the deformation
of the reverse side of the castings, a 3 parameter
Weibull distribution could be said to match the
data. All other matches were outside the respective
distribution boundaries.

Additionally, it was concluded with a 95% con-
fidence interval that the null hypothesis could be
rejected and that there was statistical difference
between the castings. The variance test showed
that for both production parameters and measure-
ment points were, with a 95% confidence interval,
different.

Uncertainty Measurement

An uncertainty budget was made for the thermal
influence on the measurement accuracy and the dif-
ferent contributions to the expanded measurement
uncertainty has been evaluated. The expanded un-
certainty (𝑈) was found to be ±13.75 µm, and thus
also greater than the systematic error. The influ-
ence of the expanded uncertainty was shown to be
small enough not to mask the changes caused by
the parameters of the casting setup for the chosen
response variable—the casting thickness.

Production Parameter Analysis

It has been shown that some production changes
result in statistically significant changes in the cast-
ing thickness, while parameter changes cannot be
set apart from each other. The most significant
process parameter was the change between alloys.
The two alloys behave differently to a degree where
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Table 7.12: Normalised Error Matrix—Values greater than ±1 are considered statistically different. The greater
the value, the greater the difference.

α23A α23B α23C α11B α11C α20A α20B α20C β23A β23B β23C β11A β11B β11C β20A β20B β20C

𝑆 9.45 9.40 9.45 9.48 9.44 9.50 9.46 9.47 9.30 9.33 9.33 9.29 9.27 9.28 9.39 9.31 9.43
𝜎𝑆 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

α23A α23B α23C α11B α11C α20A α20B α20C β23A β23B β23C β11A β11B β11C β20A β20B β20C

α23A 0.00
α23B 1.37 0.00
α23C 0.19 -1.20 0.00

α11B -0.70 -2.15 -0.91 0.00
α11C 0.45 -0.99 0.26 1.22 0.00

α20A -1.25 -2.69 -1.47 -0.59 -1.80 0.00
α20B -0.32 -1.79 -0.53 0.41 -0.83 1.01 0.00
α20C -0.58 -2.07 -0.80 0.14 -1.12 0.75 -0.28 0.00

β23A 4.25 2.76 4.12 5.31 4.02 5.89 4.97 5.33 0.00
β23B 3.74 2.14 3.59 4.87 3.48 5.50 4.50 4.89 -0.92 0.00
β23C 3.48 1.91 3.33 4.57 3.20 5.19 4.20 4.58 -1.12 -0.24 0.00

β11A 4.75 3.16 4.62 5.95 4.56 6.58 5.60 6.01 0.24 1.28 1.49 0.00
β11B 4.82 3.36 4.70 5.88 4.63 6.45 5.56 5.92 0.72 1.67 1.85 0.53 0.00
β11C 5.09 3.50 4.96 6.31 4.92 6.93 5.96 6.38 0.63 1.71 1.90 0.43 -0.15 0.00

β20A 1.90 0.30 1.71 2.89 1.50 3.53 2.48 2.84 -2.99 -2.29 -1.99 -3.55 -3.68 -3.97 0.00
β20B 4.15 2.53 4.00 5.33 3.92 5.97 4.96 5.37 -0.51 0.47 0.70 -0.83 -1.28 -1.27 2.79 0.00
β20C 0.71 -0.85 0.50 1.56 0.23 2.19 1.15 1.47 -4.15 -3.59 -3.28 -4.79 -4.79 -5.19 -1.40 -4.09 0.00

it can be said to be statistically significant in therm
of casting thickness.

The analysis shows that the exothermic centre
feeder influenced the thickness at the top of the
casting, as seen by the regression trend lines dis-
played in fig. 7.15 on page 116. The four other
casting groups show a comparable curvature with
decreasing thickness towards the top of the casting.

Finally, it was shown that the changes in the
regression were significant for all castings when the
data is sorted from top to bottom. A similar signific-
ance was not found when sorting the data according
to width or measurement sequence.
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Chapter findings reported in: . . Supplement III, on page 325

8.1 Introduction

It was theorised that the deformations described
in chapter 7, on page 97, which were reported in

supplements I and II, on page 301 and on page 315,
were related to the thermal gradients in the casting
during solidification and cooling.

It was decided to support the thermal analysis
with thermal measurements at selected locations in
the casting and in the sand near the casting. These
measurements could then be used to verify the simu-
lated data for the same positions, as well as validate
the thermal data of the numerical simulations in

general. The thermocouples in the sand were used
to verify the thermal properties of the mould.

8.2 Thermal Measurements

As described in section 4.5, on page 74, the TC-
castings (castings with thermocouples) were

produced on a vertically parted moulding machine—
Disamatic 2110—at the university foundry at DTU.

Body-Centred Cubic (BCC), Carbon (C), Face-Centred
Cubic (FCC), Iron (Fe), Measurement Position (MP), Silicon
(Si), Thermocouple (TC)
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Figure 8.1: Technical drawing of the disc casting including the gating system, mounted on the pattern plate. The
short dashed line indicates the pattern to mount the top feeder, and the long dashed line indicates the centre feeder.
Numbers indicate thermocouple locations.

The poured weight and pouring time were
identical to the process parameters for the other
castings, as described in chapter 4, on page 67. The
pouring temperature was 1385(5) ○C.

Thermocouples 1-9 were type K and were placed
inside the casting. Thermocouples 10 and 11 were
type N and were placed in the mould. See figs. 4.6
and 8.1 on page 74 and on this page. Thermocouples
1-9 were mounted through the mould perpendicular
to the reverse side of the casting. Thermocouples 10
and 11 were mounted vertically parallel to the mould
parting line. The data were sampled at 100 Hz.

8.2.1 Numerical Simulation

Numerical simulations were made using Mag-
masoft 5.2 [69]. The simulations were set up to
resemble the casting conditions in the best pos-
sible way. Another commercial simulation software,
JMatPro [119], was used to calculate the thermo-
physical properties of the α- and β-alloys. These
thermal datasets were used in the numerical casting
simulation. The simulations with the τ-alloy used
the β-alloy dataset, albeit with τ-alloy composition.

The simulations were used to (1) visually evaluate
the thermal gradients of the casting during filling
and solidification, and (2) export TC-measurement
data at the 11 Measurement Position (MP) of the

trial TCs for comparison of the simulation and the
trial measurements. The simulations were made
with an equidistant mesh.

8.2.2 Cooling Curves

The cooling curves from the trial measurements were
plotted and analysed using the second derivative of
the cooling curve to identify the start and end points
of the austenite to ferrite phase transformation,
as seen in fig. 8.2 on the next page. The figure
shows the measured cooling curves from MP 1 (boss)
and 9 (right ring) as seen in fig. 8.1. The cooling
curves show an excellent correspondence between
the thermal measurements of the two castings in
MP 9. The τ23A cooled slightly faster than τ23B for
MP 1. The phase transformation from austenite to
ferrite was identified using the second derivative of
the cooling curves—the cooling acceleration. The
cooling acceleration of the four cooling curves is
shown as dashed lines below the cooling curves.
The vertical dashed lines indicate the start and end
of two of the four cooling acceleration curves and
are linked to the right y-axis.

The same procedure was followed for the simu-
lated cooling curves, albeit sixth-degree polynomial
fits were used to describe the simulated cooling
curves when derived. The latter was necessary due

124



0 200 400 600 800 1000 1200 1400 1600 1800

500

600

700

800

900

1000

1100

1200

Time [s]

T
em

p
er
at
u
re

[◦
C
]

 

 

0

0.5

1

1.5

2

x 10
−3

C
o
ol
in
g
A
cc
el
er
at
io
n
[◦
C
”]

τ23 (A) MP 1

τ23 (B) MP 1

τ23 (A) MP 9

τ23 (B) MP 9

τ23 (A) MP 1"

τ23 (B) MP 1"

τ23 (A) MP 9"

τ23 (B) MP 9"

Figure 8.2: Cooling curves from the trial castings. Comparison of MP 1 and 9 for the two castings. The dashed
lines show the second derivative of the cooling curves. The vertical lines show how the how the beginning and end
of the austenite to ferrite phase transformation has been identified.

to time steps of the simulated data. An overview
of the cooling curves for the two TC-castings and
the numerical simulation with the same τ-alloy is
shown in fig. 8.3 on the next page. The figure shows
the phase transformations for seven of the nine MPs,
including the derived cooling curves and indication
of the start and end of the phase transformations.

The analysis is partly based on the methods de-
scribed in Labrecque and Gagné’s review on cooling
curve interpretation for cast iron [134].

The derived cooling curves are shown in fig. 8.3
on the following page was used to find the start

and end of the austenite to ferrite phase transform-
ation. These intervals were then plotted to show
the transformation time for each of the MPs for the
simulated and measured casting temperatures.

8.3 Thermal Analysis

Having measured, simulated, and extracted the
thermal data from the two trial castings and the

three simulated castings; the data were then organ-
ised according to phase transformation temperature
and phase transformation time.
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Figure 8.3: Comparison of the cooling curves for castings τ23A and τ23B, and the numerical simulation τ23
(Sim). The top row shows MPs 1, 5, and 9. The bottom row shows MPs 3, 4, 6, and 7. An overview of the MPs
is found in fig. 8.1 on page 124. The full lines are the cooling curves (left y-axis), and the dashed lines are the
second derivative of the cooling curves (right y-axis). The vertical dashed lines indicate the start and end of the
austenite to ferrite phase transformation. The grey curve is a reference curve displayed on all six graphs to aid
visual comparison. The reference curve is the average of all 9 in the casting MP measurements for the τ23B casting.

8.3.1 Phase Transformation: Temperature

While graphs like fig. 8.3 are suitable to illustrate
the methodology and compare general impressions,
the figure is too information heavy to be useful for
an in-depth data analysis. Hence, to compare and
analyse the influence of geometry and alloy on the
phase transformation duration and temperature,
the data retrieved from the cooling curves had to
be reorganised.

The phase transformation times and temperat-
ures were extracted from the cooling curves and
plotted as a box-plot for each of the nine MPs, see
figs. 8.5 and 8.6 on page 128 and on page 129. Sub-
sequently the information from 8.6 was summarised
in fig. 8.7 on page 131.

Figure 8.5 on page 128 shows the temperature
interval of the phase transformations. The differ-
ence in the temperature interval related to the Si
content of the alloy. Increased Si increase the stable
eutectic as well as the eutectoid temperatures of
the alloy [135]. This metallurgical change explains

the increased phase transformation start temper-
atures of the high Si β- and τ-alloy. Note however
that the start temperatures were only significantly
higher for MP 2-7 for the β-alloy. The τ-alloy showed
a higher start temperature even at MP 1, 8, and
9, though the difference was noticeably smaller at
these locations. These measurements indicate that
the Si content varies locally as a function of the Si
segregations during solidification. The same phe-
nomenon also explains the variation in start and
end temperatures for MP 2-7 which are all located
in the thin-walled section. Note though, that other
effect may also play a part. It is not likely that the
segregation of Si alone can cause this substantial an
impact by itself.

Note that the blue box-plots show that the
phase transformation temperature intervals for the
pearlitic-ferritic α-alloy were significantly longer
than the high Si alloys (β, τ). The main reason
for this was the double phase transformation that
included the formation of pearlite. The derived
cooling curves in fig. 8.4 on the facing page show
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Figure 8.4: Simulated cooling curves for two alloy compositions—α and β. The full lines are the cooling curves,
and the dashed lines are the second derivative of the cooling curves. The latter curves are linked to the y-axis on
the right. The dashed vertical lines indicate the start en end of the phase transformation. The markers at the top
and bottom of the vertical lines indicate which simulation they relate to. The intersections of the vertical lines with
the cooling curves were used to establish the start and end temperature of the phase transformation. The horizontal
dashed blue lines show the start and end temperature for the pearlitic-ferritic α-alloy at MP 1. SA and SB are
respectively the simulations of the α- and β-alloy, here shown for MP 1, 5, and 9.

that the pearlitic-ferritic α-alloy (blue) display two
consecutive phase transformations. This double
phase transformation occurs via the transformation
of austenite to ferrite; which is tailgated by a pearl-
ite formation. The C embedded in the FCC austenite
lattice precipitates into the graphite as the FCC to
BCC transformation occur [32]. This happens be-
cause the FCC austenite lattice can potentially hold
as much as 2.04 wt% C, whereas the BCC structure
of the ferrite lattice only holds 0.02 wt% C at 723 ○C,
and as little as 0.005 wt% C at 0 ○C.

If the C content of the austenite is 0.8 wt% or
above at the time of the phase transformation, the
austenite will become supersaturated which results
in a simultaneous growth of ferrite and cementite
resulting in the formation of pearlite.

Hence, the austenite of the low Si α-alloy contains
0.8 wt% C or more resulting in a subsequent
austenite to pearlite reaction. This additional
phase transformation prolongs the overall phase
transformation as the austenite to ferrite is a more
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Figure 8.5: Phase Transformation Temperature: Austenite to ferrite phase transformation temperature intervals
for all measured and simulated castings, for each of the nine MPs. The red bars represent the measured castings
with the τ-alloy. The blue is the simulation of the pearlitic α-alloy, the grey is the simulation of the fully ferritic
β-alloy, and the black is the fully ferritic τ-alloy. The bars indicate the phase transformation interval, and the bold
dashed lines indicate the mean phase transformation temperature for the three alloys for MP 2-7. The thin dashed
lined at the top indicate the phase transformation interval duration for the three alloys for MP 2-7 and is linked to
the right y-axis. A and B are the TC-castings, and SA, SB, and ST are the simulations of the three different alloys.

rapid transformation compared with the diffusion
controlled pearlite growth. Note, however, that
some of the C will precipitate from the austenite
to nearby primary graphite. As a result, only the
austenite that contains 0.8 wt% C or more at the
time when the diffusion distance becomes too great
for the embedded C to reach a grain boundary or a
primary graphite formation.

The result of the double phase transformation is
seen by the prolonged duration of the phase trans-
formation in fig. 8.5, and as the double ‘bump’ on
the derived cooling curves in fig. 8.4 on page 127.

The key to understanding the variation of the
temperature intervals is found in the solidification
and segregation of the alloying elements. The cool-
ing rate during solidification governs the segregation
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Figure 8.6: Phase Transformation Time: Austenite to ferrite phase transformation time intervals for all measured
and simulated castings, for each of the nine MPs. The red bars represent the measured castings with the τ-alloy.
The blue is the simulation of the pearlitic α-alloy, the grey is the simulation of the fully ferritic β-alloy, and the
black is the fully ferritic τ-alloy. The bars indicate the phase transformation interval, and the bold dashed lines
indicate the mean phase transformation time for the three alloys for MP 2-7. The thin dashed lined at the top
indicate the phase transformation interval duration for the three alloys for MP 2-7 and is linked to the right y-axis.
A and B are the TC-castings, and SA, SB, and ST are the simulations of the three different alloys.

of different alloying elements. Si will segregate into
the austenite, as reported by Vazehrad [122]; which
in this respect presents two effects: (1) The Si will
take up some of the volumes in the FCC structure,
thus reducing the C content in the austenite, and
as a result a more substantial primary graphite pre-
cipitation will occur. (2) The concentration of Si
will be highest in the area with a high cooling rate
as the first austenite will form here, and in turn,
the Si will segregate into the austenite where it first

appears. Subsequently, the Si content of the residual
melt will be reduced, which lowers both the eutectic
and the eutectoid temperatures and increases the
potential C content of the last to freeze austenite.
Hence, the differences in temperature intervals can
be seen as a reference to the solidification history
of the casting.

The segregation effects of Si are nicely illustrated
in the colour etched sample in fig. 6.2 on page 92.
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The figure shows how the ferrite near the primary
nodules are rich in Si, and how pearlite have formed
at the edges of the high Si ferrite.

Comparing the transformation of the TC-castings
and the simulated castings it was found that the
curves in fig. 8.3 on page 126 show good correlation.
However, the phase transformation temperatures
vary with as much as 50 ○C for MP 2. The tem-
perature difference may partly be related to the
calculation of the phase transformation in the nu-
merical simulation. The calculated temperatures
and transformation may be idealised as a result of
the underlying assumption required to solve the
equation within a reasonable time. Note, however,
that the difference is much less for the larger modu-
lus at MP 1. This reduced difference indicates that
the effect is related to the cooling rate during either
solidification or at the eutectoid transformation.

The thermal influence on the transformation tem-
peratures for the simulated casting is confirmed by
the duration of the interval, which is shown at the
top of the graph with dashed lines. Note that the
measured curve (red) is very flat, while both of
the simulated curves show a significant reduction
in the phase transformation interval for the MP 3.
This position was right below the top feeder and
was hotter than the other MPs in the thin-walled
section.

Note also that the MP 8 for the τ23A did not
provide any thermal measurement. The other TC-
casting measurement at MP 8 displayed a very high
phase transformation temperature. This increased
temperature was considered a measurement error.

8.3.2 Phase Transformation: Time

The phase transformation times are shown in fig. 8.6
on page 129, and are set up in the same manner
as with the phase transformation temperatures in
fig. 8.5 on page 128. Compared with the transform-
ation temperatures the transformation times are
more uniform. The high Si alloys (β, τ) showed a
relatively short transformation duration, while the
pearlitic-ferritic α-alloy showed significantly longer
phase transformation duration. In fact, the pearlitic-
ferritic phase transformation was twice as long as
the fully ferritic phase transformation. This pro-
longed transformation is shown by the dashed lined
at the top of the graph, which indicates transform-
ation duration for the three groups. Note that the
duration graphs are linked to the right y-axis. Note
also that the simulations (blue and black) predict

a variation around MP 3, while the measured tem-
peratures (red) resulted in a very uniform phase
transformation duration.

Figure 8.5 on page 128 shows at which temper-
atures the transformation occurs for the different
MPs, while fig. 8.7 on the facing page shows the
sequence between the different MPs. It is observed
that MP 1 (the boss) showed the latest transforma-
tion, while MPs 2-8 showed almost the same start
and end times. Note though that MP 3 goes through
the phase transformation a little later than the rest
of the group. Even later than the MP 8 in the ring
on top of MP 3. Likewise, the ring on the right (MP
9) cooled even faster was the first MP to undergo
the phase transformation. Note that the modulus
of the ring is larger than the thin-walled section,
and thus solidify later than the thin-walled section.
Hence, the solidification and the eutectoid phase
transformations progress differently. The solidific-
ation and cooling pattern of the casting show this
very well. See fig. 8.8 on page 132.

8.3.3 Thermal Deformation Analysis

Figure 8.2 on page 125 shows that the difference
between the cooling curves for two castings made
under similar conditions was small. The two cast-
ings solidify and cool identically. The austenite to
ferrite phase transformation was shifted 40 s, but
the difference in the duration of the phase trans-
formation was only 4 s. The duration of the phase
transformations was within a 10 s time frame for six
of the nine MPs. The largest measured difference
was 25 s at MP 9.

The cooling and solidification times and tem-
peratures were similar to both the measured and
simulated results. In the trial castings and for the
simulations it was found that the thin-walled sec-
tion (MP 2-7) solidified before the ring (MP 8-9).
However, after solidification, this changed so that
the ring cooled faster than the thin-walled section.
Thus, the ring was the first section of the casting
to go through the austenite to ferrite phase trans-
formation followed by the thin-walled section, and
ending with the boss (MP 1). Figure 8.7 on the next
page shows how long time it took before the MP
was halfway through the austenite to ferrite phase
transformation (full lines at the top). The duration
of the phase transformation is also shown (dashed
lines at the bottom). For the trial castings, the
ring right below the top feeder also cooled faster
than the thin-walled section. All three simulations
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Figure 8.7: Thermal analysis summary. The full lines show the mean time of the austenite to ferrite phase
transformation for all nine MPs inside the casting. The dashed lines show the duration of the phase transformation
for each MP. The black lines marked with + display the average of the experimental measurements. The three
other curves were obtained via numerical simulation.

showed a greater effect of the heat from the top
feeder on the top part of the ring (MP 8) and on
the top most part of the thin-walled section (MP 3).

The top feeder was also found to influence the
duration of the phase transformation for the upper
part of the thin-walled section (MP 2-4) for the
numerical simulations. All three alloy simulations
showed a prolonged phase transformation duration
at MP 2 and 4, while the centre point between the
two displayed a decreased duration of the phase
transformation. See fig. 8.7. In comparison, the
trial measurements did not show a similar effect.

The simulations showed an increased duration of the
phase transformation at MP 2 and 4, and decreased
duration close to the feeders at MP 1 and 3, although
the duration at MP 8 was unaffected when compared
to MP 9. The duration of the phase transformation
was longest at the boss (MP 1). The thin-walled
measurements (MP 2-7) was slightly shorter and
all within an 18 s time frame. Finally, the fastest
phase transformation was found for the ring (MP
8-9). Measurements and simulations showed that
the eutectoid transformation begins at the ring and

131



(a) 1244 °C - 1392 °C 

(b) 1165 °C - 1175 °C 

(c) 1135 °C - 1150 °C 

(d) 1050 °C - 1075 °C (h) 700 °C - 1000 °C 
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(f ) 1015 °C - 1050 °C 

(e) 1035 °C - 1060 °C 

Figure 8.8: Thermal gradients for the solidification and cooling of the casting viewed from both the front and
the reverse side. The temperature scale is adapted for each of the steps through the solidification and cooling to
show the small but important thermal gradients that exist throughout the sequence. The simulation is for feeder
combination β23 with a GP level of 6.
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travels through the thin-walled section to the boss
at the centre.

The duration of the phase transformation for the
trial measurements (A,B) only varied by 80 s from
MP 1 to 9 in an almost linear fashion. The duration
of the phase transformation of the high Si alloys
(β,τ) simulations varied by 130 s with peaks at MP 2
and 4. The pearlitic low Si alloy (α) varied by 200 s
and also showed peaks at MP 2 and 4. The duration
of the phase transformation for the pearlitic-ferritic
alloy (α) was found to be approximately twice as
long as for both the trial measurements and the high
Si alloy simulations. This prolonged duration was
related to two-step phase transformation that was
found for all MPs for the pearlitic-ferritic α-alloy.

The temperature distribution in the casting dur-
ing the solidification and cooling from 0 % to 100 %
solidified was analysed. It was found that there
was a non-uniform temperature distribution in the
casting. This non-uniform distribution was particu-
larly evident in the thin section of the plate and is
illustrated in 7.8e on on page 105. The figure shows
two colder areas located at approximately 02:00
hrs and 10:00 hrs respectively. Those two regions
remained 5 ○C to 10 ○C colder than the rest of the
thin-walled section until 85 % of the entire casting
was solidified. The local solid-fraction was at this
point 100 % and the local temperature approxim-
ately 1050 ○C. Since this temperature variation was
observed during eutectic solidification, where that
solidification interval was small, it means that there
was a significant local variation in solid fraction and
strength of the casting.

Likewise, it was found that the inside of the ring
and outside of the boss, where the geometry retains
the heat so that circular hotspots are formed, solidi-
fication was markedly slower than for the remaining
casting. In these hotspots, the heat was retained on
the front side of the casting, while on the reverse,
flat, side cooling was more efficient. As a result, the

temperature gradient from one side of the casting
was in the order of 10 ○C over a distance of 10 mm.
It was also found from the simulations that this
picture was standard for all three alloys.
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"Discussion of the validity of the experiment and the reported findings.
The reproducibility of the experiment and castings is discussed, and
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9.1 Introduction

As a lot of different findings, observations, and
data have been presented in the previous

chapters constituting the first part of the disser-
tation. This chapter will address and discuss the
findings, strengths, and weaknesses of the exper-
imental part. Additionally, this chapter will also
address the correlation of between feeding defects

and thermal deformation of the castings.

Austempered Ductile Iron (ADI), Adaptive
Thermal Analysis System (ATAS), Continuous Cooling
Transformation-diagram (CCT-diagram), Carbon Equivalent
Value (CEV), Coordinate Measurement Machine (CMM),
Non-Linear Clustered Indications (CP), Graphite Precip-
itation Coefficient (GP), Lamellar Graphite Iron (LGI),
Manganese (Mn), Spherical Graphite Iron (SGI), Silicon (Si),
Non-Linear Isolated Indications (SP), Thermocouple (TC),
Time-Temperature Transformation-diagram (TTT-diagram)
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9.2 Purpose and Objectives

The primary purpose of the first part was to
demonstrate that spot feeders could be used to

feed secluded section in castings on vertically parted
moulding lines. Subsequently it became a priority
to investigate the applicability of spot feeder to
a more demanding alloy, and to identify the limit
of the spot feeder performance. The latter with
respect to yield optimisation and potential energy
reduction. Part I has also addressed the influence
of exothermic feeders on the casting microstructure.

The discovery of the thermal deformations opens
an additional objective for this part of the disserta-
tion. The aim was to explain the thermal influence
from the feeders on the casting deformation. Under-
standing the underlying effect of thermal distortion
of cast iron castings can potentially be used to re-
duce machining allowance, and thus reduce energy
consumption and tool wear. However, a better un-
derstanding of the thermal influence on the casting,
made by the feeder, would also help choose the
optimal feeder based in a broader knowledge base.

9.3 Experimental Setup

The casting was designed as a generic casting
with a difficult to feed secluded section. The

design included the possibility to place ram-up
sleeve spot feeder at both the centre boss section
and the top of the rim. Additionally, a traditional
parting line feeder sleeve could be mounted on top
of the casting. This setup allowed for a wide range
of combinations of different feeders, varying both
volume, shape, and sleeve material.

9.3.1 Feeder Combination Analysis

With respect to analysing if the ram-up sleeves were
useful for a foundry using vertically parted moulding
machines, it was assessed that combination of the
parting line feeder at the top and the ram-up sleeve
at the centre resembled the way such a casting would
be produced on a vertical moulding line. So in this
respect, the setup was well suited for the purpose.

The design that allowed for the removal of the dif-
ferent feeders was very successful. It was essential to
show the influence of the two feeders by themselves,
as well as obtain a reference casting without any
feeders. The full influence of the two feeders would
have been impossible to assess without references

cast without feeders. The castings cast with only
the top feeder, only the centre feeder, or without
both feeders showed that the castings could not be
made soundly without the feeders.

The feeders analysed were chosen based on the
modulus of the ring for the top feeder, and the
modulus of the boss for the centre feeder. The
feeder modulus for the insulating and insulating-
exothermic sleeves was based on the classical ap-
proach of making the feeder 1.2 times larger than
the section it is required to feed. Based on the mod-
uli of the ring and boss sections shown in table 4.1
on page 68, this gave the feeder moduli listed in
table 4.3 on page 70.

9.3.2 Trial Plan

The castings were cast in three different sessions at
Valdemar Birn A⁄S (Vald. Birn), and a fourth session at
the university foundry at DTU. It would have been
advantageous if the castings at Vald. Birn could have
been cast at the same date to ensure the greatest
possible reproducibility of the casting conditions.
However, it is assessed that the casting conditions
were as similar as possible between the first and
second sessions and the third session. However, the
change in alloy between the two dates means that
no direct reference can indicate which, if any, dif-
ferences in casting conditions occurred between the
two trial dates. It would have been advantageous
to cast a few castings with the EN-GJS-500-7 alloy
on the day of the trials with the EN-GJS-450-10 alloy.
This additional casting would, however, not have
been possible as the foundry changes the entire iron
production to a given alloy. Hence, no EN-GJS-500-7
alloy melt could have been acquired. This said,
there were no indications that the differences ob-
served between the two different alloy castings were
not related to the alloy properties.

An advantage of the division of the trials was
that the session with the high Si β-alloy could be
designed based on the findings of first trial sessions.
A full factorial parameter examination is always
the best for data completeness. However, as the
trial plan had to provide useful data with a limited
number of trial castings, only selected feeder and
alloy combinations could be examined.

9.3.3 Thermal Measurements

The fourth and final session was cast at the uni-
versity foundry at DTU. This naturally entailed
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some process variations in relation to the full-
scale foundry that Vald. Birn have at their disposal.
However, the experiment with two castings with
11 thermocouples could not have been performed
at Vald. Birn. Previously thermal measurements
had been performed at Vald. Birn, as described by
Aagaard [71]. However, modernisation of the
foundry layout since the work of Aagaard made
this approach impossible. Additionally, it would
require that the moulding line was halted while the
castings cooled. Because of these reasons, and be-
cause of the availability of the university foundry
at DTU, it was decided to cast the TC-castings at
this facility.

The casting condition of Vald. Birn could not be
replicated in full at the university foundry. The
trials at Vald. Birn was cast on a Disamatic 230A,
while the trial series at DTU was cast on a smal-
ler Disamatic 2110. Additionally, the stability of
the sand production quality and stability at the
university foundry cannot match that of an oper-
ating foundry. The alloy composition was slightly
different from the β-alloy cast in session 3 of the
Vald. Birn trial sessions. See table 4.2 on page 68.
The differences in alloy composition and the other
process parameters were assessed to not signific-
antly influence the thermal performance of the cast-
ing, as compared with the β-alloy castings made at
Vald. Birn.

It would however, had been advantageous to have
thermal measurements from the trials at Vald. Birn
to compare and validate the TC-castings but also
the numerical simulations of the casting combina-
tions. The only temperatures available from the first
three casting session were the pouring temperatures
and the ATAS curves made before the sessions [114].
Though these temperature measurements were suf-
ficient to have a target pouring temperature for the
fourth session, a thermal measurement from the
casting itself would have been a bonus. Eventu-
ally, this leads to the development of the setup for
thermal measurements that could function with the
production facilities at Vald. Birn. See section 11.4.1,
on page 173.

9.3.4 Porosity Analysis

The casting design did not allow for non-destructive
porosity analyses of the centre boss. As part of
the objective was to quantify the efficiency of the
different feeder combinations, three different poros-
ity analysis tools were used—liquid penetrant test,
ultrasound analysis, and x-ray imaging. An import-

ant aspect was, however, to analyse the porosity
distribution in and close to the feeder, hence fa-
vouring methods that allowed for the feeder to be
analysed together with the casting. For this pur-
pose, the liquid penetrant test was chosen for the
primary analysis via sectioned castings, while the ul-
trasound and x-ray imaging was used a subsequent
confirmation of the porosity findings made with this
method.

The outcome of the porosity analysis will be dis-
cussed in detail in section 9.4, on page 143, however,
the influence of the casting design concerning the
possible analyses is discussed here. The limited ap-
plication of non-destructive porosity tests resulted
in the castings being sectioned before it was known
that the surface deformation of the reverse side had
to be investigated further. In this way, the geometry
would have benefited if an initial porosity analysis
could have been performed without sectioning the
castings. The casting did, however, fulfil the criteria
established at the time it was developed.

Liquid Penetrant Test

The liquid penetrant tests were performed as pre-
scribed by the corresponding standard—EN1371-
1:2011 Founding: Liquid Penetrant Testing—Sand,
Gravity Die, and Low Pressure Die Castings [116].
The method has advantages and disadvantages. The
advantages were that it is a well known and docu-
mented methods that can easily be referenced and
with standard types of porosities which can be quan-
tified based in categories. The tests were easy to per-
form, though the developed ‘porosity prints’ bleed
and became obscured with time. This was fixed by
photo-documenting the developed porosity prints
following the development process. However, the
porosities near the surface of the boss section for
castings β11A and β11C, discovered by the sub-
sequent ultrasound analysis, not the less showed
that the bleeding edges indeed could potentially
hide porosities. See section 5.1.6, on page 80.

The drawbacks of the liquid penetrant test type
of porosity analysis are first and foremost that only
the porosities that happen to lie in the sectioned
plane can be discovered. The porosities that are
found can be mapped and assessed precisely, and
they provide solid evidence (no pun intended), that
the porosities are there, and where they are located
for that specific plane of examination. However, the
possibility that porosities are located in all three
spatial dimensions, while the analysis only took into
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account a two-dimensional view, leaves the possib-
ility that porosities are overlooked. However, the
duplicates of the castings reduce the likelihood of
accidentally sectioning three castings with poros-
ities, and by happenstance not finding any of the
porosities. Additionally, an increased amount of
porosities will likewise also increase the change that
some porosities are found.

Porosities located away from the sectioned plane
cannot be detected. Additionally, improper clean-
ing of the castings before the final development of
the penetrant may cause false positives. This is
especially problematic near corners, edges, or other
less easily accessible areas. Fortunately, these bleed
effect often show up in an area where porosities
would not naturally occur, which makes it easier to
estimate if the marking is related to a porosity or
an improperly cleaned scratch, edge, or corner.

The photo documentation was necessary to allow
for all the castings to be analysed together, and to
allow multiple views assist with the classification
of the porosity size, type, and location. However,
the scale of the printed photos of the penetrant
treated castings was not 1 : 1. This was a known
fact and compensation was made. However, this was
an added uncertainty factor concerning the correct
assessment of the porosity sizes.

Ultrasound and X-ray analysis

The ultrasound analysis and x-ray imaging were
performed after the castings were sectioned and
analysed with the liquid penetrant test. In addition
to the sectioning of the castings, it was also neces-
sary to cut off the feeders to ensure plane surfaces
for the ultrasound analysis to work. Thus, these
subsequent porosity analyses were excluded from
analysing the feeders. The analysis of the casting
geometry did, however, to a great extent confirm the
porosity results obtained by the liquid penetrant
tests. The ultrasound analysis additionally also
found a few porosities which had not been revealed
by the initial inspection, thus providing a more com-
plete picture of the correlation between the feeder
configurations and the formation of porosities. It
should also be noted that the additional porosities
discovered were found in the boss section of two
castings that were expected to have porosities on
account of the third casting in the group showing
porosities in this area.

The x-ray imaging yielded a further confirmation
of the porosities found in the two previous analyses,
though it also yielded a single small porosity loc-

ated at the right side of the ring, which was not
discovered by the ultrasound analyses. This poros-
ity, however, was in casting α00C which was cast
without any feeder and showed large porosities at
both the boss section and the ring.

A weakness of the ultrasound and x-ray analyses
is the limited number of castings examined by each
of the methods. In total 24 castings, out of the 53
castings made, was tested, while only four out of
the 24 ultrasound analysed castings were x-rayed.
Thus, the two analyses serve as confirmation of the
liquid penetrant tests but do not themselves provide
a complete description of the porosities found in all
castings. On the other hand, the castings selected
for ultrasound and x-ray analysis respectively were
chosen because these castings were the most inter-
esting to examine—to prove the confirmation of the
porosity-free castings actually being porosity-free,
as well as examine the porosity formation away from
the sectioning line.

9.3.5 Numerical Simulations

The uncertainty related to the porosity findings of
the liquid penetrant test, the ultrasound analysis,
and the x-ray imaging was for a large part reduced
by the numerical simulation porosity analysis shown
in fig. 5.7 on page 86. Besides having the function
of benchmarking the calibrating the Magmasoft
setup; the porosity simulations also showed that the
predicted porosities were located in the area covered
by the sectioned plane. Moreover, it also showed
that the number and size of porosities observed
with the liquid penetrant test corresponded to the
amount and location of the porosities predicted by
the simulations.

Additionally, it was found that the calibrated sim-
ulation provided accurate simulations of the cast-
ings for most parameters. Some parameters, eg the
porosity analysis, was found to be useful and rel-
atively precise. Though the exact mathematics of
the criteria functions used by Magmasoft is not
known, it was found that the porosity probability
estimates made by Magmasoft to a certain degree
matched the porosities found in the castings via the
three different porosity analyses.

The main issue was to calibrate the simulation
setup to match the casting conditions, and particu-
larly the setup of the alloy and melt treatment to
match the porosity findings of the porosity analyses.
Most important, though, it was possible to find
a setup for each of the alloys that predicted to a
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reasonable degree the amount and location of the
porosities for the different feeder configurations.

Is was assessed that the number and size of poros-
ities corresponded to a GP level of 6.5, where only
integers can be selected. However, reading and un-
derstanding the results provided by Magmasoft
require an understanding of the casting process, and
in no small degree is aided by an empirical know-
ledge of the processing conditions in the particular
foundry. This is not to say that the simulations
are not accurate, but more a question of all the
process parameters that cannot be included in the
simulation. As phase diagrams, CCT-diagrams, and
TTT-diagrams require skill and knowledge to use, the
same is true for numerical simulation results.

Hence, the process of simulating the casting and
matching the simulations and results provided in-
sight into the significant process variables, as these
had to be identified and adjusted to match the
simulations to the casting results.

The approach of matching the simulations to the
observed results may appear backwards, especially
with the approach that simulation is primarily used
to aid the design and construction castings before
the patterns are made. Note however, that as an ex-
ternal user, the standard setup developed as empir-
ical knowledge by the foundry engineer at Vald. Birn
was not available. This said the parametrical in-
vestigations required to develop a suitable standard
simulation setup for this specific disc casting was an
advantage in understanding the nature of the cast-
ings itself, as well as an opportunity to investigate
the processing of Magmasoft.

A great challenge for the correct and precise pre-
diction of porosities in castings is that porosities
are the most notable outcome of the simulations
for most operators. Other aspects, such as mech-
anical properties like the ultimate tensile strength,
Young’s modulus of elasticity, nodule count, pearl-
ite amount, and potential white solidifications can
also be tested and are sometimes tested as often as
porosity analyses are made. However, porosities for
many foundries act as a benchmark of the simula-
tion setup, as all major process parameters influence
the formation of porosities in one way or another.
Be it pouring temperature, filling flow, heat transfer,
sand composition, mould strength, alloy composi-
tion, microstructure formation, or contraction and
expansion; all these factors influence the formation
of porosities in the simulations as well as in the
foundry. See chapter 3, on page 39. This, however,
also muddle the picture somewhat, as many factors
require fitting to an acceptable degree to set up

the simulations, with only an indirect correlation
between the parameters and the outcome. Similarly,
changes to the production conditions in the foundry,
deliberate or not, also disrupts the picture; thus
it is important that the calibration of the specific
alloy is calibrated and that the calibration is kept
updated.

Something that is not simulated by Magmasoft
is inclusions and impurities in the melt. The as-
sumption is that the melt is clear, and that the
abrasion of the mould do not occur. As described
in section 2.2.1, on page 17 the surface tension of
the forming pore make it very difficult for a pore
to form without a nucleating site, because the pore
cannot overcome the very small radius of the sphere
that forms the pore itself. As related in eq. (2.3) on
page 18 by Stefanescu [26]:

𝑃𝛾 =
2𝛾𝐿𝐺

𝑟

where 𝑃𝛾 is the pressure induced by surface tension
on the pore, 𝛾𝐿𝐺 is the gas/liquid surface energy,
and 𝑟 is the radius of the pore.

Hence, impurities in the melt may change the
formation of porosities in a way Magmasoft can-
not predict. Note that this assumption requires
both the presence of inclusions in the melt and that
the melt is oversaturated with gasses as reported
by Stefanescu and Diószegi et al [26, 33, 34].

As described in section 5.1.4, on page 77, four of
the 51 castings analysed had porosities at the lower
ring section (VII), some of which were analysed
resemble inclusion defects. Viewing the porosity in
fig. 5.7 on page 86, however, it is also noted the
simulation setups with a graphite precipitation of
both 6, 7, and 8 showed potential porosities in this
area. For the α-alloy, it was however assessed that
the graphite precipitation of 8 was a more accurate
description of the performance of the α-alloy. Thus,
an explanation for the porosities in the lower ring
section (VII); which was not predicted with the
high graphite precipitations, could be, that a melt
impurity or other small inclusions have acted as a
nucleation site for the porosities. Additionally, the
porosity was also located in an area shown by the
other simulations to be prone to forming porosities.

Whether or not the above theory for the form-
ation of the porosities in the lower ring section
is correct, it is essential to understand the poros-
ities formed in the castings being analysed. As
porosities formed for process conditions, as eg in-
clusion and melt impurities, that is not simulated
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by Magmasoft, but can be found in the castings,
will obscure the correlation between the simulated
results and the analysed castings.

9.3.6 Process Stability

The repeatability of the castings was excellent, as
was shown by both the porosity analysis in chapter
5, on page 75, and the thermal deformation analysis
in chapter 7, on page 97.

Casting three duplicates of most of the castings
allowed for an estimation if the process variation,
even though three samples are a tiny population
for statistical purposes. However, when all the
castings were analysed together, sorted based on
different trial parameters, a reasonable statistical
representation could be achieved.

Based on the porosity and deformations findings,
and the possibility to distinguish which feeder com-
bination had been used, based on the deformation
of the casting, indicate that the production process
at Vald. Birn was very stable and controlled. Had
the process stability and reproducibility not been
this high, then other factors would have influenced
the porosity formation and the thermal deformation
of the castings, obscuring the effect of the invest-
igated process parameters. Chapter 7, on page 97
showed how the different process parameters could
be distinguished statistically based in the casting
deformation alone, both for thickness of the thin-
walled section and the surface shrinkage on the
reverse side of the casting.

9.3.7 Microstructure Analysis

The initial macrostructure analysis provided inform-
ation about the segregation of the pearlitic-ferritic
casting and proved that the β-alloy castings were
indeed fully ferritic. The Nital etching worked well
considering the size of the samples. The sectioned
castings were ground plane as this was the best
surface quality that could be achieved. The size
of the sectioned pieces made it impossible to use
any of the traditional materiallographic preparation
equipment. However, the etching results showed
that the acquired surface finish was adequate for the
purpose. Additionally, the dissolved Nital etchant
of just 1 % Nitric acid (HNO3) prolonged the etch-
ing time, which made it easier to retain a stable
process and achieve the same level of etching for all
castings.

The photo documentation of the macro-etched
castings served as an archive for later analysis. How-

ever, the etched castings themselves were used for
the analysis, as this provided a better view of the
macrostructure compared with the photos.

The colour etching of the microstructure was per-
formed at the School of Engineering at Jönköping
University in Sweden. This was a great opportun-
ity as it was not possible to use the picric acid at
the facilities at DTU. A drawback of this was how-
ever, that the samples to be analysed all had to
be pre-selected and was limited to the number of
samples that could be processed during the stay
in Jönköping. As the analysis of the colour etched
microstructures did raise questions that required
further investigations, it was, fortunately, possible
to borrow the facilities at Jönköping University once
again. Hence, the selection of samples for the second
etching was made based on the knowledge and ques-
tions raised by the first etching. This second etching
was very valuable as it made is possible to disprove
the speculations made about the last to freeze melt
in supplement II on page on page 315.

Colour etching using picric acid has advantages
and disadvantages. Among the advantages are that
one etchant can reveal a range of different solidific-
ation and segregation effects. This provides inform-
ation about the correlation of different effects, that
would else require several different types of etchings
to be made on the same sample, and then compared
afterwards. Additionally, the reactivity of Motz’s
picric etchant with Si was ideal for a comparison of
two alloys where the main difference in composition
relates to the Si content [121].

A disadvantage of Motz’s etchant, besides that
it should be used with extreme care and safety, is
that the process is arduous to control and automate.
Hence, the successful etching of a sample relies on
the skill and experience of the operator perform-
ing the etching. As described in section 6.4.1, on
page 90, the tint is created by a thin-film on the
surface of the samples, and the thickness of the
thin film determine the colour of the tint. Hence,
a prolonged etching of the sample will ‘burn’ the
colours of the sample by having developed a too
thick thin film across the different microstructures.
What makes this difficult is that the microstructures
with a high concentration of Si, which should have
a blueish tint, become an orange-brown typically
found in the last to freeze melt which is poor on Si.
Hence, the optimum etching time is when the se-
gregation differences are displayed with the greatest
contrast.
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If a sample is under-etched, the etching can be
continued. If a sample is etched long enough for it
to get ‘burnt’ then it can be polished and etched
again. The challenging assessment is to etch the
samples the exact right amount that can provide
comparable etchings. This is difficult because there
is no reference guide. Each alloy and even each
sample contain different amounts of Si and have
differences in the microstructure that makes the
samples behave differently. Hence, it can be dif-
ficult to know how the sample should look when
it is etched right. This was shown by the results
presented in supplement II on page on page 315,
where the variation in the degree of etching led to
doubt about the amount of Si segregation in the
exothermic centre feeder. The second etchings of
the same samples proved that this was, with a high
probability, an effect attributed to the etching of the
samples rather than an effect of the solidification
and segregation.

As with the numerical simulations, the setup,
etching, and subsequent microstructure analysis of
the colour etched samples require experience and
know-how to perform and analyse afterwards. The
possibility to re-etch samples of particular signific-
ance to prove or disprove the findings is a great
asset.

The microstructure of the castings matched the
section thickness that the samples were obtained
from. The comparison of the microstructures in
the feeders with insulating and exothermic sleeves
respectively, showed that significant or distinguished
differences in the microstructure could not be found.

9.3.8 Deformations Measurements

The numerical simulations can be used to verify the
amount and location of porosities. Magmasoft
can also provide information regarding thermal de-
formations caused by stress and strain developed
during solidification and cooling. The numerical
simulations cannot, at the moment, provide inform-
ation about surface shrinkage caused by the thermal
gradient during cooling and solidification. Hence,
it was necessary to examine the castings to assess
the influence of the feeder configurations on surface
shrinkage, or thermal deformation.

The first step was to establish if any surface
shrinkage occurred for these castings and these al-
loy at all. This was examined by documenting if
the reverse side of the casting was as plane as the
casting was designed, or not. See fig. 7.1 on page 98.

The investigation showed that the castings did show
signs of surface shrinkage. However, this approach
could not provide precise comparable results, and
this particular approach only investigated the ver-
tical centre line of the casting, not the surface as a
whole. Thus, it was decided to measure the surface
to enable a full analysis of the geometric difference
between the casting and the pattern.

The deformation measurements were made us-
ing a calibrated CMM, and the measurement data
was assessed for a reference artefact. Hence, the
measurement data themselves were assessed to be
valid within the expanded measurement uncertainty
shown in table 7.10 on page 119. The roughness
of the surface of the casting may potentially be of
a magnitude to influence the measurement results.
A 3 mm probe was used to limit the effect of the
surface roughness. While a small probe can poten-
tially measure either the valley between two peaks,
or the top of one of the peaks, the larger probe (if
large enough) is too large to reach the valley, and
will thus measure close to the peak or on the peak
itself. The probe size was assessed based on the
work about casting surfaces by Nwaogu et al [108].

Additionally, if the probe measures a protrusion
or large enough valley (defect) that the probe could
reach the bottom, these data would show up as
outliers that could be assessed manually and if need
be discarded. Not such outliers were found, and no
data were discarded.

A drawback of the deformation analysis was that
only one half of the casting could be investigated as a
whole, as the castings had all been sectioned for the
porosity analysis before it was known that surface
deformation measurements were required. Hence,
the measurements only represent one half of the
casting. Additionally, the sectioning of the casting
itself may potentially have released some strain that
deformed the casting. It would have been preferable
if the castings had not been sectioned before the
measurements were made. The potential release of
deformation strain in the castings was, however, the
same for all castings, and did not directly influence
the deformation caused by thermal gradients during
solidification.

As the simulations of the casting deformation
in section 7.1.2, on page 98 show, the casting nat-
urally ‘fold’ forward leaving a local maximum at
the centre of the reverse side of the casting. This,
however, does not match well with the geometries
measured for any of the castings—they all curve
inward leaving the centre area a local minimum.
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9.3.9 Thermal Analysis

As described in section 9.3.3, on page 136, some of
the process parameters from the trials at Vald. Birn
could not be replicated at the university foundry at
DTU, and no thermal measurement from the solidi-
fication and cooling of the castings were recorded
during the sessions cast at Vald. Birn. However, it
was assessed that the thermal data could be con-
sidered as representable for the thermal gradients
present in the casting during solidification and cool-
ing.

Another weakness of the thermal analysis was
that only one feeder and alloy combination was ex-
amined. With the number of thermocouples placed
in each mould, 11, the data acquisition equipment
simply could not handle more than two castings at
one time. Additionally, it was assessed that it was
more important to examine the reproducibility of
the thermal data, rather than examining two differ-
ent feeder combinations. Casting two castings with
the same feeder configuration would also provide in-
formation about the process stability of the thermal
gradients in the casting. The thermal data from
the experiment should then be used to validate the
numerical simulation setup, which in turn could be
used to simulate other feeder combinations.

A large part of the thermal analysis was based
on the phase transformation intervals identified via
the second derivative of the cooling curves from
the thermal measurements and numerical simula-
tions respectively. To obtain cooling acceleration
curves without too much noise, the cooling curve
data was smoothed using a Gaussian distribution
filter. This approach will theoretically smooth the
curve without obscuring or moving the underlying
data too much. Unless the noise insulation has been
perfect and the cooling curves are without fluctu-
ations, the signal noise will be increasingly more
visible in the data per derivation step. A typical
approach to reducing signal noise it to mean several
measurements into one. This however, requires a
high enough sampling rate to retain a reasonable
time step for the meaned data. The experimental
data was meant from the recorded sampling rate of
100 Hz to 1 Hz before the subsequent smoothing of
the curves using the Gaussian distribution filter.

Note that these data operations can potentially
shift the cooling curves, which in turn will shift
the minimum and maximum of the derived curves.
To ensure the data smoothing did not significantly
alter the shape or position of the cooling curves,
the smoothed curves were plotted together with the

original curves to assess if the transformation was
acceptable or not.

The magnitude of the smoothing was greatest
when applied to the original curve, as this reduced
the small peaks that would create greater peaks for
the derived curve. Hence, to limit the smoothing of
the original curve, the Gaussian distribution filter
was also used on the first derived curve, and sub-
sequently for the second derivative as well. This
was found be the best method to ensure that the
original curve was not changed too much, while
still obtaining smooth cooling acceleration curves
with identifiable local minimum and maximum. See
fig. 8.2 on page 125.

The location of the minimum and maximum of the
second derivative was found manually for all 22 cool-
ing curves. Subsequent the location of the minimum
and maximum was used to manually find the inter-
section points with the corresponding cooling curves,
which provided the start and end temperatures for
the phase transformations. The manual identific-
ation of the intersections may potentially have an
inherent inaccuracy due to the human factor. How-
ever, the identification was performed with great
care and with a magnified section of the graph to
provide a large view of the local turning point or
intersection. It is assessed that the inaccuracy is no
more than ±2 s and ±2 ○C for the manual identifica-
tion of the intersections points. It is considered that
the smoothing of the cooling curves and may have
a significant influence, and the synchronisation of
the cooling curves initiation in itself can shift the
curve a few seconds. However, there is no indic-
ation that these potential inaccuracies should be
systematic, and thus it is assessed that the presented
time and temperature intervals are reliable within
a few seconds and a few °C for each measurement.
See figs. 8.5 and 8.6 on page 128 and on page 129.
Note however, that there is an inaccuracy of the
thermocouple measurement itself as well.

While the temperature measurements from the
experiment showed some signal noise, the cooling
curves obtained via the numerical simulations had
another problem. To optimise the simulation time
the calculations run close to the edge of stability. De
facto this means that the data output sequence does
not follow a fixed time step as described in chapter
3, on page 39. This in turn, when the steps become
too small, will create noise in the derived curves.
The reason is that when the time step becomes close
to zero, any small change in temperature will go
towards infinity. However, this cannot be solved by
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smoothing the curves, as the underlying problem is
the time step and not the recorded temperature.

To work around the problem, the cooling curves
were interpolated using a 6th degree polynomial.
Subsequently, the function could then be derived to
find the first and second derivative. Some degree
of inaccuracy will come from this. The original
cooling curve and the extrapolated cooling curves
were plotted together to assess the differences in
the range of interest for the eutectoid phase trans-
formations. Several fitting functions and settings
were examined before the best fit was chosen for
the continued analysis.

The thermal gradient analysis was based on the
calibrated numerical simulation of the β23 casting
with a GP level 6. See fig. 8.8 on page 132. The
thermal gradients shown in fig. 7.8 on page 105 is for
the α23 casting, proving that the same phenomenon
occurs for both the α- and the β-alloy. The thermal
gradients are small, which as a result require a very
narrow temperature gradient scale to show these
effects. There is some uncertainty as the gradient
scales are of different intervals, and are all defined
manually. Additionally, the interpretation of the
figure is challenged by the same colours representing
different temperature for each of the eight subfigures.
The only constant is the order of the colours. Hence,
the figure should be view as showing the trends and
which areas are hot and cold, and not to estimate
the absolute magnitude of the gradients.

In this case, the effect was discovered based on
the observed deformations, which led to the theory
of a thermal gradient resulting in differentiated so-
lidification within the thin-walled section. However,
if such a thing was not expected, it is unlikely that
these effects would be discovered. For most simu-
lations, the focus of the analyst, and thus also the
displayed scale, are focused on the larger gradients
in the casting. However, this investigation shows
that these narrow field gradients do influence the
solidification and subsequent deformation of the
casting.

The overview shown in 8.8 illustrate the thermal
gradients that are created in the early stages of
solidification are retained until ∼150 ○C below the
eutectic temperature. Figure 8.8a shows that the
gradient is not related to the mould filling, which
subsequently must mean that the gradient is related
to the casting geometry, and the modulus of the
feeders.

9.4 Porosity Analysis

The porosity analysis showed that the ram-up
sleeves worked successfully for all the α-alloy

castings. Porosities were observed, but only the
feeder or feeder necks. Porosities in the feeder neck
should off course be considered with care, as this
would indicate that the safety margin for the chosen
feeder was not great enough. The high Si β-alloy
showed a significant increase in observed porosities.

An overview of the areas and sections is found in
fig. 9.1 on the following page.

9.4.1 α-alloy (EN-GJS-500-7)

The casting porosity analysis showed almost no
defects for the feeder combinations groups α23, α11,
and β23. The one defect identified in these nine
castings was found in α23B area VIII and classified
as an SP1 defect. It was a minimal non-linear
porosity in the feeder neck of the centre feeder.
Thus, all nine castings were sound for all categories
according to the EN 1371-1:2011 [116].

Compared to the feeder combination groups α20,
α02, and α00, which were cast with the same alloy as
above, but cast without the top feeder, without the
centre feeder, or without both feeders, all of these
nine castings display SP1 or CP1 defects in one or
more areas. Casting group α20 shows the effect of
not using a spot feeder. α20A and B display SP1
defects at area V, while α20C display a CP1 defect
in the same area. As the design of the casting was
made to provoke this type of defects, this is not sur-
prising, but it proves that both the exothermic and
the insulating ram-up sleeves provide the conditions
needed to produce defect-free castings. The spot
feeder supply melt, heat, and pressure sufficient for
the boss to be porosity-free. Note, also, that part of
the pressure-effect is supplied by the casting itself,
as described in section 13.8, on page 252.

Feeder combination group α02—centre feeder
without the top feeder—displayed no defects in area
V, but an SP1 defect in area III. This corresponds
with the intention of the casting design. Likewise,
feeder combination group α00 displayed SP1 or CP1
defects in area III and V respectively. The only
exception was α00B, area V, which was found to be
defect-free.

9.4.2 β-alloy (EN-GJS-450-10)

The high Si β-alloy displayed more severe porosities
than the α-alloy. Only feeder combination group
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Figure 9.1: Overview of sectioned casting α11A. Etched with 1% Nital for ∼600 s. The casting is divided into
nine non-overlapping sections (Roman numerals) for quantification and analysis of porosities. Six sections (Arabic
numerals) of 10 x 10 mm were cut and colour etched. All measurements are in mm.

β23 was found to be defect-free. Feeder combina-
tion group β23 used an insulating-exothermic top
feeder sleeve and an exothermic centre feeder sleeve.
Feeder combination group β11 displayed defects at
the boss section which were confirmed by the ultra-
sound analysis to be present for all three duplicates.
Casting β11A displayed an SP1 defect in area VIII—
the feeder neck of the centre feeder. This defect
was similar to the same area of casting α11B, which
was cast with the same feeder configuration. β11A,
however, also had a small porosity near the sur-
face of the boss. Hence, the β-alloy has shown that
there is a functional difference between the insulat-
ing and exothermic feeders, where the extended 𝑀𝑡

of the exothermic feeder sleeve, together with the
changed shell-forming characteristics, mounted to a
significant difference.

Finally, as a reference to feeder combination group
α20, group β20 examined the effect of castings cast
without the centre feeder for the high Si β-alloy. As
with group α20, the affected area was area V. The
severity of the defects was slightly more pronounced
than with the low Si A-alloy.

9.4.3 Porosity Simulation

After some adjustment of the process parameters,
particularly the graphite expansion, comparable res-
ults were achieved between the porosities found in

the castings and the simulated predictions made by
Magmasoft. The graphite expansion, as well as
the general volume contraction and expansion dur-
ing solidification, play a significant role in describing
the feeding characteristics of cast iron. The graphite
expansion is again linked with the microstructure
and the nucleations and growth of graphite nod-
ules. This, in turn, is again linked to the cooling
conditions. All of these mechanisms are described
in chapter 3, on page 39.

The cooling conditions and thermal calculations
are considered accurate in Magmasoft. This is
also confirmed by the cooling curves shown in
figs. 8.2 and 8.4 on page 125 and on page 127.
Note however, that the simulated cooling curves
in fig. 8.4 on page 127 do not display the same drop
off towards the end of solidification as is seen in
the measured cooling curves shown in fig. 8.2 on
page 125. The overall correlation between the sim-
ulated and measured cooling curves are otherwise
considered good.

While the exact cause of this difference between
the simulated and measured cooling curves at the
end of solidification is not known, this part of the
cooling curve is generally governed by the latent
heat of fusion, which in turn is related to the nucle-
ation and growth of graphite and austenite. Lasoult
et al described a model for the nucleation of graphite
in hypereutectic SGI in eq. (3.12) on page 49 [80]:
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𝑑𝑁 = 𝐴𝑛 (∆𝑇 𝑔
𝐿)

𝑛−1 (𝑔𝑙𝑉 𝑜𝑓𝑓)
𝑑 (∆𝑇 𝑔

𝐿)
𝑑𝑡

𝑑𝑡

when
𝑑 (∆𝑇 𝑔

𝐿)
𝑑𝑡

> 0

and

𝑑𝑁 = 0

when
𝑑 (∆𝑇 𝑔

𝐿)
𝑑𝑡

< 0

where 𝑑𝑁 is the change in number of graphite
particles (nodules) for the time step 𝑑𝑡, 𝑛 is an
inoculation efficiency constant, 𝐴𝑛 is an inoculation
amount constant, ∆𝑇 𝑔

𝐿 is the undercooling relative
to the graphite liquidus, 𝑔𝑙 is the liquid fraction
of off-eutectic volume, 𝑉 𝑜𝑓𝑓 . Thus, (𝑔𝑙𝑉 𝑜𝑓𝑓) de-
scribes the volume of the remaining liquid and its
limiting influence on nucleation sites as the solidi-
fication progresses.

Lesoult et al’s model is dependent on the under-
cooling and the recalescence caused by the heat
of fusion overpowering the cooling power will ter-
minate further nucleation of nodules. Additionally,
Lesoult et al describes a separate kinetic growth
model for the eutectic solidification [80].

It is not know if Magmasoft uses Lesoult et
al’s nucleation model, parts thereof, or a similar
model. Most likely this is not the case. According
to the Magmasoft manual a variation of Oldfiled’s
original nucleation model is used as described in
eq. (3.11) on page 48 [68, 69, 81]:

𝑁𝑉 = 𝐴∆𝑇𝐵

where 𝑁𝑉 is the number of eutectic cells per mm3,
𝐴 is a nucleation constant, ∆T is the undercooling
reached during recalescence, and 𝐵 is an inoculation
constant dependent on the inoculation quality.

Oldfield’s model, as opposed to Lesoult et al’s
model, will not terminate as soon as the cooling
acceleration changes but will continue as long as
the temperature difference is present as a driving
force for nucleation. This may explain part of the
difference in the temperature drop off at the end of
solidification.

Returning to the graphite expansion, this differ-
ence in nucleation is important as the nucleation
help determine the potential for particularly the
lave graphite expansion. Stefanescu et al and Alonso
et al showed that cast iron, and in particular SGI,
can have a significant graphite expansion at the end

of solidification to counteract the austenite shrink-
age of the early solidification [53, 56, 89, 91]. See
section 3.4.1, on page 51.

Additionally, Pedersen and Tiedje found that the
measured curves showed initial eutectic undercool-
ing, resulting in nucleation that controls and influ-
ence the subsequent solidification much more than
was predicted by the model [136, 137], though the
modulus of the casting examined by Pedersen and
Tiedje was somewhat smaller than the moduli found
in this casting.

To summon up, the nucleation model used in
Magmasoft may not yield the correct amount of
graphite nuclei at the end of solidification, which
will, in turn, influence the graphite expansion and
the porosity formation. This said, it is however
likely that some of these factors are decoupled in
the Magmasoft simulation, and thus not directly
dependent on the graphite nucleation. The thermal
expansion of the alloy is a fixed part of the material
data in Magmasoft [69]. See fig. 3.9 on page 51.
The graphite expansion factor is not directly a part
of any of the nucleation models, though it should be
noted that the inoculation amount and inoculation
efficiency is part of Lesoult et al’s model.

The above discussion is principal and is valid for
SGI simulations in general. What makes it essential
for the application of spot feeders, is that spot
feeder, or ram-up sleeves, due to their placement
is very dependent on the thermal contraction and
expansion of the material during the solidification.
Feeding without the aid of gravity requires that the
pressure difference between the section being fed
and the feeder must be in favour of moving the melt
into the casting—and at the time when it is needed.

Stefanescu proposed eq. (2.1) on page 18, which
is a non-equilibrium describing the formation of
porosities [26]:

𝑃𝑔𝑎𝑠 + 𝑃𝑠ℎ𝑟 > 𝑃𝑎𝑚𝑏 + 𝑃𝑠𝑡 + 𝑃𝑒𝑥𝑝 + 𝑃𝛾

where 𝑃𝑔𝑎𝑠 is the gas evolution, 𝑃𝑠ℎ𝑟 is the negative
pressure from resistance to shrinkage induced flow,
𝑃𝑎𝑚𝑏 is the ambient pressure applied to the mould,
𝑃𝑠𝑡 is the metallostatic pressure, 𝑃𝑒𝑥𝑝 is the expan-
sion pressure caused by phase transformations, and
𝑃𝛾 is the pressure induced by the tension acting on
the surface of the pore.

A success criterion for any feeder is that the poros-
ities end up in the feeder rather than the casting.
This can be rephrased to say that the feeder is de-
signed to promote porosity formation in the feeder
itself. Viewing Stefanescu’s equation, it is seen
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that the metallostatic pressure, 𝑃𝑠𝑡, help prevent
the formation of porosities. However, as the spot
feeder is placed level with the section it is feeding,
as opposed to traditional feeders, this feeding ad-
vantage is eliminated. An advantage for the spot
feeder, however, is the gas evolution, 𝑃𝑔𝑎𝑠. As the
solubility of the gasses in the melt is reduced, as
the melt cools and solidify; the concentration of
gas in the melt will be highest at the last region to
freeze. Given that pores have not formed elsewhere
beforehand and that the diffusion rate of the gas in
the melt allows for a sufficient transport of gas to
these late solidifying regions; a porosity may form.
The negative pressure from resistance to shrinkage
induced flow, 𝑃𝑠ℎ𝑟, is unchanged concerning the
function on traditional feeders.

The flow resistance is primarily governed by the
thermal fields as these control the progress of solid-
ification, as the alloy specific characteristics of the
mushy zone. Similarly, the ambient pressure, 𝑃𝑎𝑚𝑏,
can also safely be assumed to be unchanged. The
surface tension of the pore, 𝑃𝛾 , was discussed previ-
ously in relation to eq. (2.3) on page 18. It is unlikely
that amount of inclusions and melt impurities are
directly affected by the application of spot feeder
rather than traditional parting line feeders. If this
should be, it should relate to the sleeve material—
insulating or exothermic—releasing particles into
the melt which can act as nucleation sites for poros-
ities. No evidence has been found to support this
theory however, and if it were the case, the nucle-
ation of pores within the feeder would in some cases
be beneficial.

Having run through the terms in eq. (2.1) on
page 18, the final parameter is the expansion pres-
sure caused by phase transformations, 𝑃𝑒𝑥𝑝, which
closes the circle back to the discussion on how
Magmasoft handles graphite expansion, volume
change, and nucleation. The pressure development
depends on the firmness of the mould, as described
in section 2.3.7, on page 29 and section 3.4.2, on
page 52. As green sand moulds are considered relat-
ively weak, the sleeves encasing the spot feeders may
themselves provide a firmer cavity for the expansion
to exploit.

9.5 Solidification andMicrostructure

The colour etched microstructure analysis de-
scribed in chapter 6, on page 89 showed that

the two alloys solidified similarly, though the nodule

count for the high Si β-alloy was higher than the low
Si α-alloy. The colour etchings also confirmed that
the α-alloy was pearlitic-ferritic, while the β-alloy
was close to fully ferritic.

The greater nodule count in the β-alloy cannot be
contributed to the difference in alloying elements.
Increased Mn content can potentially increase the
nodule count by allowing a greater undercooling
without white solidification [71]. However, the β-
alloy have a lower Mn content than the α-alloy, and
should thus have a lower nodule count. Note how-
ever, that Si also promote graphite formation, so
even though the Mn content has been lowered the Si
content has been significantly increased. The two
alloys were cast on different dates; hence it is pos-
sible that the inoculation procedure has changed
in between, either with a new inoculant or by an
increased amount.

The more significant tendency to shrink found in
the β-alloy may be, in part, related to an improved
nucleation, as has previously been shown in LGI
by Elmquist et al [43]. A similar effect was also
described for SGI by Chen et al [42] While under-
inoculation will result in a decreased graphite ex-
pansion, over-inoculation can advance the occur-
rence of the graphite expansion resulting in a de-
creased expansion later in the process. Another phe-
nomenon that influences the movement of the last to
freeze melt, through the mushy zone is the thermal
centre. The movement of the thermal centre during
solidification—a so-called migrating hot spot—has
been shown to play a significant role in the devel-
opment and location of porosities, as described by
Elmquist et al [43, 138].

Beside the pearlite content and the increased nod-
ule count for the high Si β-alloy, the microstructure
of the two alloys was alike for the different sections
investigated. It was also found that the microstruc-
ture showed no significant differences between the
exothermic and the insulating feeders. Hence, it
was found that the exothermic feeder sleeves did
not influence the microstructure itself.

9.6 Thermal Deformation

Identifying the cause of the thermal deforma-
tions, and how they are linked to the influence

of the feeders, is important both for understanding
the functioning and side effect of feeders, but also
to be able to estimate, predict, and compensate for
the deformations by changing the pattern.
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The thermal deformation is linked to the mater-
ial properties of the cast alloy. The total strain,
𝜀𝑇𝑜𝑡, that is developed and released in the casting
during solidification, cooling, and phase transform-
ations define the shape of the final casting. De-
pending on the constraints placed on the casting,
primarily by the mould, some of the strain may
be made into stresses, 𝜎, as the casting is preven-
ted from deforming freely. The deformation of the
casting also requires that the strain exceed the ma-
terials limits for the elastic strain, 𝜀𝐸𝑙, enabling
the plastic strain, 𝜀𝑃𝑙 to permanently deform the
casting. These terms describe the stain caused by
thermal volume contraction or expansion; however,
the phase transformations also introduce volume
changes as a function on the regrouping of atoms
into new lattice structures [32]. This yields the
transformation strain, 𝜀𝑇𝑟 and the transformation
plasticity strain, 𝜀𝑇𝑝. Together this yields eq. (3.37)
on page 61 as described by Denis [102]:

𝜀𝑇𝑜𝑡 = 𝜀𝐸𝑙 + 𝜀𝑃𝑙 + 𝜀𝑇ℎ + 𝜀𝑇𝑟 + 𝜀𝑇𝑝

The final deformation is, through these factors,
governed by the thermal gradients of the castings—
defining the sequence and timing of the volume
and phase change—and the internal pressures of
the casting. Thus, some of the deformation can be
referred to the overall geometry itself, and some
to surface shrinkage and feeding. The geometry
defined deformation is the deformation that would
also occur if the casting was cast for instance in
horizontal mould—deformation independent of ori-
entation. The feeding dependent deformation, how-
ever, can be defined as the deformation dependent
on the internal pressure on the casting. Note that
these definitions liberate the two definitions from
constraints of the thermal influence of the feeders,
as this influence should, in theory, be the same
whether or not the casting is cast in a vertical or
horizontal mould. Subsequently, it should also be re-
marked that the thermal influence of the feeder and
the potential metallostatic pressure it introduces
will still influence deformation formation.

9.6.1 Surface Deformation Measurements

The topography of all of the 40 analysed castings
was found to be similar. Feeder combinations group
α00 displayed a far greater distortion than the other
14 groups, but as shown in table 7.1 on page 107, the
α00 displayed the same valley direction and angle,

though the volume and distance of the valleys were
more pronounced in the other 13 feeder combination
groups. All 40 analysed castings displayed a valley
with a centreline located between 09:00-11:00 hrs,
with an angular width between 50°-90°. Almost 3⁄4
of the castings featured a valley reaching 2⁄3 of the
distance from the centre to the edge of the ring. The
last 1⁄4 were divided into two small groups either
reaching all the way to the edge of the ring (3⁄3) or
only reaching a small distance outwards from the
centre (1⁄3). A similar pattern was found for the
depth of the valleys. See fig. 7.11a on page 111.

Within each group of castings, it was seen that
the direction of the valley varied not more than
30 minutes. For six of the groups, the valley ran
in the same direction in all three castings. The
total variation in the direction of the valley was
within 1 hour and 30 minutes. This indicated that
the direction of the valley was indeed influenced
by the feeder combination and that it could be
controlled by choice of feeder modulus. Likewise,
there was an indication that for the pearlitic α-alloy,
that a high modulus centre feeder resulted in a
more pronounced (larger) valley. This is in good
agreement with the 𝑓𝑣 measurements. On the other
hand, no correlation between the range and the
volume of the valley was found; meaning that a
change in the area did not entail a change in valley
depth. Hence, the volume of the valley was not
constant.

The consistency of the castings, especially within
each casting group, showed high reproducibility and
indicated that production conditions were uniform.
If the distortion had been variable, an effective ad-
aptation to the pattern would be impossible, or in
the best case have a limited effect. The consistency
that has been demonstrated here may lead to an
adaptation that not only reduces the machining
allowance considerably but also counters the inher-
ent distortion so that the cooled casting becomes
much flatter than at present. Changing the pattern,
however, requires either a sufficiently good optim-
isation simulation or an iterative trial and error
development of the casting pattern. This is because
the added and removed padding in various areas of
the pattern also changes the thermal gradients and
the strength of the sections, thus slightly affecting
the distortion of the casting. Additionally, the cast-
ing deformation must be viewed as an interval, not
an exact value, since variation will always occur—
especially over time. A narrow confidence interval
for the casting deformation indicates a stable pro-
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duction and thus accordingly allow for a greater
casting optimisation with smaller tolerances.

Though the analysis of the casting’s topography
showed consistency in the distortion between the
different castings, it must also be noted that the
graphical representation of the measured results
was less well defined than the 0.1 µm resolution of
the CMM. The colour scale was discontinuous and
comprises only nine colours from orange to blue as
seen in fig. 7.8 on page 105.

As the geometric modulus (𝑀𝑔) of the casting
was identical in all directions from the centre out-
ward, the placement, range, size, and direction of
the valley must be the product of the filling con-
ditions and the thermal influence provided by the
feeders. Alternatively, it could be an inaccuracy in
the pattern itself. The flatness of the entire 400 ×
500 mm pattern was measured and found to have a
𝑓𝑣 of 16.4 µm—approximately 20-30 times smaller
than deformations measured on the casting. Thus,
pattern distortion was negligible.

Porosities

None of the 17 castings that were given the mean
height indication (M) at the boss contained internal
porosities. For the 23 castings designated low (L),
19 had internal porosities. Three of the four that
were designated (L), but displayed no porosities
were castings without the top feeder from the same
group—α02. The remaining casting was casting
β23sC, which was in a group with one other casting,
β23sA, which had porosities. β23sC can thus also be
said to be prone to porosities. Note here, that β23sC
was not one of the castings that was ultrasound
analysed, so undiscovered porosities may be there
away from the sectioned part examined by the liquid
penetrant test. The porosities in the boss were all
classified as small non-linear isolated porosities (SP)
or non-linear clustered (CP) porosities as defined
by [116].

Solidification and Deformation Sequence

The following mechanisms are proposed for solidific-
ation and deformation of the castings. The reverse,
plane side of the casting was more uniformly cooled;
it formed a solid shell that contracted uniformly
during and immediately after solidification. On the
front, there were areas—the inside of the ring and
along the outside of the boss—that remained hot so
that the strength was reduced locally. See fig. 8.8
on page 132.

The casting was initially pulled back as it solidi-
fied and cooled. As the hot areas on the front of the
casting gained strength, additional stresses build up
around the now relatively strong thin-walled section.
At the point where the eutectoid transformation
began, the temperature distribution in the casting
had changed so that the ring now became the cold-
est part of the casting. As the transformation took
place from the ring through the thin-walled section
to the boss, further stresses build up, adding to the
deformation. The shape of the reverse plane side
was affected by the following four mechanisms.

(1) Backwards Deformation: The two sides were
not equally stable. The hotspots created at the
corners of the boss and ring remained hot for an
extended period, thus postponing contraction and
recovery of strength. This effect is illustrated by
the feeding modulus in fig. 4.2d on page 69, showing
the location of the last melt to solidify. The reverse
plane side, on the other hand, was planar and cooled
faster without less pronounced hotspots, and thus
contract sooner and regain strength sooner than the
front.

(2) Location of the Valley: The cold spot was
pushed upward due to the bottom filling that heated
the lower part of the mould more than the upper
part. Because the ring had a greater modulus then
the thin-walled section, the upper half of the thin-
walled section was initially the coldest area of the
casting. Again with the reverse planar side being
colder than the front side. As the last volume of the
mould to be filled was directly at the centre, the
most abundant melt flow during filling was at the
vertical centre line. This heated the vertical centre
line more than the sides of the casting, creating a
hotspot here, pushing the cold spot at the upper
part of the thin-walled section towards the sides.
Afterwards, this centre line hotspot was maintained
by the top feeder. A hot top feeder will eventually
counter the heating effect of the ingate, albeit the
shift of the hotspot from below the boss to above
the boss was only entirely in effect at the end of
solidification. Thus the coldest area was where
the valley would form. Reversing the argument,
a valley at the centre thus indicate that this area
was cold during solidification. This is supported
by the correlation between low areas at the centre
(Cen) and the porosities found inside the boss (Por)
shown in table 7.1 on page 107.

(3) Silicon (Si) Content: A significant difference
between the two alloys was the Si content. Si is a
graphitizer and suppresses the formation of pearlite
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[71, 139]. Although increased Si content leads to
greater graphite expansion, and thus a potential for
greater deformation, a side effect of Si was to in-
crease the temperature for the transformation from
austenite to ferrite, as described in Ductile Iron
Data [130]. The higher temperature means that
all parts of the casting had recovered less strength
to withstand the graphite expansion. The higher
temperature of the metal at the time of the trans-
ition made it softer and less likely to have built
up unreleased stresses. The greater influence of
Si, which, comes from its ability to suppress the
formation of pearlite. The combined austenite to
ferrite and pearlite phase transformation was shown
to significantly increase the total duration of the
transformation by comprising two consecutive phase
transformations in the α-alloy. See figs. 8.5 to 8.7
on page 128, on page 129 and on page 131.

(4) Inoculation: The β-alloy castings had a finer
microstructure when compared to the α-alloy cast-
ings, as described by Vedel-Smith and Tiedje [31].
Elmquist et al [43] reported that over-inoculation
could advance the effect of the primary graphite
expansion, but would in turn also lessen the effect
of the secondary graphite expansion. For LGI this
follows that over-inoculation could have caused in-
creased shrinkage but also decreased deformation
variation because the main graphite expansion oc-
curred at a higher temperature and more uniformly.
For SGI, however, Chen et al [42] reported that the in-
creased nodule count ease the deposition of graphite
excreted from the austenite and inhibit the forma-
tion of pearlite, which is mainly achieved by increas-
ing the nodule count and thus reducing the required
diffusion distance of the graphite to reach an exist-
ing graphite nodule. Hence, the effect reduces the
possibility that oversaturated austenite will occur
at the eutectoid temperature. Additionally better
inoculation reduce the amount of undercooling dur-
ing solidification limiting the formation of cementite
and prompt a more uniform solidification.

Statistical Comparison of 𝑓𝑣

The variation in flatness within each group of cast-
ings was minimal compared to the total variation in
the experiments. This showed that the experimental
conditions were stable and uniform. The only group
that was markedly different was α00 which exhibited
a distortion that was twice as large as that of the
other 14 groups. See fig. 7.10 on page 110. The cast-
ings in group α00 were significantly different from

all other castings. Applying at least one feeder to
the casting, regardless of—whether it was applied to
the top, the centre boss, or both—reduced the 𝑓𝑣 in
comparison to the castings without feeders. There
was no statistically significant difference between
the groups of castings to which feeders were applied.

As α00 displayed the inherent deformation of
the casting geometry itself, influenced only by the
heated area at the in-gate; it was concluded that
both feeders, together or separately, minimise the
deformation of the casting. This reduced deforma-
tion is achieved by the changing cooling conditions,
creating a temperature field that reduces thermal
stress by allowing castings to maintain a more uni-
form temperature gradient during cooling.

Influence of Alloy Both materials were near-eutectic
in composition. However, there were significant dif-
ferences in how they responded to cooling. Most
significantly, the high Si-alloy was less likely to
form pearlite at the solid state transformation when
cooled from 900 ○C to 600 ○C. It is known that this
transformation is accompanied by a change in spe-
cific volume. The size of the volume change depends
on the pearlite content in the finished casting, as de-
scribed in Ductile Iron Data [130], so that the higher
the pearlite content, the larger the volume change,
even though the austenite to ferrite phase trans-
formation would by itself cause a volume change.

Since the high Si β-alloy was a fully ferritic alloy,
it would be less subject to deformation due to the
reduced graphite expansion a the time of the solid-
state phase transformation. On the other hand,
pearlite formed in the low Si α-alloy. The amount of
pearlite will depend on local cooling conditions so
that the pearlite content would vary between groups
of castings and also between specific locations within
the individual casting. As a result, it was seen that
the high Si β-alloy castings that were pearlite free
were also more consistent in their dimensions.

This means that with this alloy, and possibly also
other fully ferritic alloys, it is easier to compensate
for thermal deformation by modifying the pattern.

Regarding production, the correction should be
aimed at the average deformation measured, adding
a machining allowance to ensure that the confid-
ence 95 % (or possibly 99 %) interval is covered.
By adapting the tolerances required based on the
reproducibility demonstrated in this dissertation,
any traditional machining allowance as described
by Angus [140] and defined by EN ISO 8062-3:2007
[141], specifying machining allowance for castings,
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can be minimised considerably. This will only be
feasible if sufficient process control and stability are
achieved.

Influence of Top and Centre Feeder The feeders, be-
sides fulfilling their primary job of feeding, alter the
thermal gradients and subsequent pressure gradients
of the casting. Vedel-Smith et al [30] showed that
both the top and the centre feeders were required
to produce sound, porosity-free castings. Regarding
the deformation of the casting, it was not the actual
feeding of melt to the casting that influences the
final result, but the change in the thermal gradients
of the casting. Thus, deformation could be changed
and countered by increasing or decreasing the 𝑀𝑡

of the feeder, providing 𝑀𝑡 and the melt volume
were still sufficient to provide adequate feeding.
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10.1 Summary

The defined objective was: (1) to demonstrate if
secluded sections could be fed using ram-up sleeves
as spot feeders for vertically parted moulding lines,
(2) show that the exothermic sleeve material did not
influence the microstructure of the casting, (3) that
feeders do influence the thermal deformation of the
castings, and (4) that the formation of porosities can
be prediction with the aid of numerical simulations.
The efficiency of the feeders was examined, and the
thermal deformation measured on the reverse side
of the casting was documented and explained.

10.1.1 Experimental Setup

A series of different feeders were selected for the
chosen test casting. The spot feeders included

insulating, insulating-exothermic, and purely exo-
thermic feeders. The first trial proved that secluded
sections could indeed be fed with the application of
spot feeder. To further examine the limits of the
feeding ability, some of the same feeders combina-
tions were also tested with the more porosity prone
high Si β-alloy.

The castings were sectioned, and a liquid pen-
etrant test was performed for all castings. The
developed samples were photo-documented and ana-
lysed afterwards to quantify the size, type and loca-
tions of the porosities.

The porosity analysis showed that the α-alloy per-
formed very well, while the more demanding β-alloy
was only found to be porosity-free for the high mod-
ulus exothermic feeders. The numerical simulations
aided in this analysis and it was proposed that the

Coordinate Measurement Machine (CMM), Silicon (Si)
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insulation feeder sleeves may have similar trouble
as a traditional sand feeder, namely that a shell can
form and develop a negative pressure that will keep
some of the melt inside the feeder. The benchmark
castings without either the top, or centre, or both
feeders showed that the test casting could not be
cast soundly without both feeders.

Additionally, it was found that the castings de-
formed differently based on the feeder combinations.
The castings were measured using a CMM, and the
flatness values 𝑓𝑣 showed that the variation in de-
formation could be directly linked to the thermal
gradients created by the feeders. Likewise, it was
shown that the thickness of the thin-walled section
of the casting was influenced by the feeder combina-
tions and that the centre feeder could influence the
thickness of the casting above its location. Hence,
the effect was thermal and not ferrostatic.

The thermal analysis showed that the eutectoid
phase transformation was significantly longer for
the pearlitic-ferritic α-alloy, as compared with the
high Si β- and τ-alloys. Using the second derivative
of the cooling curves, it was shown that the sub-
sequent transformation of the austenite to ferrite
and austenite to pearlite influence the variance of
the castings deformation. It was found that the av-

erage deformation showed little difference between
the two alloys. However, the process stability of the
high Si β-alloy was much greater than that of the
α-alloy.

The casting microstructures were colour etched
and examined for differences in solidifications and
segregation. Besides a higher nodule count for the
β-alloy, the two alloys behaved similarly. It was
also proved that the α-alloy was pearlitic-ferritic
and that the β-alloy was fully ferritic. A further
analysis of the microstructures originating from feed-
ers with exothermic and insulating sleeve materials
was subsequently compared and analysed. This
analysis showed that no significant difference in mi-
crostructure could be found between the feeders
with different sleeve material.

Finally, the accuracy of the porosity prediction of
the numerical simulations software, Magmasoft,
was analysed. It was found that the simulations
could be set up to match the porosities found in
the porosity analysis, though this required some
adjustment and calibration of the simulation setup.
Most importantly, however, is that once the basic
setup for the given alloy was achieved, the porosity
prediction was relatively accurate and independent
on the variations in feeder configuration.
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11.1 Trial Purpose

Supported by the findings in Part I, the second
phase of the research was focused on a general

understanding of the feeding mechanisms. It was
sought to find a manner by which the number and
size of porosities could be quantified and used as
a grading scale for the effectiveness of the feeding
setup under investigation. As part of this, it was im-
portant to test the influence of the pressure height
on the melt flow between the feeders and the casting.
Additionally, it was important to device a test that
was as comparable as possible between different

castings: moulding, sand conditions, casting tem-
perature, alloy composition, and cooling conditions.
If possible, the test setup should also be transferable
so it could be used in other foundries under other
conditions, while also yielding comparable results.

The trial was a quantitative study on feeding,
rather than a qualitative approach. Hence, the trial
design and structure were aimed at producing cast-
ings under as close to identical process conditions as
possible; to provide a statistical comparison on the
feeding efficiency of different feeder configurations

Poly(Acrylonitrile Butadiene Styrene) (ABS), Computer
Aided Design (CAD), Modulus Extension Factor (MEF)

157



Liquid
contraction

Solidi�cation
contraction

Solid
contraction

Solidi�cation
range

TLTs

e
mulo

V

Temperature

Figure 11.1: Illustration of the three different types of
shrinkage observed during casting. Courtesy of Campbell
[24].

for different modulus sections. The idea was that by
producing a large number of castings with different
feeder configurations, it would be possible to analyse
the stepwise influence of the feeder modulus, rather
than just analysing the extremes and assuming a
linear relationship between these widespread mod-
uli. Finally, the wide range of trial castings allowed
for an analysis of the accuracy of simulated porosity
predictions for different moduli castings and feeders.
Again, with the duplicates as a statistical insurance
against outliers.

11.1.1 Objectives

A list of six objectives was made for the casting
design to address the above requirements:

1. Feedability and feeding requirement for
different modulus sections

2. Grade the feeder efficiency
3. Simulate feeding of secluded sections
4. Importance of feeder location (pressure height)
5. Influence of multiple feeders
6. Designed for easy and accurate analysis

The idea with the six objectives is explained in
the following sections.

Feeding Requirement and Modulus Relationship

The trial setup should provide information on how
similar feeding setups perform for different modu-
lus sections. The feeder sizes are often determined
by scaling the modulus of the casting section by
×1.2, as described in section 1.3.1, on page 9. This
factor assumes a linear relation between the size of
the casting and the feeders; though this has been
proved by both Chvorinov and Hansen et al not to
be true [21, 22]. The work of Tiryakioğlu et al shows
that the function can be modified to address these
shortcomings between both shape and volume of
the casting [39]. Large-scale castings illustrate these
alterations to Chvorinov’s original rule as they are
known to be self-feeding and are often cast without
feeders [142]. Additionally, the differences in cool-
ing rate dictate different solidification patterns and
following different feeding characteristics in each
casting. See section 3.4.3, on page 54.

The casting design should be scalable to provide
similar feeding conditions for different section sizes.
Changing the geometry to achieve different modulus
sections would influence the direct comparison of
the different modulus sections, as described above.
Thus, it was important that the shape of the casting
was kept identical, regardless of scale.

Grading the Feeder Efficiency

The castings with the EN-GJS-500-7 alloy in Part
I showed that the grading scale must be adapted
to the feeding efficiency interval covered by the
castings—or expressed measurably: the number
and size of porosities present in the different cast-
ings. The castings in Part I showed porosity for the
reference castings without feeders. However, none
of the castings that had both the feeder and the
centre feeder displayed porosities in casting itself.
This absence of porosities made it impossible to
compare the efficiency of the different feeders. The
only possible conclusion was that all configurations
were sufficient.

To avoid a similar situation with this second trial,
and to provide a grading scale on which to compare
the different feeder configurations, a measure of the
feeding efficiency was required. It was chosen to
measure the number and size of remaining porosities
in the castings. Porosities are often the direct res-
ult of insufficient feeding and can be measured and
quantified via different well-known analysis meth-
ods.

To make a useful analysis it was required that the
casting would produce porosities. If a casting were
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made without porosities, the feeder configuration
efficiency would be off the chart. Hence, no direct
comparison could be made since it would not be pos-
sible to prove whether the configuration efficiency
had been just efficient enough, or with a signific-
ant margin. For this reason, the trial was designed
with the intent of always having some remaining
porosities.

As the remaining porosities was a function of
the relationship between the size (and efficiency) of
the feeder configuration and the size (and need) for
feeding by the casting; the adaptation of the grad-
ing scale was related to the modulus relationship
between the casting and the feeder. This assessment
of the porosities was approached from two different
angles. First, the different feeders used for the trial
was chosen to be no larger than complying with the
above mentioned ×1.2 modulus size rule. Secondly, a
casting alloy with a significant tendency to shrinkage
was chosen for the trials—EN-GJS-500-14. Together
these two prerequisites should secure a casting with
porosities. The final choice of feeders is described
in section 11.3.2, on page 168.

Liquid Shrinkage Another aspect of adequately
grading the number and size of porosities was to
secure the same initial amount of porosities for all
castings. However, not all porosities are related to
solidification shrinkage. Volume change also occurs
in the cooling liquid, as illustrated in fig. 11.1 on
page 158. The issue with liquid shrinkage was of-
ten solved by increasing the size of the feeders to
hold a given amount of extra melt. However, to be
able to compare the different feeder configurations
correctly, a similar amount of porosities must be
present in the casting before feeding every time.

The solution was to equip the casting with a
unique ‘feeder’ designed—a pre-feeder—to handle
only the liquid shrinkage. As the liquid shrinkage
could vary depending on the pouring temperature,
the pre-feeder was not limited by the amount of melt
it could hold, but rather by the amount of melt it
would feed to the casting before the solidification of
the pre-feeder neck disabled further melt transport
into the casting. A detailed description of the pre-
feeder design and development can be found in
section 11.1.2, on page 161.

Simulate Feeding of Secluded Sections

In addition to providing a solidification shrinkage
comparable for all castings, which was free from

(or with a similar limited amount of) liquid shrink-
age, it was essential to have a casting that solidified
similarly to a secluded section. Without the pre-
feeder, the casting shrinkage tended to form on the
top of the casting as a sinkhole or large surface de-
formation. The presence of the pre-feeder provided
sufficient melt during the liquid cooling phase to
avoid this and to secure the forming of a shell on
the upper surface of the castings, ensuring a fully
cast casting without surface shrinkage caused by
liquid shrinkage.

Another significant effect of the pre-feeder cast-
ing design was the similarity to secluded sections.
Liquid shrinkage is seldom an issue for secluded
sections as these per definition are located away
from the easily feed positions on the casting. Se-
cluded sections have larger modulus than the sec-
tions connecting them to the nearest feeder so that
the feeding path is cut off, as described in section
2.3.5, on page 23. Similar to the casting design used
for these trials. Feeding these secluded sections
may be achieved by side feeding, in which case the
movement of the melt by other forces than gravity
becomes essential for the functioning of the feeder
itself.

Feeder Locations

Side feeding castings can result in problems with
insufficient ferrostatic pressure due to lack of feed-
ing height. Hence, the influence of the ferrostatic
pressure from the casting that the feeder has to
overcome to transfer its melt to the casting, was an
important parameter to classify for the efficiency of
the feeders, as shown by eq. (2.1) on page 18 [26].
To evaluate this effect, two feeder locations were
selected—at the very top of the casting near the
pre-feeder, and at the very bottom of the casting
near the ingate. These two locations—marked by
U for upper and L for lower— provided the largest
possible difference in pressure height. See fig. 11.2
on the next page.

As cylindrical spot feeders were used for the trials,
the feeders themselves did not provide any feeding
height. Hence, the average ferrostatic pressure act-
ing against the feeder was equal to the ferrostatic
pressure at the feederneck. Hence the ferrostatic
pressure for the lower feeders scales along with the
modulus of the casting. Consequently, the lower
feeders of the high modulus castings had to over-
come a higher ferrostatic pressure compared to the
lower spot feeders of the small modulus castings.
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Figure 11.2: Pattern made by additive manufactur-
ing in ABS plastics for Disamatic 2110. U indicate
placement of Upper feeder, and L indicate placement
of Lower feeder. Note the M12 pattern instead of the
M10 used in the trial plan development.

In addition to providing a more realistic simu-
lation of the feeding conditions found in secluded
sections, the trial design with the side mounted
spot feeders also provided insight into the relation-
ship between gravity aided feeders and side feeders
without any significant assistance from the ferro-
static pressure.

Multiple Feeders Having two locations for mount-
ing spot feeders made it possible to examine the
combined feeding efficiency of two feeders attached
to the same section. The idea was to achieve a bet-
ter understanding of the different feeder parameters
as modulus and melt volume, while also providing
a reference for the results of the castings that used
only a single feeder. For instance, if two identical
feeders could feed the casting better than a single
feeder of the same type, it would indicate that the
modulus was large enough to provide liquid melt
for the casting, but that the melt reservoir of the
feeder was too small to provide enough melt. See
Rule 2 in section 2.3.2, on page 20 and Rule 3 in
section 2.3.3, on page 21.

Two feeders located a distance apart could also be
used to test feeding length, as performed by Pellini
[44]. Pellini’s experiments were performed on ho-
rizontal steel castings, and cannot be compared to

the trials described in the present research. How-
ever, Pellini’s experiment is an essential reference
for understanding the fundamentals of feeding.

Feeding length is determined by a combination of
different factors. Assuming a basic geometry (eg a
bar), feeding length is determined by alloy compos-
ition and cooling rate (exo- or endogenous solidific-
ation), and pressure gradients (feeding height). In
the present trial, the distance between the feeders
was a vertical distance, while Pellini’s experiment ex-
amined a horizontal distance. Gravity will force the
melt (and solidified austenite in the melt) towards
the bottom, hence moving the porosities closer to
the top feeder. However, if the alloy used did not
solidify in an endogenous shell-forming manner, but
instead in an exogenous way as with Pellini’s steel
castings, then it would be possible for the centre of
the casting to close off for feeding before the areas
closest to the feeders had completely solidified.

Though there can be several originating factors,
the location of the porosities (top, middle, or bot-
tom) relates to the manner of solidification and
direction of solidification.

Design for Analysis

Finally, the casting should be designed to be ana-
lysis friendly. By making the casting square rather
than a cylinder, several subsequent operations be-
come faster, more comfortable, and more accurate.
Ultrasound analysis requires a plane front and a
plane reflection surface to provide useful and accur-
ate results. The ultrasound waves moved through
the casting and are reflected on the opposite side,
moving back through the material to be recorded by
the sensor. Imperfections in the material is recor-
ded as a loss of sound. This loss of sound-reflection
is how porosities are discovered. However, other
features that disperse the sound waves will hinder
the sound waves from returning to the sensor, and
the porosities cannot be recorded. This disturbance
could be an imperfection on the reflecting surface
or merely a non-flat surface.

The square design had a similar advantage for the
x-ray analysis. While x-rays move through the cast-
ings rather than reflect on the surface, the amount
of the x-rays that reaches the detector is strongly
dependent on the absorption of the material. This
absorption is, in fact, the way x-rays can be used to
identify porosities—areas that are less dense show
up brighter on the x-ray image. For the same reason,
it was essential to have a uniform casting thickness.
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Figure 11.3: Scalable geometry for the modulus cast-
ings.

A cylinder would have been less dense towards the
edges, resulting in either overexposed edges or un-
derexposed centres.

Last, but not least, the square design allows for
better and more comfortable clamping of the cast-
ings. Both for x-ray and ultrasound analysis; but
also for subsequent cutting.

11.1.2 Casting and Pattern Design

Based on the trial and casting design considerations
listed in section 11.1, on page 157, a casting design
was developed. The development was performed
through a few iterations, where the last two itera-
tions were manufactured and tested to ensure that
the performance of the design matched the intent
of the design. The final development design is seen
in fig. 11.2 on page 160.

The casting and pattern were developed in three
steps, the casting, the pre-feeder, and the pattern
layout, as described in the following section.

The Casting

The casting had to have as high a geometric modu-
lus as possible, while providing an easy to analyse
geometry, height to provide distance between the
two feeder locations, and being as simple as possible.
For these reasons a rectangular cuboid was chosen
for the casting geometry. See fig. 11.3. Knowing
the basic shape an equation was devised for the

modulus of the generic casting.

𝑀𝑐 =
𝑉 𝑜𝑙𝑢𝑚𝑒

𝐴𝑟𝑒𝑎
= 𝑎 × 𝑎 × 𝑎ℎ𝑟𝑎𝑡𝑖𝑜

4𝑎 × 𝑎ℎ𝑟𝑎𝑡𝑖𝑜 + 𝑎 × 𝑎
(11.1)

where 𝑀𝑐 is the modulus of the casting, 𝑎 is the
generic side length, and ℎ𝑟𝑎𝑡𝑖𝑜 is the ratio between
the height and the width of the casting. Note that
the top surface of the casting, due to the presence
of the pre-feeder, was assumed to be non-cooling,
and was thus eliminated from the denominator.

8 mm, 10 mm, and 15 mm modulus sections where
chosen for the three castings as the determining
factor because these represented a range of section
moduli found in castings produced on vertically par-
ted moulding systems. Additionally, due to the con-
straints of fitting the pattern onto the 400 × 500 mm
pattern plate for the Disamatic 2110, the height
of the largest casting was limited to ℎ𝑟𝑎𝑡𝑖𝑜 = 3.

Having decided on the three moduli, 𝑎 in eq. (11.1)
was isolated providing the following equation for
calculating the side lengths of the three castings.

𝑎 =𝑀𝑐
4𝑎ℎ𝑟𝑎𝑡𝑖𝑜 + 1

ℎ𝑟𝑎𝑡𝑖𝑜
(11.2)

A schematic of the casting design is seen in
fig. 11.3.

The Pre-feeder

The pre-feeder was designed to compensate for li-
quid shrinkage independent of the pouring tem-
perature. Its function was twofold: (1) A feeding
function that must provide sufficient melt volume
to counter the volume change in the casting due to
liquid shrinkage, alongside the liquid volume shrink-
age of the melt in the pre-feeder as well. Addition-
ally, (2) the pre-feeder should be large enough to
remain liquid for the necessary amount of time—the
modulus requirement. Albeit, traditionally the mod-
ulus requirement prescribes that the feeder must
stay liquid longer than the casting, while in this
case the modulus requirement was used to secure
that the pre-feeder provided a steady heat flux to
provide a reference for the cooling conditions of the
pre-feeder neck.

If the pre-feeder were significantly drained from
melt during the liquid shrinkage, the cooling con-
ditions of the pre-feeder neck would also change
significantly, changing the point at which the pre-
feeder neck closes off. Hence, the pre-feeder must be
large enough to provide a stable heat flux regardless
of the pouring temperature.
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Pre-feeder Neck While the melt reservoir of the
pre-feeder was constructed similar to a traditional
feeder, the pre-feeder neck had to be constructed to
close off as close to the beginning of solidification as
possible, to eliminate the effects of liquid shrinkage
on the casting. On the other hand, if the pre-
feeder neck closed off to late, the pre-feeder would
act as a regular feeder, removing the porosities
and disturbing the trial results, while closing off
to early result in a liquid shrinkage in the casting
with additional porosities as a consequence. As one
of the objectives of the trial design was to have
porosities an early close off was favoured. As long
as the remaining amount of liquid shrinkage in the
casting could be kept identical regardless of the
initial pouring temperature, this was not seen as a
problem.

Thus, the design objective to construct a pre-
feeder neck was defined as so:

The pre-feeder neck must be 95 % solidified (𝑇𝑠𝑜𝑙)
at the time (𝑡) when the temperature at the centre of
the casting reaches the eutectic temperature (𝑇𝑒𝑢𝑡).

The above definition entails an alloy depend-
ency. The use of a eutectic (or near eutectic) alloy
composition was assumed and for reference the eu-
tectic temperature for the α- and β-alloy from Part
I was simulated using Magmasoft. The α-alloy
(EN-GJS-500-7) had a eutectic temperature (𝑇𝑒𝑢𝑡) of
1165 ○C, and the β-alloy (EN-GJS-450-10) had a eu-
tectic temperature of 1170 ○C. The 95 % fraction
solid for the pre-feeder neck was assumed to be close
enough to complete solidification that the mushy
state of the remaining liquid would prevent further
feeding through the pre-feeder neck section.

It was decided to use a cylindric geometry for the
pre-feeder neck because the pre-feeder neck design
would not interfere with the requirements for a
square design of the main casting, and because the
cylinder was a basic shape that could easily be
modelled analytically.

Analytical Solution Having decided that the pre-
feeder neck have to be a cylindrical geometry, it
was possible to express a relationship between the
diameter of the pre-feeder neck (𝐷𝑛𝑒𝑐𝑘) and the
cooling time of the melt in the casting.

It was assumed that the casting and particularly
the pre-feeder neck would experience small enough
temperature gradients not to invalidate the use of
the lumped analysis. The module law does not
inherently consider the initial cooling time of the
melt; however, it was assumed that the cooling
characteristics displayed for solidification could be

adapted to cooling of the liquid as well. Additionally,
the initial temperature of the melt was assumed to
be uniform throughout the casting, pre-feeder, and
pre-feeder neck.

As the two ends of the pre-feeder neck cylinder
were assumed to be non-cooling surfaces, the expres-
sion reduces to a 1-dimensional solution that does
not take the height of the neck into account. Like-
wise, the material constant for the mould reduces
the expression as well, because the same mould ma-
terial surrounds both the casting and the pre-feeder
neck.

Hence, based on Chvorinov’s modulus law de-
scribed in eq. (2.4) on page 20, the ratio between
the cooling time of the casting and the solidification
time of the pre-feeder neck was defined as a ratio
between the modulus of the pre-feeder neck and the
modulus of the casting.

𝑡𝑠𝑜𝑙
𝑡𝑒𝑢𝑡

= 𝑀2
𝑛𝑒𝑐𝑘

𝑀2
𝑐

(11.3)

where 𝑡𝑠𝑜𝑙 was the time in seconds for the melt
in the pre-feeder neck to cool from the pouring
temperature to a fraction solid of 100 %, 𝑡𝑒𝑢𝑡 was
the time in seconds for the melt in the casting to
cool from the pouring temperature to the eutectic
temperature of the alloy, and 𝑀𝑛𝑒𝑐𝑘 and 𝑀𝑐 were
the moduli of the pre-feeder neck and the casting
respectively. Note also that a complete solidification
was used in the analytical approach, as opposed to
the requirement defined previously and the later
use of the numerical simulations.

As 𝑀𝑐 was defined by the experiment, 𝑀𝑛𝑒𝑐𝑘 was
isolated for the continued analysis.

𝑀𝑛𝑒𝑐𝑘 =𝑀𝑐

}︂
𝑡𝑒𝑢𝑡
𝑡𝑠𝑜𝑙

(11.4)

𝑡𝑒𝑢𝑡 and 𝑡𝑠𝑜𝑙 was then found analytically as a
function of the pouring temperature, based on the
heat flow from the casting and pre-feeder neck
respectively. The heat flow was described in section
3.3.3, on page 43, while the cooling power of the
mould was derived by b:

�̇� = − 𝜌𝑉 𝐶𝑝
𝑑𝑇

𝑑𝑡

= 𝐴

}︂
𝑘𝑚𝑙𝑑𝜌𝑚𝑙𝑑𝑐𝑝,𝑚𝑙𝑑

𝜋𝑡
(𝑇𝑖 − 𝑇𝑜)

(11.5)

where �̇� is the heat flow in J⁄s, 𝜌 is the density, 𝑐𝑝 is
the specific heat capacity, and 𝑘 is the heat conduct-
ivity. 𝑇0 is the ambient mould temperature, and
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Figure 11.4: Solidification fraction against
temperature—comparison of analytical model and
correlated results of the numerical simulation.+ (M08),
× (M10), and ◇ (M15). Blue line is the plot of
eq. (11.9), and the red line is the correlation of
numerical simulation in Magmasoft.

𝑇𝑖 the temperature at the metal–mould interface.
Additionally, the equation depends on the volume
of the casting (𝑉 ) and the surface area between the
casting and the mould (𝐴).

The cooling time for the casting was found by
rearranging eq. (11.5) on page 162 with respect to
the latter two factors, the V⁄A was substituted with
the modulus 𝑀 as described by Chvorinov [37]. See
section 2.3.2, on page 20. 𝜌 and 𝑐𝑝 for both casting
and mould are assumed to be constant. The heat
transfer between metal and mould was assumed to
be poor, hence 𝑇𝑖 ≈ 𝑇𝑒𝑢𝑡.

𝑡𝑒𝑢𝑡 =
𝜌2𝑐2𝑝

4
(𝑇𝑠𝑡𝑎𝑟𝑡 − 𝑇𝑒𝑢𝑡

𝑇𝑒𝑢𝑡 − 𝑇0
)
2 𝜋

𝑘𝑚𝑙𝑑𝜌𝑚𝑙𝑑𝑐𝑝,𝑚𝑙𝑑
𝑀2

(11.6)

where 𝑇𝑠𝑡𝑎𝑟𝑡 is the initial superheated temperature
of the melt directly after pouring.

A similar derivation was made for 𝑡𝑠𝑜𝑙 using the
following heat balance:

�̇� = 𝜌(−∆𝐻)𝑑𝑉
𝑑𝑡

= 𝐴

}︂
𝑘𝑚𝑙𝑑𝜌𝑚𝑙𝑑𝑐𝑝,𝑚𝑙𝑑

𝜋𝑡
(𝑇𝑖 − 𝑇0)

(11.7)

where ∆𝐻 is the change in Enthalpy during so-
lidification. Again V⁄A is substituted with 𝑀 and

𝑇𝑖 ≈ 𝑇𝑒𝑢𝑡 . Additionally, eq. (11.6) was also substi-
tuted into the equation as it covers both the cooling
of the liquid and subsequent solidification. This
result in a version of Chvorinov’s rule that include
superheat. Here derived for a 1-dimensional heat
flow, but often used for more complex geometries
as described by Fredriksson and Åkerlind [143].

𝑡𝑠𝑜𝑙 = )︀(−∆𝐻) + 𝑐𝑝(𝑇𝑠𝑡𝑎𝑟𝑡 − 𝑇𝑒𝑢𝑡)⌈︀
2

𝜌2

4(𝑇𝑒𝑢𝑡 − 𝑇0)2
𝜋

𝑘𝑚𝑙𝑑𝜌𝑚𝑙𝑑𝑐𝑝,𝑚𝑙𝑑
𝑀2

(11.8)

𝑡𝑒𝑢𝑡 in eq. (11.6) determine the time at which the
pre-feeder neck should be solidified; determined by
𝑡𝑠𝑜𝑙 in eq. (11.8). Since the module, 𝑀 , appears
in both eq. (11.6) and eq. (11.8), it is possible to
reduce the relationship to a dimensionless ratio.
Subsequently, eq. (11.8) was reduced to:

𝑡𝑒𝑢𝑡
𝑡𝑠𝑜𝑙

=
𝑐2𝑝(𝑇𝑠𝑡𝑎𝑟𝑡 − 𝑇𝑒𝑢𝑡)2

)︀(−∆𝐻) + 𝑐𝑝(𝑇𝑠𝑡𝑎𝑟𝑡 − 𝑇𝑒𝑢𝑡)⌈︀
2 (11.9)

This dimensionless analytical model for the time
ratio is independent of the material parameters
of the mould, the temperature difference between
casting and mould, the density of the metal, and
the module of the casting itself. Additionally, ∆𝐻,
𝑇𝑒𝑢𝑡, and 𝑐𝑝 are all assumed constant. For further
detail, the reader is referred to the technical report
by Hansen [144].

The analytical model plotted as a function of
different pouring temperatures (𝑇𝑠𝑡𝑎𝑟𝑡) is found in
fig. 11.4.

Numerical Solution As the analytical model de-
pends on a number of assumptions, a series of nu-
merical simulations were made with Magmasoft
to evaluate the validity of the model in the temper-
ature range 1170 ○C to 1600 ○C. The extrapolation
points shown in fig. 11.4 were found by dividing the
measured 𝑡𝑒𝑢𝑡 at the casting centre with the 𝑡𝑠𝑜𝑙 for
the pre-feeder neck. The result of the measurements
for all three moduli castings is plotted in fig. 11.4.
Subsequently, a 2nd degree polynomial correlation
was fitted.

Both the analytical model and the numerical cor-
relation showed that the initial pouring temperature
did influence the closing time for the pre-feeder neck.
Additionally, the comparison revealed two things.
First, the analytical model and numerical simula-
tion display a similar trend, though with an upward
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shift in the numerical simulation results. However,
both approaches indicate that a higher pouring tem-
perature increases the time difference between the
solidification of the pre-feeder neck and the cooling
to the eutectic temperature of the casting.

For dimensioning the pre-feeder, the analytical
model was chosen; because the analytical model
presents the most conservative estimate of the two
approaches. As the objective of the pre-feeder neck
design was to eliminate variation resulting from
varying pouring temperatures, some residual liquid
shrinkage in the casting could be accepted; primar-
ily, if the liquid shrinkage within the casting itself
was kept at a similar amount for all relevant pour-
ing temperatures. This design-safety was a better
premise than accidentally feeding the casting via
the pre-feeder.

Following the above premiss, a lowest expected
initial temperature was chosen to be 1350 ○C. This
point is shown as a ×-sign on the blue line of the
analytical model in fig. 11.4 on page 163.

Reverting to eq. (11.8) on page 163, the modulus
of the pre-feeder neck was isolated. Subsequently,
eq. (11.6) on page 163 was rearranged and inserted
to establish a relationship between the module of
the pre-feeder neck 𝑀𝑛𝑒𝑐𝑘 and the module of the
casting 𝑀𝑐𝑎𝑠𝑡𝑖𝑛𝑔.

𝑀𝑛𝑒𝑐𝑘 =
𝑐𝑝(𝑇𝑠𝑡𝑎𝑟𝑡 − 𝑇𝑒𝑢𝑡)

(−∆𝐻) + 𝑐𝑝(𝑇𝑠𝑡𝑎𝑟𝑡 − 𝑇𝑒𝑢𝑡)
𝑀𝑐 (11.10)

The equation describes the required ratio between
the modulus of the pre-feeder neck 𝑀𝑛𝑒𝑐𝑘 and the
module of the casting 𝑀𝑐 required to secure that the
pre-feeder neck solidifies when the casting reaches
the eutectic temperature. Note that the expres-
sion is independent of the mould properties, density,
and the temperature difference between the two
geometries. The latter because a uniform initial
temperature was a premise established at the be-
ginning of the derision.

Pre-feeder Neck Height The analytical solution de-
rived in the previous section assumed that the pre-
feeder neck was an infinite cylinder as the two ends
were non-cooling surfaces. However, the presence of
the pre-feeder and the casting influence the cooling
time of the neck geometry. Hence, the height of the
pre-feeder neck was not negligible and had to be
considered separately as the analytical model did
only include the diameter of the geometry.

Dimensioning the diameter of the cylindrical pre-
feeder neck was based on the modulus of an infinite

cylinder, the diameter determined to be 1⇑4×𝑀𝑛𝑒𝑐𝑘

[24, 144], which was again be linked to the modulus
of the casting in question—M08, M10, or M15.

The subsequent task was to determine how high
the pre-feeder neck had to be to have a part in
the middle that would solidify according to the 1D
scenario modelled in the analytical model.

To estimate the required height of the pre-feeder
neck the scalable geometry described in section
11.1.2, on page 161 was simulated using Mag-
masoft. The casting was simulated in three dif-
ferent sizes—M08, M10, and M15—all with five
different pre-feeder neck heights—0.5a, 0.75a, 1.0a,
1.25a, and 1.5a. In total 15 different geometries, as
seen in fig. 11.5 on the facing page. The simula-
tion was made with two alloys—EN-GJS-500-7 and
EN-GJS-450-10.

The simulation was set up to examine the solid-
ification time at the middle part of the pre-feeder
neck (𝑡𝑠𝑜𝑙) and the cooling time to reach the eutectic
temperature at the centre of the casting (𝑡𝑒𝑢𝑡). The
temperature at the thermal centre of the casting,
at the time 𝑡𝑠𝑜𝑙 was recorded as 𝑇𝐶𝑙𝑜𝑠𝑒. Likewise,
the temperature at the thermal centre at the time
𝑡𝑒𝑢𝑡 was recorded as the eutectic temperature 𝑇𝐸𝑢𝑡.
However, as these two points cool at different rates
(and numerical increments) an additional measure-
ment point was chosen for reference of how close
to the intended closing time the setup was. The
third measured time was the time at the centre of
the casting (same location as for 𝑇𝑐𝑙𝑜𝑠𝑒), recorded
at the time of solidification of the pre-feeder neck
(𝑡𝑠𝑜𝑙). This measurement was called 𝑡𝑐𝑙𝑜𝑠𝑒.

Plotting the ratio between 𝑡𝑐𝑙𝑜𝑠𝑒 and 𝑡𝑒𝑢𝑡 it easily
depicted if the pre-feeder neck closed off to late. If
𝑡𝑐𝑙𝑜𝑠𝑒 > 𝑡𝑒𝑢𝑡 then the pre-feeder neck closed off too
late. The simulation results for the different moduli
castings, with different pre-feeder neck heights, are
plotted for both of the two alloys in fig. 11.6 on the
next page.

The graphs show that the four tallest pre-feeder
necks solidify before the eutectic temperature was
reached at the casting centre, but that the shortest
(0.5a) closed off to late in all but one configuration.
Additionally, the graphs also show that the shorter
pre-feeder necks display a more uniform perform-
ance across the analysed temperature range. Hence,
the more horizontal the lines were, the more uni-
form did the neck perform. The closer the lines
were to the eutectic temperature, the closer the pre-
feeder neck designs were to fulfilling the design cri-
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Figure 11.5: Simulation overview of the three different casting moduli (M08, M10, and M15) combined with the
five different pre-feeder neck heights (0.5a, 0.75a, 1.0a, 1.25a, and 1.5a). Scale is 1130 ○C to 1172 ○C.

(a) EN-GJS-450-10 (b) EN-GJS-500-7

Figure 11.6: Ratio between 𝑡𝑐𝑙𝑜𝑠𝑒 and 𝑡𝑒𝑢𝑡 for the casting moduli M08, M10, and M15 with pre-feeder neck heights
of 0.5a, 0.75a, 1.0a, 1.25a, and 1.5a, at different pouring temperatures. Ratios below 1 were acceptable.

terion. Finally, the graphs show that the differences
between the two alloys analysed were negligible.

Analysing the graphs, it was found that the pre-
feeder neck with a height of 0.75a performed best
for all of the conditions. The two tallest pre-feeder

necks (blue and black) were almost coincidental
signifying that these are both long enough to neg-
ate the thermal influence of the neighbouring parts.
However, the thermal influence of the neighbouring
elements proved to help stabilise the performance
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(a) EN-GJS-450-10 (b) EN-GJS-500-7

Figure 11.7: Closing temperature (𝑇𝑐𝑙𝑜𝑠𝑒) at the casting centre for the casting moduli M08, M10, and M15 with
pre-feeder neck heights of 0.5a, 0.75a, 1.0a, 1.25a, and 1.5a, at different pouring temperatures. 𝑇𝑐𝑙𝑜𝑠𝑒 above the
eutectic temperature were acceptable.

(a) Pattern, swing plate (SP). (b) Pattern, squeeze plate (PP).

Figure 11.8: Final pattern plates layout for the trial. Note the M12 size instead of the M10 used in the trial plan.

of the pre-feeder neck at elevated pouring temper-
atures. Thus, the optimal solution was too short to
achieve the 1D solidification criterion at the middle
part, and instead made use of the thermal influence
of the casting and the pre-feeder to ensure a more
uniform performance across the analysed temperat-
ure range. The maximum temperature difference
between 𝑇𝑐𝑙𝑜𝑠𝑒 and 𝑇𝑒𝑢𝑡 measured for 0.75a was less

than 30 ○C.
To illustrate the influence of pouring temperature

on the amount of residual liquid shrinkage in the
casting, the temperature at the centre of the casting
at the time of the pre-feeder neck close off was
plotted as a function of the initial melt temperature.
See fig. 11.7.
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Table 11.1: Calculation of the feeder modulus required for each of the three modulus castings for each of the
geometries. Moduli in mm.

(a) Planned moduli.

Factor 0.8 1.0 1.2

M08 6.0 8.0 10.0
M10 8.0 10.0 12.0
M15 12.0 15.0 18.0

(b) Pattern moduli.

Factor 0.8 1.0 1.2

M08 6.0 8.0 10.0
M12 9.6 12.0 14.4
M15 12.0 15.0 18.0

(c) Actual moduli.

Factor 0.8 1.0 1.2

M08 6.0 8.0 10.0
M12 8.0 10.0 12.0
M15 12.0 15.0 18.0

Table 11.2: Alloy composition for the EN-GJS-500-14 alloy as measured at the beginning of each of the four
sessions [wt%].

CEV C Si Mn P S Mg Cr Ni Mo Cu Sn Pouring Temp.

I 4.60 3.31 3.91 0.31 0.015 0.003 0.051 0.047 0.021 0.001 0.09 0.004 1398(5) ○C
II 4.57 3.31 3.81 0.31 0.015 0.003 0.045 0.046 0.023 0.001 0.09 0.005 1387(5) ○C
III 4.54 3.35 3.61 0.25 0.015 0.004 0.042 0.051 0.026 0.001 0.06 0.005 1380(5) ○C
IV 4.54 3.34 3.64 0.25 0.015 0.004 0.039 0.050 0.025 0.001 0.06 0.005 1361(5) ○C

Avg 4.56 3.33 3.74 0.28 0.015 0.004 0.044 0.049 0.024 0.001 0.075 0.005 1382(5) ○C
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Figure 11.9: Technical drawing of the casting pattern
including gating system. Note the M12 size instead of
the M10 used in the trial plan. Measurement in mm.

The Pattern

Having determined the scalable design of the casting
and pre-feeder the pattern plate layout was created.
However, the M10 casting pattern was erroneously
manufactured as an M12 casting pattern. See sec-
tion 11.2, on the current page.

The development pattern layout is shown in
fig. 11.2 on page 160. This pattern was developed
to fit the Disamatic 2110 at the university foundry.
However, as the trials were to take place at Valde-

mar Birn A⁄S, it was chosen to let their application
department build the pattern so that it would fit
together with their production equipment.

The final pattern layout is shown in fig. 11.8 on
page 166 and the dimension are shown in fig. 11.9.
The patterns were designed to fit a Disamatic
230A, however they could also be fitted to a Dis-
amatic 240A using a cassette system. The use of
the standard pouring cup allowed for the automatic
pouring system to be used during the trials, securing
a more uniform mould filling.

11.2 Scaling Error (M10 ⇒ M12)

Between the development of the trial plan and
the development of the pattern plates, an error

occurred. While the trial plan development focused
on three modulus castings, M08, M10, and M15, the
CAD-files used to manufacture both the development
pattern, as well as the final trial pattern, had the
modulus sizes of M08, M12, and M15.

This mistake was, however, not discovered at that
time; hence the different feeder moduli used for the
M12 castings were scaled to fit an M10 casting as
described in section 11.3.2, on the next page. Thus,
as a consequence, the M10/M12 castings did not
scale according to the trial plan, or according to the
feeder, modulus scaling used for the M08 and M15
castings.

Table 11.1 shows the difference between: (1) the
planned feeder moduli setup (11.1a), (2) the feeder
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Table 11.3: Overview of the selected feeders and the
custom prototypes. True modulus (𝑀𝑡) in mm.

Sleeve 𝑀𝑡

Feedex HD V 6 ≈ 6
Feedex HD V 8 ≈ 7.5
Feedex HD V 28 ≈ 9.5
Feedex HD V 22 12
Feedex HD V 82 15
Feedex HD V 121 19

Kalmin 250 C2 V 6 ≈ 5
Kalmin 250 C2 V 8 ≈ 6
Kalmin 250 C2 V 28 ≈ 8
Kalmin 250 C2 V 22 ≈ 10
Kalmin 250 C2 V 82 ≈ 12
Kalmin 250 C2 V 121 ≈ 16

moduli that would have upheld the logic scaling
for the patterns manufactured (11.1b), and (3) the
actual feeder moduli that was used during the trial
and which no longer scale linearly (11.1c).

The actual scaling factor of the M12 feeders, thus,
mistakenly ended up being; 0.66, 0.83, and 1.00,
rather than 0.8, 1.0, and 1.2. This scaling factor also
meant that the scaling of the actual M12 feeders
did not match the intended casting proportional
feeder scaling, used for the M08 and M15 castings.
Consequently, the M12 results had to be viewed in
this context and part of the scalable linearity of the
trial was lost.

11.3 Trial Description

The experiment plan encompassed a series of
castings using different feeders at different loca-

tions, as well as a decision on which alloy, or alloys,
to examine.

11.3.1 Alloy Composition

It was chosen to use only one alloy for the trial. The
two main reasons here fore was, that the alloy had
to have sufficient shrinkage to provide a useful scale
to evaluate the number and size of porosities, and
because using a single alloy for the trial allowed for
a broader range of feeders to be examined.

The alloy chosen was the EN-GJS-500-14 as this
was available as part of the regular production at
Valdemar Birn A⁄S. Additionally, the alloy was an al-
loy with a high shrinkage tendency and comparable
to the previously examined β-alloy—EN-GJS-450-10.

The alloy compositions measured during the trials
are shown in table 11.2 on page 167.

11.3.2 Choice of Feeders

The design and construction of the casting geometry
and pre-feeding abilities were important features
to ensure a repeatable and reliable comparison of
the performance of the different feeders examined
in the trial.

The feeders, however, had to be selected based on
the moduli of the three casting sizes developed for
the trial. As it had previously been decided to use
the ram-up sleeve feeders due to the easy exchange
between different feeders modulus sizes, as well as
feeder geometries, locations, and even insulating
properties.

Sleeve Material

Additionally, it was decided that the base selection
of the feeders should be part of the ram-up sleeve
feeders provided by FosecoLtd.. This decision
ensured a ready supply of most of the feeders needed,
as well as reduce the requirement for an expensive
and timely prototype production. On the other
hand, it was an integral part of the experiment to
obtain a better understanding of the influence of
modulus in comparison to the actual melt volume.
Hence, it was decided to select the required feeders
as one type, exothermic, and subsequently, produce
an insulating version of these feeders for the trial.

In Part I an intermediate sleeve material was also
investigated—the insulating-exothermic Kalminex
material. However, because the insulating-
exothermic material was very similar to the purely
insulating material it was decided to limit the exper-
imental setup to two sleeve materials—insulating
and exothermic—as this would allow for a greater
variety of size combination to be examined.

Feeder Moduli

As the moduli of the three castings had been decided
to be M08, M10, and M15, the subsequent decision
was to determine the feed modulus factors for the
feeders. As the base requirement of the trial was to
quantify the feeder efficiency based on the remaining
porosities, the highest feed modulus was chosen to
be 1.2 ×𝑀𝑐. See eq. 4.1 in section 4.2, on page 68.
As the EN-GJS-500-14 alloy chosen for the trial was
known to generate substantial porosities, this was
the main feature for selecting this alloy. It was
assumed that the traditional feed modulus factor of
1.2 would not completely feed the castings.

168



Table 11.4: Overview of the chosen feeders from the Feedex HD V series.

Casting Factor Mod [mm] Vol [cm3] Name Ins no. Exo no.

M08/M10/M15 0.00 0 0 N/A

M08 0.75 6 6 SPECIAL 6I05 9 6E06 19
M08 1.00 8 8.0 Feedex HD V 8 8I06 16 8E08 36
M08 1.25 10 28.0 Feedex HD V 28 28I08 12 28E10 32

M12 0.66 8 8.0 Feedex HD v 8 8I06 8E08
M12 0.83 10 28.0 Feedex HD V 28 28I08 28E10
M12 1.00 12 22.0 Feedex HD V 22 22I10 14 22E12 34

M15 0.80 12 22.0 Feedex HD V 22 22I10 22E12
M15 1.00 15 87.0 Feedex HD V 82 82I12 7 82E15 17
M15 1.27 19 124.0 Feedex HD V 121 121I16 5 121E19 15

SUM 63 153

Additionally, the previously used 1.2 factor would
also provide a reference to results presented in Part I
as well as for foundrymen and instructional material
addressing feeding of castings.

Consequently, two additional feed modulus
factors were required, and it was decided to use
0.8 and 1.0 along with the 1.2 factor. This change
provided a 1:1 feeding option with the 1.0 feed
modulus factor. Subsequently, the 0.8 factor se-
cured a linear progression of the factors tested. The
planned feeder moduli are listed in table 11.1a on
page 167, table 11.1b on page 167 lists the moduli
that should have been used to oblige the M12 cast-
ing, and table 11.1c on page 167 shows the actual
feeder moduli combinations for the M08, M12, and
M15 castings. The moduli of the selected feeders
are listed in table 11.3 on page 168.

Feeder Type

Following the decision of the feeder moduli to be
used in the trial, a feeder type had to be chosen.
FosecoLtd. provided a wide range of different
feeder solutions. Some were natively designed to be
used as ram-up sleeves; others could be fitted to the
purpose. Feeders with the moduli listed in table 11.1
on page 167 could be found for a series of different
feeder types. However, it was estimated that the
more geometrically similar the feeders could be,
the better. A greater geometrical similarity would
eliminate variations in the results based on different
feeder types and shapes. Hence, a single series of
feeders were needed, which could provide the moduli
mentioned above.

The series that best fitted the requirements was
the Feedex HD V series. The feeders in the series are
listed in fig. 11.10b on the following page. A feeder
with an 18 mm modulus was not available within the
selected series. Thus, the 19 mm modulus version
was selected instead because the requirement of
comparable geometries was preferred rather than
having the exact feed modulus. The feeders used
during the trials are shown in fig. 11.11 on page 171.

Additionally, it was also decided to retain the
geometries of the different feeders, as selected from
Feedex HD V series, also for the insulating sleeves.
As the Feedex HD V series encompasses only exo-
thermic sleeves, the insulating sleeves had to be
produced as prototypes for the trials. The change
in material also changed the Modulus Extension
Factor (MEF), as described in eq. 2.6 in section 2.3.2,
on page 20.

𝑀𝑡 = MEF ×𝑀𝑔

As the exothermic sleeve material had a higher
MEF compared with the insulating sleeve mater-
ial, the resulting thermal (or true) modulus 𝑀𝑡 of
the prototyped insulating sleeves were lower than
their geometrically identical exothermic counter-
parts. The trade name of the exothermic material
is Feedex, and the trade name of the insulating
material is Kalmin 250. The selected feeders with
calculated 𝑀𝑡 are shown in table 11.3 on page 168.

The chosen feeders; their properties, systematic
name, and the amount that was used in the trials,
is shown in table 11.4.
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(a) Geometry overview of the Feedex HD V feeders.

(b) Table overview of the different Feedex HD V sizes.

Figure 11.10: Feedex HD V Series.
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Figure 11.11: Insulating and exothermic versions of the selected Feedex HD V feeders, with the three sizes of
metal breaker cores used for the trial.

11.4 Trial Setup and Production

The castings were produced at Valdemar Birn A⁄S
in Holstebro as part of their running produc-

tion. The trial was performed on a Disamatic 240A
(750 × 600mm) moulding line, using a cassette sys-
tem to mount the smaller pattern designed for a
Disamatic 230A (600 × 480 mm). The moulding
thickness was 300 mm. The castings were cast in
four different sessions on two different dates in Feb-
ruary and March 2014, with two sessions on each

date. The trial plan is shown in table 11.5 on the
next page.

The patterns were mounted as shown in fig. 11.8
on page 166, and cast in the order described in
table 11.5 on the next page starting at the top at
each separate session. At the beginning of each
combination, the mounting pins were mounted as
shown on the right side of the table. Then the ram-
up sleeve feeders were mounted on the pins, and the
squeeze plate (PP) was moved to its end position.
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Table 11.5: Trial plan overview. Trial number (#), Number of duplicates (No. ), Session number (S). Upper (U)
and Lower (L) feeder for casting M08, M12, and M15 respectively. The feeders are listed by coded names, where
the first number is the melt volume in the feeder in cm2, and the E or I indicate if the material was exothermic or
insulating, and the following number is the 𝑀𝑡 in mm. The final number in parenthesis indicate the used breaker
cores size. BKM 52/35, 58/33, and 64/33 indicate breaker core sizes and the numbers below indicate how many of
which size of mounting pin had to be mounted at which location for the trial in question.

M08 M12 M15 BKM BKM BKM
# No. S U L U L U L 52/35 58/33 64/33

1 3 1,2,4

2 3 3 6I05 (52) 8I06 (52) 22I10 (58) 2 1
3 3 3 8I06 (52) 28I08 (58) 82I12 (64) 1 1 1
4 3 3 28I08 (58) 22I10 (58) 121I16 (64) 2 1

5 3 1 6E06 (52) 8E08 (52) 22E12 (58) 2 1
6 3 1 8E08 (52) 28E10 (58) 82E15 (64) 1 1 1
7 3 1 28E10 (58) 22E12 (58) 121E19 (64) 2 1

8 2 1 6E06 (52) 8E08 (52) 22E12 (58) 2 1
9 2 1 8E08 (52) 28E10 (58) 82E15 (64) 1 1 1
10 4 1,2 28E10 (58) 22E12 (58) 121E19 (64) 2 1

11 2 3 6I05 (52) 6E06 (52) 8I06 (52) 8E08 (52) 22I10 (58) 22E12 (58) 4 2
12 2 3 8I06 (52) 8E08 (52) 28I08 (58) 28E10 (58) 82I12 (64) 82E15 (64) 2 2 2
13 2 3 28I08 (58) 28E10 (58) 22I10 (58) 22E12 (58) 121I16 (64) 121E19 (64) 4 2

14 2 4 8I06 (52) 6E06 (52) 28I08 (58) 8E08 (52) 82I12 (64) 22E12 (58) 3 2 1
15 2 4 6I05 (52) 8E08 (52) 8I06 (52) 28E10 (58) 22I10 (58) 82E15 (64) 3 2 1
16 2 4 6I05 (52) 28E10 (58) 8I06 (52) 22E12 (58) 22I10 (58) 121E19 (64) 2 3 1

17 2 2 6E06 (52) 6E06 (52) 8E08 (52) 8E08 (52) 22E12 (58) 22E12 (58) 4 2
18 2 2 8E08 (52) 8E08 (52) 28E10 (58) 28E10 (58) 82E15 (64) 82E15 (64) 2 2 2
19 2 2 28E10 (58) 28E10 (58) 22E12 (58) 22E12 (58) 121E19 (64) 121E19 (64) 4 2

20 2 2 8E08 (52) 6E06 (52) 28E10 (58) 8E08 (52) 82E15 (64) 22E12 (58) 3 2 1
21 2 2 6E06 (52) 8E08 (52) 8E08 (52) 28E10 (58) 22E12 (58) 82E15 (64) 3 2 1
22 2 2 6E06 (52) 28E10 (58) 8E08 (52) 22E12 (58) 22E12 (58) 121E19 (64) 2 3 1

The swing plate (SP) closed the chamber, and the
mould was shot and compacted. Subsequently, the
mould was pushed to the mould line. Here the
sequence was stopped, a ceramic filter was mounted,
and then the next feeders for the next duplicate were
prepared.

All moulds and subsequent the castings were
marked using a punching tool. The mark was made
in the sand mould when the ceramic filter was placed
into the mould.

For the largest of the feeders, it was necessary
to stop the cycle at the PP end position to ensure
that the feeders were still positioned correctly after
the pattern movement. This problem arose because
the mounting pins were designed to handle several
different feeder sizes to limit the required number
of mounting pins and subsequent pin changing op-
erations during the trial run. Unfortunately, this
resulted in the largest of the feeders tending to drop
the tip due to a too short mounting pin.

Like with the trials in Part I the moulding was
done in sessions to allow for sequential casting
without delay. This solution was chosen to ensure
a more uniform pouring temperature for all of the

castings. In-stream inoculation of the melt was used.
The pouring time without feeders was ∼6 s without
feeders, and the total poured weight without feed-
ers totalled ∼16 kg. Of this the feederless castings
respectively; ∼1.1 kg for the M08 casting, ∼3.7 kg
for the M12 casting, and ∼7.3 kg for the large M15
casting.

The castings cooled and solidified in the mould
for ∼1.5 h before the castings reached the shake-out
station, at which point the castings were recovered
manually and allowed to air-cool to room temperat-
ure. The manual removal ensured that all feeders
remained attached to the castings. Afterwards, the
castings were cleaned by shot blasting.

Finally, the castings were sorted, marked for easy
identification, and photo documented.

In total 69 castings of each of the three modulus
sizes were made, totalling 207 different castings for
the entire trial.
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(a) First mould. (b) Second mould.

Figure 11.12: Thermocouple placement.

(a) Data-logger in insulated box before casting. (b) Mounting and protection of the data-logger.

Figure 11.13: Setup of thermal measurement equipment.

11.4.1 Temperature Measurements

Temperatures were measured at the beginning of
each session to assess the actual pouring temper-
ature, and to provide a measure on the thermal
variation that was part of the trial. However, these
measurements do not provide information about the
actual temperature of the casting during cooling.
To obtain a better thermal description of the cool-
ing of the casting from the pouring of the melt until
shake-out thermocouples were placed in a mould
and the temperature was measured as the castings
moved along the cooling line.

Thermal measurements of this type could provide
information to help calibrate the Magmasoft sim-
ulations better and provide information on the
thermal effect of the feeders, as well as record the

cooling of the castings.

In-Production Thermal Measurements

As the cooling line was wholly encased at Valdemar
Birn A⁄S it was not possible to follow the castings
on either side of the line. Instead, it was decided
to let the data logging equipment ‘ride’ along with
the casting inside the cooling tunnel.

It was decided to use two USB-5104 4-channel
thermocouple logger from Measurement Comput-
ing. See fig. 11.14 on the following page. They are
compact and can log four channels plus the ambient
temperature. The data-loggers are battery driven
and can log with up to 1 Hz. The temperature
limitation was determined by which thermocouple
type was used. Each channel could be programmed
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Figure 11.14: Measurement Computing USB-5104,
4-channel thermocouple data-logger.

separately. For this experiment, K-type elements
were used.

The thermocouples were mounted on the vertical
plane of the mould and fastened using core nails.
Two times four thermocouples were mounted in trial
C10 and C17 and cast immediately before the start
of session 2. The feeder configuration is found in
table 11.5 on page 172 and the alloy composition
and pouring temperature in table 11.2 on page 167.
The mounting of the thermocouples is shown in
fig. 11.12 on page 173.

The USB-5104, like most other electronic equip-
ment, had a maximum operating temperature of
70 ○C. The air temperature in the cooling tunnel
was expected to rise above this threshold during
the 1.5 h journey from the pouring station to the
shake-out. Two insulated boxes were constructed to
accommodate this issue. A data-logger was placed
in each of the boxes along with cooling elements
and padded with insulation. Due to the low roof
clearance of the cooling tunnel, a few extra moulds
were made, and the boxes were dug into these. See
fig. 11.13 on page 173.
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12.1 Porosity Quantification

The trial castings were produced as described
in chapter 11, on page 157. The porosity ana-

lysis used in Part I—sectioning, grinding, and etch-
ing all the castings before performing a liquid pen-
etrant test on each sectioned casting—was too time-

consuming to be useful in analysing all the castings
produced for this second Part.

Additionally, the liquid penetrant test of a sec-

Aluminium (Al), Computer Aided Design (CAD), Mod-
ulus Extension Factor (MEF), Pores Per Inch (PPI), Sil-
icon (Si), Thermocouple (TC)

175



13A 13B

Figure 12.1: Porosity indications identified using ultrasound and marked with crayon by the operator. Note that
both markings on the large M15 castings are classified as large (4) porosities. The porosity on the 13B-M15 casting
is connected to a small (2) porosity at the middle control volume. Casting 13A-M12 shows a large porosity (4) at
the top and a disconnected small (2) porosity at the middle control volume.

tioned casting has the disadvantage of only evaluat-
ing the plane at which the cut was made. For this
reason, other methods were sought after.

To accurately quantify the porosities two things
were essential: (1) establishing how large were the
porosities, and (2) where were the porosities located.
Hence, the analysis method used must provide a
proper estimate of these two parameters for the
entire volume of the casting, not just the sectioned
plane. The methods must be reliable, repeatable,
and relatively fast. As all 207 castings had to be
analysed, it was decided to reserve the slow and
labour intensive analyses for selected castings.

For these reasons, and because of the accessibility
and expertise at Valdemar Birn A⁄S, it was decided
that the bulk analysis and quantification should
be performed by ultrasound analysis, that select
castings would subsequently be x-ray imaged to
support the analysis of the ultrasound examination,
and other select castings should be sectioned.

Additionally, the application of non-destructive
tests would preserve the castings for later exam-
inations using other methods, destructive or non-
destructive, if need be. Hence, only the sectioned
castings would be eliminated from this.

12.1.1 Ultrasound Analysis

Ultrasound can be used to analyse a range of differ-
ent material characteristics—eg material properties,
elastic modulus, polymerisation in plastics, the dens-
ity of ceramics, nodularity in cast iron, grain size
in metals, and detection of particles and porosities
and their distribution in the material, among other
applications [145]. In this analysis, the ultrasound
was used to analyse the size and distribution of
porosities in the bulk of the material.

The porosity analysis was performed by moving
a transducer over the surface of the casting. The
transducer transmitted an ultrasound signal which
was then recorded by the receiver—in this case, the
transducer acted as a combined transmitter and
receiver. This combined function also meant that
the analysis was dependent on the reflection of the
sound waves from the casting surface opposite the
transducer. The surface of the casting was sprayed
with a mixture of 5 % machine oil and 95 % water
to ensure the required transmission of the sound
from the transducer to the casting and back again.
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The base signal was obtained when the sound
travelled from the transducer to the reverse side
of the casting and back to the transducer without
any obstructions. The baseline is dependent on the
material characteristics. For example ductile cast
iron is a better sound conductor than grey cast iron,
resulting in different baseline distances. Porosit-
ies and other impurities in the casting shatter the
soundwave, reflecting part of the signal before it
reaches the reverse side of the casting. This reflec-
tion provides a signal different from the baseline,
identifying signal obstructions in the casting. The
difference between the reflection of the obstruction
and the reflection of the baseline indicate the depth
and size of the obstruction.

The signal response time indicates the reflection
distance directly below the transducer. By moving
the transducer across the surface of the casting, the
operator can detect where the signal obstructions
(porosities) are located. The operator located the
porosities and drew the edge of the defects directly
onto the casting using a crayon, and thus created a
projection of the porosity onto the outer surface of
the casting. See Figure 12.1 on page 176.

The castings were analysed using a Karl Deutsch
Digital-Echograph by an experienced operator.

The castings were analysed from two sides—the
side with the feeders, and the parting line side. This
approach ensured a ‘view’ of the porosities from
two sides, thus increasing the reliability of the ana-
lysis as the results were confirmed by two separate
measurements. Additionally, the two side approach
allowed for a better 3D estimation of the porosities,
as two projections, 90° apart, were available for the
analysis.

All castings were photo-documented with the
porosity indications drawn onto the castings for
later analysis. See fig. 12.1 on page 176.

Defect Classification

The porosities had to be given quantifiable values
and properties to enable a quantitative analysis of
the feeding of the castings. The main property of
the porosities was the size, albeit the location of
the porosities was also an interesting property to
quantify. Thus the scale was based on a notion
similar to the definition presented by Lee et al [27],
though with additional differentiation. See section
2.2.1, on page 17. Additionally, other observed
phenomena were recorded to support the subsequent
analysis.

Porosity Size The porosities were classified on an
absolute scale from 0 to 4 where;

0 = no porosities,

1 = microporosities,

2 = small porosities,

3 = medium porosities, and

4 = large porosities.

Note that the scale is exponential, not linear and
that the quantification of all porosities was per-
formed by the same experienced operator. The
scale was also the same for all three moduli cast-
ings, meaning that the porosity grading does not
scale with casting modulus. The porosity values are
absolute; hence eg a medium porosity is relatively
more significant for the small M08 casting compared
with the large M15 castings.

Note also that the scale displays a few inher-
ent limitations. There is a lower limit to the size
of porosities that can be detected by ultrasound
analysis. Hence, very small intergranular poros-
ities may have been undetected by the analysis.
These possibly undetected porosities, however, do
not significantly influence the validity of the ana-
lysis. The analysis quantifies the feeding efficiency
of the different feeder configurations, and porosities
so small that they cannot be detected by an ultra-
sound analysis will not alter the overall impression
of the efficiency of a given feeder configurations.
Additionally, porosities too small to be detected by
non-destructive analyses would likewise not be large
enough to cause the casting to be scrapped.

For the large porosities, the limitation of the
scale is that the scale is open-ended. Hence, large
porosities cover anything from large, over very large,
to extremely large.

Another approach for estimating the total amount
of porosities in the casting would be by weighing.
This approach is addressed shortly in section 12.1.3,
on page 179.

Porosity Location The next important parameter is
to determine the location of the porosity by determ-
ining the size of the porosities,. It was chosen to
divide the castings into three equally sized control
volumes—top, middle, and bottom—and record the
size of the porosities found in each of these control
volumes for all of the castings. See fig. 12.2. Note
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Figure 12.2: Control volumes for the porosity analysis. The three volumes that encase the castings themselves
are designated as the top, middle, and bottom control volume.

that the three control volumes, as a result of the
casting design, are all cubes with a side length of
a, as described in section 11.1.2, on page 161, and
shown in fig. 11.3 on page 161.

Another approach could have been to measure
the distance from the bottom of the casting to the
bottom of the porosity. For multiple porosities,
this would require multiple measurements. This
approach may provide a more accurate porosity loc-
ation for the subsequent analysis, albeit an accurate

description of the large porosities would require an
additional measurement—eg of the height of the
porosity.

The volume approach was chosen because it re-
duced the number of measurements required, and
because the location can, if need be, be evaluated
using the imaged castings. Additionally, it was
estimated that the volume approach provided an
adequate level of information for a statistical com-
parison of the feeder configurations efficiency.
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(a) M08: 01F (b) M12: 01F

Figure 12.3: Typical atmospheric punctures at the
pre-feeder neck.

Figure 12.4: YXLON x-ray imaging machine used for
the x-ray analysis. X-ray source on the left, turntable at
the centre, and x-ray detector at the right [146].

Other Observations During the ultrasound analysis
of the castings, other reoccurring features were ob-
served. These were also recorded to support the
porosity analysis.

Connected or Disconnected It was discovered
that some castings had porosities that spanned two
of the three predefined volumes—top, middle, and
bottom. See fig. 12.1 on page 176. These porosities
were recorded as the porosity size inside the specific

volume. For example, a porosity could cover both
the top and the middle volume. The porosity size
inside the top volume would then be assigned the
top volume—eg 4 for a large porosity. Likewise, the
porosity size inside the middle volume would be
assigned a value based in the size of this part of
the total porosity—eg this might be a 2 for a small
porosity.

However, castings with porosities in adjacent
volumes, which were not connected were also ob-
served. Thus, it was necessary to indicate if the
porosities were connected or disconnected across the
volume boundaries. See table 12.1a on the following
page, where connected porosities are indicated by
italic.

Puncture at the Pre-Feeder Neck It was observed
that some of the castings had an atmospheric punc-
ture at the connection between the pre-feeder neck
and the main body of the casting. See table 12.1a on
the next page, where castings with an atmospheric
puncture are marked as bold for the porosity size
of the top control volume.

Two typical punctures are shown in fig. 12.3. The
shown punctures are from castings without a feeder;
however, no differences were observed between the
atmospheric punctures that were found in casting
with and without feeders.

12.1.2 X-Ray Analysis

Based on the results of the ultrasound analysis,
select castings were analysed using x-ray imaging
with a YXLON x-ray imaging machine [146]. See
fig. 12.4. Note that the x-ray imaging was a simple
method providing macroscale 2D images of select
areas of the castings. The smaller M08 castings
could be imaged in one frame, albeit the M12 and
M15 could only be imaged in sections. The images
of the different sections were stitched together to
provide context to the images; again to provide a
useful overview of the analysis. See fig. 12.5 on
page 181.

12.1.3 Weighing the Castings

Another method for quantifying the number and size
of porosities in the castings is to weigh them. The
larger the porosities, the lighter the casting. This
method yields some advantages; (1) the number
and size of porosities is recorded as a value (weight),
and (2) the method is free of subjective assessments
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Table 12.1: Overview of the ultrasound porosity analysis results.

(a) Porosities for each casting, shown by control volume
(top, middle, or bottom). Italic indicate porosities con-
nected across control volumes, and bold indicate castings
with atmospheric puncture at the neck.

M08 M12 M15

# T M B T M B T M B

0 A 4 2 4 2 4

T
ri

al
1B 4 2 4 2 4 4

C 4 2 4 2 4 2

1 A 4 2 4 4 1
B 4 2 4 2 4 2
C 4 2 4 4 2

01 A 4 2 4 3 4 2

T
ri

al
2

B 4 1 4 2 4 2
C 4 1 4 1 4 1
D 4 4 1 4
E 4 4 1 4 1
F 4 1 4 1 4
G 4 2 4 4
H 4 1 4 1 4 1
I 4 2 4 4 1

02 A 4 4 4 2 4
B 4 2 4 2 4 1

03 A 4 1 4 2 4 1
B 4 2 2 2 3 2
C 4 2 4 2 4 1

2 A 4 1 4 4 1

T
ri

al
2

B 4 1 4 4
C 4 1 4 1 4 1

3 A 4 4 4 1
B 4 1 4 1 4 1
C 4 1 4 4 1

4 A 4 2 4 1 4
B 4 2 4 4 2
C 4 4 1 4 1

5 A 4 2 4 4

T
ri

al
1

B 4 2 4 2 4
C 3 4 4

6 A 4 4 4 2 1
B 4 4 4 2 4
C 4 4 4 4 3

7 A 4 4 2 4
B 4 4 2 4
C 4 4 4 4

8 A 4 2 3 2 4 1

T
ri

al
1

B 4 2 4 2 4 1

9 A 4 2 4 2 1
B 4 2 4 2 3

10 A 4 2 4 2 2 2
B 4 2 4 2 4 4 4
C 4 2 4 2 4 4 4

11 A 4 4 1 4 1

T
ri

al
2

B 4 4 4

12 A 4 2 4 1 2
B 4 1 4 1 1

13 A 4 2 4 2 4
B 4 2 4 2 4 2

14 A 4 2 4 2 4 2

T
ri

al
2

B 4 2 4 2 4 2

15 A 4 4 2 2
B 4 4 2 1

16 A 4 2 4 3 2
B 4 2 4 1 4 3

17 A 4 4 2 4 2

T
ri

al
1

B 4 4 2 4 2

18 A 4 2 4 2 4
B 4 2 4 2 4

19 A 2 2 4 2 2
B 2 2 4 2 2

20 A 4 4 4 2 1

T
ri

al
1

B 4 4 4 2

21 A 4 2 4 2 1
B 4 2 4 2 4

22 A 4 4 4 2 1
B 3 4 4 2

(b) Reference table showing the feeder combinations
used for each casting. Recapitulation of table 11.5 on
page 172. Exothermic ram-up sleeves are marked as
bold.

M08 M12 M15

# U L U L U L

0 A

T
ri

al
1B

C

1 A
B
C

01 A

T
ri

al
2

B
C
D
E
F
G
H
I

02 A
B

03 A
B
C

2 A 6I05 8I06 22I10

T
ri

al
2

B 6I05 8I06 22I10
C 6I05 8I06 22I10

3 A 8I06 28I08 82I12
B 8I06 28I08 82I12
C 8I06 28I08 82I12

4 A 28I08 22I10 121I16
B 28I08 22I10 121I16
C 28I08 22I10 121I16

5 A 6E06 8E08 22E12

T
ri

al
1

B 6E06 8E08 22E12
C 6E06 8E08 22E12

6 A 8E08 28E10 82E15
B 8E08 28E10 82E15
C 8E08 28E10 82E15

7 A 28E10 22E12 121E19
B 28E10 22E12 121E19
C 28E10 22E12 121E19

8 A 6E06 8E08 22E12

T
ri

al
1

B 6E06 8E08 22E12

9 A 8E08 28E10 82E15
B 8E08 28E10 82E15

10 A 28E10 22E12 121E19
B 28E10 22E12 121E19
C 28E10 22E12 121E19

11 A 6I05 6E06 8I06 8E08 22I10 22E12

T
ri

al
2

B 6I05 6E06 8I06 8E08 22I10 22E12

12 A 8I06 8E08 28I08 28E10 82I12 82E15
B 8I06 8E08 28I08 28E10 82I12 82E15

13 A 28I08 28E10 22I10 22E12 121I16 121E19
B 28I08 28E10 22I10 22E12 121I16 121E19

14 A 8I06 6E06 28I08 8E08 82I12 22E12

T
ri

al
2

B 8I06 6E06 28I08 8E08 82I12 22E12

15 A 6I05 8E08 8I06 28E10 22I10 82E15
B 6I05 8E08 8I06 28E10 22I10 82E15

16 A 6I05 28E10 8I06 22E12 22I10 121E19
B 6I05 28E10 8I06 22E12 22I10 121E19

17 A 6E06 6E06 8E08 8E08 22E12 22E12

T
ri

al
1

B 6E06 6E06 8E08 8E08 22E12 22E12

18 A 8E08 8E08 28E10 28E10 82E15 82E15
B 8E08 8E08 28E10 28E10 82E15 82E15

19 A 28E10 28E10 22E12 22E12 121E19 121E19
B 28E10 28E10 22E12 22E12 121E19 121E19

20 A 8E08 6E06 28E10 8E08 82E15 22E12

T
ri

al
1

B 8E08 6E06 28E10 8E08 82E15 22E12

21 A 6E06 8E08 8E08 28E10 22E12 82E15
B 6E06 8E08 8E08 28E10 22E12 82E15

22 A 6E06 28E10 8E08 22E12 22E12 121E19
B 6E06 28E10 8E08 22E12 22E12 121E19



 15A  19A  20B  22B

Figure 12.5: Overview of x-ray images for M15 castings, showing porosities in the pre-feeder and in the different
ram-up sleeves feeders.

by an operator. On the other hand weighing the
castings also entail a few disadvantages: (1) it is a
destructive method that require the pre-feeder and
other feeders to be separated from the casting, and
(2) the accuracy of the method is greatly dependent
on how identically the castings are cut and ground
to leave the same amount of casting to be weighed
for all castings. Burrs and excess edges may easily
weigh the same as a medium sized porosity. Addi-
tionally, separate control volumes can be cut and
measured; however, sectioning must be very precise
to control the size of the volume. Some porosities
will possibly also be located at the cutting plane
and thus destroyed in the process.

As the method is destructive and would separ-
ate the feeders from the castings, it was decided to
postpone this type of analysis until all other ana-
lyses were performed. Subsequently, the weighing
porosity analysis has not been a part of the present
porosity analysis.

12.1.4 Sectioned Castings

In addition to the ultrasound and x-ray analyses, a
selection of the castings was also sectioned through
the vertical centreline—specifically the parting line
of the mould. This approach allowed for a dir-
ect visual inspection of the porosities. A liquid
penetrant test was not performed on the sectioned
castings as it was assessed that the porosities were

plainly visible without the penetrant. Additionally,
the tendency for the liquid penetrant to ‘bleed’ when
applied to large porosities, obscuring the results,
further dissuaded the application in this case.

An advantage of the sectioned castings compared
the results of the ultrasound and x-ray analyses,
was that direct visual inspection of the porosities
was more natural to match with the results of the
porosity predictions made by the numerical simula-
tions.

Note that only M15 castings were sectioned, as
these were the only one available at the time.

Figure 12.6 on the next page and on page 183
shows six different castings without feeders—
benchmark castings. These castings show how the
basic casting geometry solidify and form porosities
without the application of feeders, but also testify
to the process stability by showing the variation
in porosities occurring as part of the production
process itself.

The castings show a tendency to form a signific-
ant porosity right under the pre-feeder neck. This
tendency is seen in all six castings. Additionally,
casting 00B in fig. 12.6a on the next page also shows
a porosity at the middle control volume, which was
classified as a large (4) porosity. The porosity in the
sectioned casting seem small for a ‘large’ porosity,
but the sectioning only shows the plane that has
been cut and may have removed a large part of the
porosity by sectioning through it. The same can
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(a) 00B-M15 4 : 4 : 0 (b) 00C-M15 4 : 2 : 0

(c) 01A-M15 4 : 2 : 0 (d) 01H-M15 4 : 1 : 0

Figure 12.6: Sectioned castings cast without feeders. The numbers indicate the porosity size identified by the
ultrasound analyses—T :M :B. See table 12.1 on page 180.

be said for the other castings, where the porosities
identified by the ultrasound analysis cannot be seen.

Figure 12.7 on page 184 and on page 185 show
eight sectioned casting with various different feeder
configurations. As expected, the size and distribu-
tion of the porosities vary much more between the

different casting groups than within the group of
reference castings shown in 12.6. Note that particu-
larly the castings in figs. 12.7b and 12.7e differenti-
ate from the other castings in fig. 12.7, as well as
the porosities observed in fig. 12.6.

The location and formation of the porosity in
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(e) 1B-M15 4 : 2 : 0 (f) 03C-M15 4 : 1 : 0

Figure 12.6: Sectioned castings cast without feeders. The numbers indicate the porosity size identified by the
ultrasound analyses—T :M :B. See table 12.1 on page 180.

casting 10B in fig. 12.7b show clear signs of a casting
defect aided by other factors than regular feeding.
The same can be said of casting 16B in fig. 12.7e.
Both porosities show formations that are distinctly
different from the porosities observed in fig. 12.6,
or in the feeder in fig. 12.7. The position of the
porosities in the two castings also stray from the
thermal centre of the castings, as is also illustrated
in subfigure (d) in Figure 2.5 on page 16.

Note that casting 10B in fig. 12.7b has a blowhole
on the right-hand side, indicating that some gas
evolution has occurred. The session was halted
right before the castings with feeder configurations
C10, as to mount TCs in the moulds. Thus, castings
10B and 10C were the very first castings to be cast in
the second session, while castings 10A and 17A with
the TCs followed. As seen in fig. 12.8 on page 186.
The designation A, B, and C is arbitrary as any
order of casting is lost at the shake-out station.
Consequently, the blowhole in 10B, which can also
be found in almost the same spot in casting 10C,
cannot be related to the presence of TCs. Viewing
the cleanliness around the pouring cups, or lack
thereof, in 12.8, indicate that the installation of the
TCs indirectly may have caused inclusions.

That the 10B and 10C castings were the first
castings to be cast after the extended pause may

have led to inclusions or other melt impurities to get
into the melt and the casting; though a ceramic filter
was used as described in chapter 11, on page 157.
Alternatively, it is possible that the filter was not
put in these two moulds by mistake, thus allowing
for impurities and inclusions in the melt to get into
the mould. Vald. Birn always uses filters due to the
construction of the melt handling, which does not
allow for de-slagging, which in turn give rise to
problems with inclusion and impurities. A third
option is that the inclusions have come into the
mould via the vent.

Casting 16B in fig. 12.7e was cast as part of an-
other session on another date. Furthermore, casting
16B had no TCs installed so this cannot be the cause
of the unexpectedly large porosity in this casting,
when compared with its sibling, casting 16A in fig.
12.7d. While the porosity in casting 16B, in gen-
eral, is dissimilar to the porosity in casting 10B,
they both display crescent shapes porosities hint-
ing at some oxide bi-film opening, as described by
Campbell [24]. The central part of the porosity
is, however, very irregular in shape and does not
resemble a gas porosity formed in the melt. A pos-
sibility is that impurities in the melt have caused
weak spots in the melt, which as a result has rup-
tured as the tension in the melt at a later stage of
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(a) 9A-M15 0 : 1 : 0 (b) 10B-M15 4 : 4 : 4

(c) 15B-M15 0 : 2 : 0 (d) 16A-M15 0 : 2 : 0

Figure 12.7: Sectioned castings cast with different feeder configurations. The numbers indicate the porosity size
identified by the ultrasound analyses—T :M :B. See table 12.1 on page 180.

solidification and feeding became too high. This
theory is supported by the shape of the porosities
which is substantially textured, as compared to the
10B porosities or the porosities in the pre-feeders,
indicating that the melt was in a mushy, semi-solid
state when the porosities formed, as shown in fig.

13.3c on page 242.
The porosities in the lower feeders of castings 9A,

15B, 21A, and 22B should also be noted. These show
a smooth surface, indicating the surface tension was
dominant at the time porosities were formed. This
type of porosity formation may indicate that the
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(e) 16B-M15 4 : 3 : 0 (f) 20B-M15 0 : 0 : 0

(g) 21A-M15 1 : 0 : 0 (h) 22B-M15 0 : 0 : 0

Figure 12.7: Sectioned castings cast with different feeder configurations. The numbers indicate the porosity size
identified by the ultrasound analyses—T :M :B. See table 12.1 on page 180.

porosities were formed in the not-to-mushy liquid.
It is also likely that gas expelled from the solidifying
melt have aided the formation of these porosities,
though it is assessed that a rupture formed the
porosities in the melt caused by too high a tension
and that gas released as the solubility was lowered

afterwards found its way to these cavities in the
melt.

Additionally, the sectioned castings visualise, in
part, the size definitions of the porosities used in the
ultrasound analysis in section 12.1.1, on page 176.
Remember, though, that the sectioned casting only
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Figure 12.8: Overview of the TC setup and mould placement of castings 10A, 10B, 10C, and 17A.

show the porosities that intersect with the section.
Other porosities may be present away from the part-
ing line or been initially located where the sectioning
was made. Regardless of this, the sectioned castings
do illustrate the exponential nature of the porosity
scale used to quantify the size of the porosities, as
described in section 12.1.1, on page 177.

12.2 Porosity Result Analysis

The results of the ultrasound analysis are listed in
table 12.1 on page 180. However, as causes and

correlations can be difficult to extract from directly
from the results table, subsequent data analysis and
results illustrations have been made. Figure 12.9 on
page 188 illustrate all the castings with either an
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upper or a lower feeder. Figure 12.11 on page 192
illustrate the castings with both an upper and a
lower feeder. The M08 castings are shown in red,
the M12 castings are shown in blue, and the M15
castings are shown in green.

The graphs show the sum of porosities for the
entire casting plotted as a function of the total sum
of the moduli of both the upper and lower feeders
used for the particular casting. For traditional grav-
ity driven feeders the relationship would predict a
reduction in the sum of porosities as the sum of the
feeder moduli increases. This relationship would
be valid from the point when the feeder was large
enough to feed the casting, and until the feeder was
large enough to prevent the porosities completely.
Outside these boundaries, the relationship does not
apply.

Contour plots are overlayed onto the scatterplot
of the feeder moduli vs. the sum of porosities. Trend
lines are used to illustrate the progressing of a set
of data. However, due to the variation across the
feeder combinations, the different trend line-type
yielded a series of different trends; hence the choice
of trend line became an interpretation in itself. For
this reason, it was decided to use contour plots to
illustrate the tendencies of the scatter data. Note
that some scatter points are overlaying and that
this is illustrated by the contour plot. Additionally,
the less scattered the data, the denser the contour
lines. Scattered data, on the other hand, disperse
the contour lines, indicating a less stable process.
Remember that the x-axis was predetermined as
part of the experimental design, and that variation
along this axis is a matter of experimental design
rather than process stability.

Note that the feeder moduli used for insulating
and exothermic feeder sleeves are different. The
exothermic feeders have a higher feed modulus as
the same sleeve geometry was used for both types,
and the exothermic material has a greater MEF
compared with the insulating material. Note also
that the graphs do not show the location of the
porosities in the castings, hence only displaying the
porosity sum for all three control volumes—top,
middle, and bottom.

12.2.1 Upper Feeder Only

The top row (a-c) of graphs in fig. 12.9 on the
next page show all upper feeders, both insulating
and exothermic. The second (d-f) and third (g-i)
row represent the same data as in the top row but

differentiated between insulating and exothermic
sleeves. Below each of the three casting moduli will
be analysed separately, and subsequently compared.

M08 (12.9a)

Comparing the insulating (d) and the exothermic (g)
feeder sleeves materials in fig. 12.9 on the following
page, the insulating sleeves appeared to provide
a more stable and uniform process. On the other
hand, little if any feeding efficiency improvement
were obtained by using a larger insulating feeder
modulus.

Insulating (12.9d) Upgrading from a feeder with
a modulus of 5 mm to a feeder with a modulus of
6 mm reduced the porosity sum from five to four
for one of the three castings. The upgrade to feeder
modulus 8 mm increased the porosity sum for two
of the three castings from five to six, while the last
casting had a porosity sum of four. Hence, increased
feeder modulus, for the insulating sleeves, gives
indications of increased porosities and decreased
process stability.

Exothermic (12.9g) The exothermic feeder sleeves
provided the least stable results; however, the lowest
porosity sum for all M08 castings was found for the
6 mm exothermic feeder, displaying a porosity sum
of three. This casting, 5C, showed no porosities at
the top control volume. This behaviour was only
observed in one other of the M08 castings, namely
19A. Instead of the top porosity, 5C was found to
have a medium (3) porosity at the middle control
volume. As the two other castings with the same
feeder configuration were found to have a porosity
sum of six, with four at the top control volume and
two at the middle control volume, this behaviour
was considered an anomaly.

The 8 mm feeder castings all had a porosity sum of
eight. While this was stable, it was not an improve-
ment regarding the number and size of porosities
found in the benchmark castings without feeders.

For the 10 mm feeder castings, two of the three
castings showed a porosity sum of four; while the
last casting had a porosity sum of eight. This num-
ber and size of porosities indicated a tendency to-
wards a better yielding, though less stable, feeding
process. None of the castings in this group had any
porosities at the middle control volume. However,
the castings with a porosity sum of eight, 7C, dis-
played a large (4) porosity in the bottom control
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(a) M08: Exo and ins feeders.
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(b) M12: Exo and ins feeders.
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(c) M15: Exo and ins feeders.
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(d) M08: Ins upper feeders.
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(e) M12: Ins upper feeders.
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(f) M15: Ins upper feeders.
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(g) M08: Exo upper feeders.
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(h) M12: Exo upper feeders.
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(i) M15: Exo upper feeders.
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Figure 12.9: Upper feeder only: Overview of the porosities size distribution based on feeder modulus for castings
with upper feeder only. Exo = exothermic feeder sleeves, and ins = insulating feeder sleeves.

volume. As the 10 mm was the largest modulus
upper feeder used for the M08 castings and the
only casting that did not show porosities at the
middle volume, this indicates that the 10 mm upper
feeder was large enough to significantly influence
the solidification of the castings and the porosity
formation.

M12(12.9b)

The M12 castings displayed less dispersion com-
pared with the M08 castings. The combined graph
(b) shows a baseline of castings with a porosity sum
of four, but also that all feeder moduli had one or
two castings with more porosities.
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Note that the feeders used with the M12 castings
were proportionally smaller compared with the M08
and M15 castings, as described in section 11.2, on
page 167. Hence, decreased dispersion of the results
may be related to the reduced influence of the size
reduced feeders. Additionally, it should also be
noted that the 6 mm feeder, with a proportional
modulus of 0.5M∝ performs as well as the 10 mm
feeder, and better than the 8 mm and 12 mm feeders.

Insulating (12.9e) The insulating feeder showed
minimal variation between the different feeder con-
figurations. The only small tendency was towards in-
creased porosities for larger feeders. The small 6 mm
and 8 mm feeders show a tendency towards reduced
porosities, while the slightly larger 10 mm feeders
were inclined towards slightly increased porosities.
Again, note that all three feeders had a modulus
smaller than the casting itself.

Exothermic (12.9h) The exothermic group was very
similar to the insulating regarding stability and
porosities. The exothermic group also displayed a
baseline across all feeder moduli with a porosity sum
of four. Like the insulating group, the exothermic
group also showed a small tendency towards increas-
ing porosities for the largest feeder modulus, the
12 mm. Note, though, that the exothermic feeders
all were +2 mm larger than the insulating feeders.
Hence, the 10 mm for the insulating feeders was the
least favourable performer of its group, while 10 mm
for the exothermic group it was the best performer.

M15 (12.9c)

The graph with the combined groups for the insulat-
ing and the exothermic feeders (c) can be subdivided
into three groups. The first subgroup, the small
modulus feeders 10 mm and 12 mm, showed poros-
ity sums between four and five. Note, though that
all the insulating 12 mm feeders resulted in a mi-
croporosity (1) at the middle control volume, while
the same modulus feeder made with the exothermic
material all were free of this porosity. The second
subgroup, the medium modulus feeders 15 mm and
16 mm, displayed a large dispersion ranging from a
porosity sum of three to seven. The last subgroup,
the medium modulus feeders 19 mm, showed the
same stable process with only porosities at the top
control volume as was also found for the exothermic
10 mm feeders.

Insulating (12.9f) Analysing the insulating feeders
separately, it was found that the group as a whole
has a little variation, with the 12 mm feeder showing
the most repeatable performance.

Exothermic (12.9i) The single best performance
was observed for the casting 6A, with a modulus
of 15 mm, albeit the performance of the group was
dispersed. However, the group markedly had two
castings, 6A and 6B, that displayed only small (2)
porosities in the top control volume. The two other
exothermic groups, 12 mm and 19 mm, both dis-
played stable processes with large (4) porosities in
the top control volume.

Modulus Comparison (12.9a-12.9c)

Comparing the feeder performance across the three
casting moduli, it is noted that the largest porosity
sum was recorded for the smallest casting, M08.
Remember that the porosity scale does not scale
with the casting modulus, as described in section
12.1.1, on page 177. The M08 castings showed the
largest dispersion, while the M12 castings were the
most stable. Again, the reduced dispersion may be
related to the proportionally smaller feeder used for
the M12 castings.

Insulating (12.9d-12.9f) The insulating feeder
groups were very uniform in their performance.
However, none of the feeder configurations resulted
in a significant reduction in porosities. For all three
modulus castings, a slight increase in porosity sums
was observed for increasing feeder modulus.

Exothermic (12.9g-12.9i) The exothermic groups
showed more dispersed behaviour compared to the
insulating groups. However, the castings with the
smallest porosity sums were also found in the exo-
thermic groups. Note that the feeder modulus pro-
portional to the casting modulus was the differenti-
ated modulus for the M08 and M15 castings. For
M08 castings the 8 mm feeders were the most stable
group with no variation in porosity sum. For the
M15 castings, however, the opposite was true. Here
the proportional feeder modulus, 15 mm, was the
only group that showed any dispersion of the poros-
ity sum. For the M12 castings, the best performance
was recorded for the 10 mm feeder and increased
dispersion and porosities for both the smaller 8 mm
feeder and the larger 12 mm feeder.
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(a) M08: Exo lower feeders.
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(b) M12: Exo lower feeders.
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(c) M15: Exo lower feeders.
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Figure 12.10: Lower feeder only: Overview of the porosities size distribution based on feeder modulus for castings
with lower feeder only. Exo = exothermic feeder sleeves.

12.2.2 Lower Feeder Only

For the groups of castings with only a lower feeder
there are no insulating feeder combinations, and
subsequently, the combined group plots are also ab-
sent. See fig. 12.10. Note that the 10A casting was
equipped with thermocouples and the temperature
in the casting was measured during the solidifica-
tion and cooling of the castings. See fig. 12.15 on
page 204.

M08 (12.10a)

The M08 castings showed no variation in the results.
All seven castings in the group had a porosity sum
of six, distributed by four from the top control
volume, and two from the middle control volume.
The weight towards the 10 mm feeder in the contour
plot is because there were three of these castings,
while only two of the two other feeder moduli.

M12 (12.10b)

The M12 castings perform very stable and very sim-
ilar to the M08 group. Only dispersion is the 8A
casting that had a medium porosity (3) in the top
control volume rather than a large (4) as all the
other castings in the group. Remember that the
8 mm feeder that produced this improvement was
6.66M∝ of the M12 casting, and thus the propor-
tionally smallest bottom feeder analysed. Again the
shift towards the 12 mm feeder in the contour plot
relates to the number of castings.

M15 (12.10c)

While the M08 and M12 casting groups with only
a bottom feeder showed almost no variation, the
M15 casting group do. The castings with the 12 mm
feeders perform similarly to the smaller modulus
castings. The 15 mm feeders resulted in two cast-
ings without porosities at the top control volume.
The middle control volume showed a microporosity
(1) and a medium porosity (3) respectively, as the
only porosities found in the two castings. These few
and small porosities indicate that the proportional
exothermic feeder located at the bottom of the cast-
ing manages to feed most of the casting. The largest
feeder modulus, 19 mm, on the other hand, showed
inferior results. The 10A casting showed small (2)
porosities at the middle and bottom control volumes.
However, the two other castings in the group had
large (4) porosities in all three control volumes. This
sum of porosities is more than double the sum of
porosities found in the benchmark castings without
feeders.

Modulus Comparison (12.10a-12.10c)

The graphs show that the M08 and M12 castings
solidify comparably, while the larger M15 castings
apparently solidify differently, changing the devel-
opment of the shrinkage defects and feeding regime.
The size increase of the casting alters the way the
casting act together with the proportional feeders.

12.2.3 Upper and Lower Feeders Together

The scatter plots for the castings that have both an
upper and a lower feeder are organised in the same
way as for the scatter plots with a top feeder only.
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See fig. 12.11 on the next page. The top row (a-c)
shows the collected findings for each modulus cast-
ing, while the second row (d-f) shows the castings
with an insulating upper feeder and an exothermic
lower feeder, and row (g-i) shows the castings that
had exothermic feeders at both the upper and lower
position. Note that the x-axis denotes the sum
of moduli of the two feeders. Note also that cast-
ing 17A was equipped with thermocouples and the
temperature in the casting was measured during
the solidification and cooling of the castings. See
fig. 12.15 on page 204.

M08 (12.11a)

The contour plot show curves with low porosity
sums at the small moduli sum, as well as the large
moduli sum. The medium size moduli sum feed-
ers showed larger total porosities than smaller and
larger counterparts. All of the small moduli sum
castings had a large (4) porosity at the top con-
trol volume, but no porosities at the middle con-
trol volume. Thus, a positive feeding effect was
repeatedly achieved for all six castings with feed-
ers that had a modulus of 5 mm or 6 mm. For the
large moduli sum feeders, the sum of porosities was
the same, albeit they were distributed differently.
The 19A had small (2) porosities at the middle and
bottom control volumes, while the 19B had small
(2) porosities at the top and the middle control
volumes.

Insulating Upper Feeder (12.11d) Most of the cast-
ings with insulating upper feeder had a stable per-
formance with a large (4) porosity at the top control
volume and a small (2) porosity at the middle con-
trol volume. Casting 12B, which had 8 mm feeders
as both the upper and lower feeder position showed
microporosities (1) at the middle control volume.
However, a group of castings with small modulus
feeder at both the upper and lower feeder posi-
tion showed improved feeding performance. Hence,
castings groups 11 and 15 both displayed castings
without porosities at the middle volume. Note that
the positive effect was only recorded for the smallest
upper feeding modulus, 5 mm. The 6 mm insulating
feeders did not show the same effect as removing
the porosities at the middle control volume. Ad-
ditionally, the combination of the smallest upper
feeder, 5 mm, with a large lower feeder, 10 mm, did
not yield the same positive results. Hence, the two
feeders do influence each other’s performance in a
non-linear way.

Exothermic Upper Feeder (12.11g) The sum of
porosities in castings with exothermic upper feeders
was more dispersed than the castings with insulat-
ing upper feeders. The middle moduli sum group
showed increasing porosities at the middle control
volume. For example, the group C20 had a 8 mm
upper feeder and a 6 mm lower feeder, resulting
in large (4) porosities at both the top and middle
control volume. However, the feeder combination
with 6 mm upper feeder and a 6 mm lower feeder, as
found in group C17, yielded a porosity-free middle
control volume. Additionally, the reverse combin-
ation of a 6 mm upper feeder and a 8 mm lower
feeder, as found in group C21, yielded small (2)
porosities at the middle control volume.

Finally, in the same manner, as with the insu-
lating upper feeders, group C22 illustrate that the
combination of a small upper feeder, 6 mm, and a
large lower feeder, 10 mm was not advantageous.
This combination had medium (3) and large (4)
porosities at the top control volume and large (4)
porosities at the middle control volume.

M12 (12.11b)

The M12 castings displayed little variation across
the different feeder combinations. Some dispersion
in the porosity sum was found with a feeder modu-
lus sum of 18 mm. The variation comes from groups
C12 and C16. Group C12 used 8 mm insulating up-
per feeder, and a 10 mm exothermic lower feeder and
yielded a reduction of the porosities at the middle
control volume from a small (2) porosity to a mi-
croporosity (1). The same effect was achieved with
casting 16B. It also had a small 6 mm insulating
upper feeder, and a larger 12 mm exothermic lower
feeder. However, casting 16A had a medium (3)
porosity at the middle control volume. Additionally,
groups C20 and C21 did not show the same reduc-
tion in the porosities of the middle control volume,
as recorded for group C12 and casting 16B. Even
though group C21 had the same feeder modulus
combination as group C12, but with an exothermic
upper feeder instead of the insulating upper feeder
used in group C12.

The best feeding performance for the entire group
was casting 11B, which had a small 6 mm insulat-
ing upper feeder and small 8 mm exothermic lower
feeder. Hence, the feeder combination with the smal-
lest sum of moduli also yielded the most significant
porosity reduction.
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(a) M08: Upper and lower feeders.
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(b) M12: Upper and lower feeders.
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(c) M15: Upper and lower feeders.
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(d) M08: Ins upper and exo lower
feeders.
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(e) M12: Ins upper and exo lower
feeders.
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(f) M15: Ins upper and exo lower
feeders.
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(g) M08: Exo upper and lower feed-
ers.
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(h) M12: Exo upper and lower feed-
ers.
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(i) M15: Exo upper and lower feeders.
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Figure 12.11: Upper and lower feeders together: Overview of the porosities size distribution based on feeder
modulus for castings with both upper and lower feeder only. Exo = exothermic feeder sleeves, and ins = insulating
feeder sleeves.

Insulating Upper Feeder (12.11e) In this case, the
castings with the insulating upper feeder displayed
the largest dispersion of results. The contour plot
indicates a tendency towards larger porosities for
larger sums of feeder moduli.

Exothermic Upper Feeder (12.11h) The group with
exothermic upper and exothermic lower feeders was
the most stable of all for the entire series. All 12
castings in the group had a large (4) porosity at
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the top control volume and a small (2) porosity
at the middle control volume. The feeders in this
combination appear not to influence the number or
size of porosities, positive or negative, found in the
castings.

It could be argued that the absence of feeding
relates to the scaling of the M12 casting and the
analysed feeders. However, the insulating feeder
with an even smaller modulus sum shows improved
feeding, hence the proportionally smaller feeders
cannot account for this feeding behaviour.

M15 (12.11c)

The large M15 castings behave markedly different
than the M08 and M12 castings. The contour plot
shows two concentrations of castings, but also a
large population of dispersed castings. The cast-
ings the smallest feeders modulus sum are clustered
together with porosity sums from four to six. The
other cluster had the medium sum of feeder moduli
ranging from 25 mm to 31 mm. The cluster showed
castings that had a minimal porosity sum, and a
few were even porosity-free. However, some of the
feeder combinations also displayed great dispersion,
eg group C16 which had casting 16A with a porosity
sum of two, and casting 16B that had a porosity
sum of 7. The castings with a large feeder modulus
sum were more dispersed than their smaller counter-
parts. Group C13 that had a 16 mm insulating up-
per feeder and a 19 mm exothermic lower feeder had
a porosity sum of four and six respectively. Group
C19 that had a large 19 mm exothermic feeder as
both upper and lower feeder displayed a small (2)
porosity at the top control volume.

Insulating Upper Feeder (12.11f) Focusing on the
group with insulating upper feeders and exothermic
lower feeders, the contour plot shows a tendency
towards larger feeders result in fewer porosities,
albeit that group C13 with the 16 mm insulating
upper feeder and a 19 mm exothermic lower feeder
violate this trend.

Exothermic Upper Feeder (12.11i) The group with
exothermic upper and exothermic lower feeders dis-
played the same trend as the insulating upper feeder,
namely a correlation between larger feeder modu-
lus sum and fewer porosities. As with group C13
for the insulating upper feeders, the largest feeder
modulus sum showed a slightly larger porosity sum
when compared with the best performing feeder
combinations.

Modulus Comparison (12.11a-12.11c)

The small M08 castings were found to feed best
for either small or large feeder combinations. The
medium modulus sum feeders did not reduce the
level of porosities below the amount found in the
benchmark castings. The M12 castings were very
stable with little dispersion among the results. This
process stability may be explained by the differ-
ent proportional feeder sizes used for this casting
size. However, the only tendency observed was to-
wards smaller feeders feeding better—and this was
a limited effect. The M15 castings behaved very
differently from the M08 and M12 castings. The
best feeding performance was found for the medium
feeder modulus sum, while the small and large feeder
modulus sums had a less efficient performance. Ad-
ditionally, the M15 castings showed a considerable
dispersion of the results. Finally, the M15 castings
also had a greater overall reduction in porosities
when compared with M08 and M12 castings.

Insulating Upper Feeder (12.11d-12.11f) The M08
and M12 castings showed a little dispersion of the
results, but generally with a trend of smaller feeder
modulus sums resulting in fewer porosities in the
castings. The M15 castings showed more dispersion
but also the opposite tendency, namely that larger
feeder modulus sum corresponds to fewer porosities.

Exothermic Upper Feeder (12.11g-12.11i) The M08
castings with exothermic upper feeders performed
best with either small or large feeder modulus sums.
However, the results are rather dispersed. The M12
castings were anything but dispersed. All 12 cast-
ings all had the same amount of porosities in the
same control volumes. Finally, the M15 castings
showed that some of the examined feeder combin-
ations could produce sound porosity-free castings
even though the experiment was designed to always
produce porosities.

12.2.4 Proportional Modulus Analysis

To further analyse the correlation between the dif-
ferent feeder combination and the proportional mod-
ulus of the feeders in relation to the castings on the
size and location of the porosities, the data from
table 12.1 on page 180 have been converted to pro-
portional moduli and arranged according to upper
and lower feeder modulus. See table 12.2.
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Table 12.2: Overview of the ultrasound porosity analysis results, sorted according to upper and lower feeder
modulus. The feeder moduli are shown proportional til casting modulus. # is the number of castings with the given
feeder combination. ∑ is the sum-average of porosity for all three control volumes. T is the average porosities in
the top control volume, M is for the middle control volume, and B is for the bottom control volume.

(a) M08

# ∑ T M B # ∑ T M B # ∑ T M B # ∑ T M B

U
p
p
er

F
ee

d
er

,

M
∝

1.25 3 5.33 4.00 0.00 1.33 2 4.00 1.00 2.00 1.00 1.25
1.00 6 6.67 4.00 2.67 0.00 2 8.00 4.00 4.00 0.00 2 6.00 4.00 1.00 0.00 2 6.00 4.00 2.00 0.00 1.00
0.75 6 4.83 3.33 1.50 0.00 4 5.00 4.00 1.00 0.00 4 5.75 4.00 1.75 0.00 2 7.50 3.50 4.00 0.00 0.75
0.63 3 5.00 4.00 1.00 0.00 2 4.00 4.00 0.00 0.00 2 4.00 4.00 0.00 0.00 2 6.00 4.00 2.00 0.00 0.63
0.00 20 5.65 4.00 1.65 0.00 2 6.00 4.00 2.00 0.00 2 6.00 4.00 2.00 0.00 3 6.00 4.00 2.00 0.00 0.00

0.00 0.75 1.00 1.25

Lower Feeder, M∝

(b) M12

# ∑ T M B # ∑ T M B # ∑ T M B # ∑ T M B

U
p
p
er

F
ee

d
er

,

M
∝

1.00 3 5.33 4.00 1.33 0.00 2 6.00 4.00 2.00 0.00 1.00
0.83 6 4.33 4.00 0.33 0.00 2 6.00 4.00 2.00 0.00 2 6.00 4.00 2.00 0.00 2 6.00 4.00 2.00 0.00 0.83
0.66 6 4.50 4.00 0.50 0.00 4 6.00 4.00 2.00 0.00 4 5.50 4.00 1.50 0.00 2 6.00 4.00 2.00 0.00 0.66
0.50 3 4.33 4.00 0.33 0.00 2 4.50 4.00 0.50 0.00 2 6.00 4.00 2.00 0.00 2 6.00 4.00 2.00 0.00 0.50
0.00 20 5.65 3.70 1.60 0.00 2 5.50 3.50 2.00 0.00 2 6.00 4.00 2.00 0.00 3 6.00 4.00 2.00 0.00 0.00

0.00 0.66 0.83 1.00

Lower Feeder, M∝

(c) M15

# ∑ T M B # ∑ T M B # ∑ T M B # ∑ T M B

U
p
p
er

F
ee

d
er

,

M
∝

1.27 3 4.00 4.00 0.00 0.00 2 2.00 2.00 0.00 0.00 1.27
1.07 3 5.00 4.00 1.00 0.00 2 5.00 4.00 1.00 0.00 1.07
1.00 3 5.33 2.67 2.67 0.00 2 0.50 0.50 0.00 0.00 2 4.00 4.00 0.00 0.00 1.00
0.80 6 4.50 4.00 0.50 0.00 4 6.00 4.00 2.00 0.00 4 2.00 0.25 1.75 0.00 2 0.50 0.00 0.50 0.00 0.80
0.60 3 4.67 4.00 0.67 0.00 2 4.50 4.00 0.50 0.00 2 1.50 0.00 1.50 0.00 2 4.50 2.00 2.50 0.00 0.60
0.00 20 5.15 3.95 1.20 0.00 2 5.00 4.00 1.00 0.00 2 2.00 0.00 2.00 0.00 3 9.33 2.67 3.33 3.33 0.00

0.00 0.80 1.00 1.27

Lower Feeder, M∝

Table 12.3: Conversion table for M∝.

M08 M12 M15

𝑀𝑡 [mm] M∝ 𝑀𝑡 [mm] M∝ 𝑀𝑡 [mm] M∝

0.00 0.00 0.00 0.00 0.00 0.00
6.00 0.50 10.00 0.60

5.00 0.63
6.00 0.75

8.00 0.66 12.00 0.80
8.00 1.00 10.00 0.83 15.00 1.00

16.00 1.07
12.00 1.00

10.00 1.25
19.00 1.27

Italic = Ins Bold = Exo Bold-Italic = Both

The modulus of all the feeders have been conver-
ted to a proportional modulus, M∝.

M∝ = 𝑀𝑓

𝑀𝑐
(12.1)

where M∝ is the proportional ratio between the
modulus of the feeder, 𝑀𝑓 , and the modulus of the
casting, 𝑀𝑐.

The data for each of the three casting sizes
have been arranged into separate subtables. Each
of the three subtables comprises four subsequent
subtables, each representing a proportional modu-
lus for the lower feeder. Vertically in each of these
sub-subtables are listed the average amount of poros-
ities recorded for each of the castings with identical
feeder combination, for each of the three control
volumes, based on the corresponding proportional
modulus of the upper feeder. The #-column shows
the number of castings in the feeder combination
group, and the ∑-column shows the sum of the
porosities of the three control volumes. The data
from table 12.2 are plotted in fig. 12.12 on the facing
page. A conversion table can be found in table 12.3.

Analysing the bubble chart in fig. 12.12 on the fa-
cing page, it was found that the feeder combination
does influence the number and size of the poros-
ities in the castings. The bubble chart shows the
average amount of porosities found for the different
combinations. Likewise, the overlayed contour plot
displays concentrations of porosities, thus indicating
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(a) M08: All control volumes.
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(c) M15: All control volumes.
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(d) M08: Top control volume.
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(e) M12: Top control volume.
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(f) M15: Top control volume.

0.00 0.80 1.00 1.27

0.00

0.60

0.80

1.00

1.07

1.27

(g) M08: Middle control volume.
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(h) M12: Middle control volume.
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(i) M15: Middle control volume.
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(j) M08: Bottom control volume.
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(k) M12: Bottom control volume.
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(l) M15: Bottom control volume.
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Figure 12.12: Overview of the porosity distribution and size as a function of the proportional moduli for the
upper and lower feeders. The proportional modulus was found by dividing the feeder modulus with the modulus of
the casting. Bubble size indicates porosity size—larger bubble = larger porosity. Fig. a-c shows porosities for the
entire casting, while fig. d-f shows porosities for the top control volume only, fig. g-i shows porosities for the middle
control volume only, and fig. j-l shows porosities for the bottom control volume only. Bubble sizes are not directly
comparable between fig. a-c and fig. d-l. ⊗ indicates combinations where no porosities were found.



trends in the feeding pattern. Note that insulating
and exothermic feeders are not distinguished in the
plot.

M08 (12.12a)

The plot shows two combinations that had a large
number and size of porosities, as well as three com-
binations that had a low amount of porosities. How-
ever, the distribution of the porosities regarding
the feeder combinations indicates that at least two
different feeding mechanisms can be applied.

The 0.63M∝ upper feeder combined with either
the 0.75 M∝ or the 1.00 M∝ lower feeder yielded cast-
ings without porosities at the middle control volume.
The same upper feeder with no lower feeder had
a microporosity (1) at the middle control volume,
while the combination with a large 1.25M∝ lower
feeder had small (2) porosities at the middle control
volume. When the upper feeder was replaced by
the slightly larger 0.75 M∝, the result was large (4)
porosities at the middle volume. Hence, the dif-
ference between feeding the middle control volume
and increasing the porosities at the same control
volume was minimal. Additionally, increasing the
upper feeder from 0.63M∝ to 1.00M∝ with the
same 0.75 M∝ lower feeder also changed the results
from a porosity-free middle control volume to a
control volume with a large (4) porosity.

The last feeder combination that resulted in a
marked reduction of porosities was the one with
two large feeders of 1.25M∝ for both the upper
and lower feeder. In this case, the porosity distri-
bution was different, with a microporosity (1) at
the top control volume, a small (2) porosity at the
middle control volume, and a microporosity (1) at
the bottom control volume.

The results show that two different feeding pat-
tern can occur and that the two different ap-
proaches yield different porosity distributions as
a consequence. Additionally, the plot also shows
the marginal boundary between successful feeding
and very unsuccessful feeding.

Top Control Volume (12.12d) The top control
volume of the M08 castings had large (4) poros-
ities for almost all of the castings. The 0.75M∝

upper feeder with no lower feeder showed a small
decrease of the average porosities. This reduction
was caused by casting 5C in which no porosities
were found in the top control volume; instead, it
showed a medium (3) porosity at the middle control

volume. The two other castings in group C5 did
not display this behaviour.

However, the feeder combination with the two
large feeders displayed a top control volume with
one casting, 19A, porosity-free at the top control
volume, while casting 19B had a small (2) porosity
in this volume.

Middle Control Volume (12.12g) The middle con-
trol volume displays the main difference between
the castings. Two castings have large (4) porosities
in this volume, which was also shown in the com-
bined plot 12.12a. Note that the large upper feeder,
1.25M∝ with no lower feeder was porosity-free in
this volume.

Bottom Control Volume (12.12j) The bottom con-
trol volumes were porosity-free for all combinations
except two. To illustrate the complexity of the feed-
ing mechanisms the common denominator between
the two castings with porosities at the bottom con-
trol volume, was that they had large 1.25 M∝ upper
feeders. Hence, the feeder influence the solidifica-
tion and porosity formation across the entire volume
of the casting.

M12 (12.12b)

The M12 castings showed little variance between
the different feeder combinations, which is also dis-
played at the plot for all three control volumes.
A few combinations indicated reduced porosities.
These were primarily castings without the lower
feeder, as both the 0.50M∝, 0.66M∝, 0.83M∝,
and 1.00M∝ feeder ratios showed reduced porosit-
ies. The least effective of the four was the largest,
1.00 M∝, which had only a small reduction in poros-
ities. Additionally, the combination of a small
0.50M∝ upper feeder and a small 0.66M∝ lower
feeder also yielded a reduction in porosities.

Top Control Volume (12.12e) The top control
volume had very little variation. Castings 03B and
8A had respectively a small (2) and a medium (3)
porosity in this control volume. All other of the 69
M12 castings had large (4) porosities in this con-
trol volume. The slight influence on the porosity
average can be found in table 12.2b on page 194,
however, it is not visible on the contour plot due
to the averaging of the rounding of the data for
making the contour plot.
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Middle Control Volume (12.12h) The middle con-
trol volume displayed the main difference between
the feeder combinations. Castings with a lower
feeder of 0.83M∝ or 1.00M∝ had small (2) poros-
ities at this control volume. The only exception
was casting group C12 which had only microporos-
ities (1) in this control volume. A small feeding
effect was achieved with the 0.50M∝ upper and
the 0.66 M∝ lower feeder. Besides this, none of the
feeder combinations with a lower feeder succeeded
in feeding the middle control volume of the casting.

The castings with only an upper feeder were
porosity-free in most cases for the 0.50M∝ and
0.83M∝ feeders, while the 0.66M∝ performed al-
most as good with casting 5B as the only casting
that had a small (2) porosity in this volume. The
castings with the largest upper feeder, 1.00 M∝, pro-
duces almost as many porosities as the benchmark
castings without feeders.

The results show that feeding the middle part of
the M12 castings were best done without a lower
feeder and that the smaller upper feeders performed
markedly better than the largest version.

Bottom Control Volume (12.12k) In all cases, for
all feeder combinations, no porosities were found in
the bottom control volume.

M15 (12.12c)

The large M15 castings were the ones most affected
by the different feeder combinations. For the M12
castings, it was observed that the best feeding res-
ults were with a small or no lower feeder. For the
M15 castings, the best feeding results were observed
for the castings with large lower feeders of 1.00 M∝

or 1.27 M∝, albeit the smaller 0.80 M∝ also provided
one very effective and efficient combination.

The 1.00M∝ upper feeder together with the
0.80 M∝ lower feeder yielded one porosity-free cast-
ing, 20B, and one with only a microporosity (1) at
the top control volume, casting 20A. The upper feed-
ers for this combination were exothermic. The same
feeder combination with the one size smaller upper
feeder of 0.80M∝ yielded a porosity sum of six for
the exothermic upper feeder, while the insulating
upper feeders with the same modulus only had small
(2) and microporosities (1) at the middle control
volume. Thus, the boundary between successful
feeding and poor feeding was narrow. Additionally,
the same performance difference can be contributed
to the differences in sleeve material, as the same
modulus feeders yield very different feeding results.

The feeder combinations with a proportional mod-
ulus of 1.00 M∝ had a low porosity sum overall. The
combinations either without an upper feeder, or
with an upper feeder of 0.60 M∝ or 0.80 M∝ on av-
erage had small (2) porosities at the middle control
volume, and no porosities at the top or bottom. In
the case with no upper feeder, the feeding effect in
the top control volume can only be contributed to
the lower feeder. As previously seen, the bound-
aries between successful and unsuccessful feeding
were very narrow. While the three aforementioned
feeder combinations yielded no porosities at the
top control volume, but small (2) porosities at the
middle volume, the combination with a more ex-
tensive 1.00M∝ upper feeder resulted in large (4)
porosities at the top, but no porosities at the middle
volume.

The castings with the largest lower feeder,
1.27 M∝, yield anything but linear results. The cast-
ings without an upper feeder that performed very
well with the slightly smaller 1.00 M∝ lower feeder,
yield a porosity average of 9.33. See table 12.2c on
page 194. Note that the largest possible score is
12 when the average of all three control volumes
indicate large (4) porosities. This maximum score
was the case for castings 10B and 10C, which was
previously assessed to be caused by inclusions, as
described in section 12.1.4, on page 181. Adding an
upper feeder of 0.60M∝ reduces the porosity sum
below that of the benchmark castings, and an upper
feeder of 0.80 M∝ was almost porosity-free. Casting
22A had a microporosity (1) at the middle control
volume while casting 22B was completely free of
porosities.

Increasing the proportional modulus of the upper
feeder even further to 1.07M∝ then again results
in increased porosities. In this case with micro-
porosities (1) at the middle control volume, but
also with large (4) porosities at the top control
volume. Increasing the proportional modulus of the
upper feeder even further to 1.27M∝ then again
reduced the porosities to a porosity-free middle con-
trol volume and only small (2) porosities at the top
control volume.

Again, as previously mentioned, two different
feeding mechanisms seem to influence the castings
changing the feeding pattern and the location of
the porosities.

Top Control Volume (12.12f) Analysing the top
control volume, it was found that the 1.00M∝ up-
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per feeder with no lower feeder, performed slightly
better than the casting with only an upper feeder.
Additionally, the same proportional modulus up-
per feeder, 1.00M∝ with a small 0.80M∝ lower
feeder, resulted in an almost porosity-free top con-
trol volume.

The feeder combinations with the 1.00 M∝ lower
feeder yielded few porosities for the top control
volume except for the 1.00M∝ upper feeder that
performed very well for the smaller modulus ver-
sions of, the lower feeder. Additionally, the upper
feeder of 1.00 M∝ then again yields very few porosit-
ies for the top control volume when the lower feeder
was upgraded to the 1.27 M∝. Equally good results
were recorded for the large lower feeder in com-
bination with the upper feeder of 0.80M∝, while
the combinations without an upper feeder, or with
the smallest upper feeder, 0.60M∝ yielded some
porosities.

Middle Control Volume (12.12i) The M15 castings
showed few porosities at the middle control volume.
The four combination with the largest upper feed-
ers were all porosity-free. Note that this was the
1.27 M∝ upper feeder for the combinations without
a lower feeder, and with the largest lower feeder,
1.27 M∝. The two other porosity-free combinations,
the 0.80M∝ and 1.00M∝ lower feeders, both had
the 1.00M∝ upper feeder. Additionally, both the
castings without a lower feeder and the castings
with the large 1.27 M∝ lower feeders showed micro-
porosities (1) for the middle volume for the 1.07 M∝

upper feeder. However, the combination without
a lower feeder and the 1.00M∝ upper feeder had
medium (3) porosities on average. Note that the
1.07M∝ feeders were insulating while the 1.00M∝

feeders were exothermic.

Bottom Control Volume (12.12l) All casting com-
binations were porosity-free for the bottom con-
trol volume, except the large 1.27M∝ lower feeder
without an upper feeder. This combination yielded
two castings with large (4) porosities and one with
small (2) porosities at this control volume.

Modulus Comparison (12.12)

To investigate the feeding mechanisms in the three
different size (modulus) test castings, the data from
the scatter plots in section 12.2.3, on page 193
was combined into the bubble charts in fig. 12.12

on page 195. It was observed that the three cast-
ings did not show the same feeding pattern. The
small M08 castings were influenced by the feeders,
but also revealed that two different feeding mech-
anisms seem to influence the porosity formation,
resulting in complex non-linear patterns for optimal
feeder combinations. The medium M12 castings
were stable in their performance, which also meant
that most feeder combinations had little effect on
the number and size of porosities found in the cast-
ings. The absence of feeding effect may be related
to the different proportionality of the M12 feeders.
The combinations that did work, however, was the
combinations without a lower feeder. The large M15
castings were more responsive to the to the feeder,
and overall the porosity reduction was better for
the large castings than for the smaller ones. Even
for relatively smaller modulus feeders.

Control Volume Porosity Distribution The M08 and
M12 castings had large (4) porosities for almost all
casting for the top control volume. For these two
casting sizes, the examined feeder sizes did no yield
a suitable feeding solution for this control volume.
The large M15 Castings performed markedly differ-
ent than the scaled down versions. Several combina-
tions yielded single castings that were porosity-free
at the top control volume and other combinations
that resulted in reduced porosities as well.

All three casting sizes had feeder combinations
that resulted in porosity-free middle control volumes.
However, of the nine combinations that resulted in
a porosity-free casting at the middle part, only
two are the same combination of more than one
casting size. This feeder combination was the large
1.25/1.27M∝ upper feeder with no lower feeder
for the M08 and M15 castings. This correlation
suggests a feeding mechanism that functions across
the different modulus castings. The combination
with a large upper feeder and no lower feeder for
the M12 castings did yield fewer porosities than
average, though it was not porosity-free. However,
the largest of the M12 feeders was only 1.00M∝;
thus a more substantial 1.20 M∝ feeder might have
yielded a result comparable to the porosity-free
middle control volumes observed for the M08 and
M15 castings.

Additionally, the dispersion of the successful
feeder combinations indicates that different feed-
ing mechanisms take place for the different casting
sizes. This variation in feeding mechanisms is sup-
ported by the proportional modulus feeders being
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Table 12.4: Overview of the castings that had atmospheric punctures at the pre-feeder neck. The castings are
grouped according to different feeder criteria and the percentage of castings with atmospheric puncture is given.
Groups refer to the group numbers listed in table 12.1 on page 180, #C lists the total number of castings in the
group per modulus group, #P lists the number of castings with an atmospheric puncture for the same group.

M08 M12 M15 All

Groups #C #P % #P % #P % #P %

All 0-22 69 46 67 % 42 61 % 0 0 % 88 43 %

No feeders 0-03 20 18 90 % 9 45 % 0 0 % 27 45 %
With feeders 2-22 49 28 57 % 33 67 % 0 0 % 61 41 %

With upper feeder 2-7, 11-22 42 21 50 % 27 64 % 0 0 % 48 38 %
- Insulating 2-4, 11-16 21 19 90 % 14 67 % 0 0 % 33 52 %

- Exothermal 5-7, 17-22 21 2 10 % 13 62 % 0 0 % 15 24 %

Without upper feeder 8-10 7 7 100 % 6 86 % 0 0 % 13 62 %

able to successfully feed castings with an identical
modulus for the M08 and M15 castings.

It was observed that only the M08 and M15 size
casting had feeder combinations that resulted in
porosities for the bottom control volume. Addition-
ally, it should be noted that the large 1.25/1.27 M∝

feeders were a common denominator for these feeder
combinations. Thus, a large 1.2x M∝ upper or lower
feeder might have entailed similar results for the
M12 castings.

Proportional Feeder Effects Figure 12.12 on
page 195 illustrate that the feeding of different mod-
ulus castings does not scale linearly. Additionally, it
was also observed that while different combinations
of upper and lower feeders do function, the feeders
do not perform similarly if located at the upper
position, as compared with the lower position.

As stated above, the non-linearity in the observed
amount of porosities in combination with the dif-
ferent feeders, suggest that at least two different
feeding mechanisms occur for the examined feeder
combinations. In a few cases, good results were
obtained with a feeder module larger than the mod-
ule of the casting. However, especially for the M15
castings, it was shown that large feeders could in
individual cases drastically increase the number and
size of the porosities.

The other mechanism was found to yield the best
results for a feeder that was smaller or equal to the
modulus of the casting being fed. Per definition,
these feeders should solidify before, or at the same
time as, the last to freeze melt of the casting. Hence,
the feeding paths should be closed at this point.
Nonetheless, these proportionally smaller feeders
influence the feeding efficiency of the castings.

Sub Conclusion

Viewing fig. 12.12 on page 195 and the subsequent
porosity distribution analysis it can be concluded
that the top control volume is hardest of the three
volumes to keep feed, but also yield comparable
results for all three casting moduli. The middle
control volume also yields porosities, though, the
smaller moduli castings show more porosities than
the large M15 castings. The bottom can be feed for
all casting sizes.

This effect is not surprising as it is almost inherent
in the chosen casting design; however, the analysis
also shows that the larger M15 castings better fed
at the centre control volume, and partially also at
the top control volume, as compared to the smaller
modulus castings.

12.2.5 Puncture at the Pre-Feeder Neck

As mentioned in section 12.1.1, on page 179, at-
mospheric punctures were observed for some of the
castings during the ultrasound inspection. While no
correlation between the atmospheric punctures and
the number and size of porosities could be estab-
lished, a further analysis did reveal some correlation
between casting modulus and the choice of feeders,
and the subsequent likelihood of atmospheric punc-
tures. See table 12.4.

Of the 207 castings 43 % had the atmospheric
puncture. However, none of the large castings, M15,
had punctures. Of the medium sizes casting, M12,
61 % had a puncture, and for the smallest castings,
M08, 67 % had a puncture.

While the M08 and M12 castings had roughly
the same amount of castings with an atmospheric
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puncture, the distribution of punctures between the
two casting sizes was different. Of the 20 benchmark
castings without feeders, 90 % of the M08 castings
had an atmospheric puncture at the neck region.
For the M12 castings, this number was only 45 %.
However, it was found that the for the castings
that had a lower feeder, but no upper feeder, the
percentages were 100 % for the M08 castings and
86 % for the M12 castings. Thus, the presence of a
lower feeder, without an upper feeder, substantially
increase the risk of an atmospheric puncture.

An analysis of the castings with upper feeders,
both with and without a lower feeder, showed that
presence of an upper feeder reduced the likelihood
of a puncture from 90 % to 50 % for the small M08
castings. Thus, the analysis showed that the upper
feeders could successfully change the heat distribu-
tion inside the casting to reduce the risk of punc-
tures for the M08 castings, albeit the same analysis
also showed that the upper feeders increased the
risk of the punctures from 45 % to 64 %. Hence, the
solidification pattern, heat distribution, and shell-
forming of the two casting sizes progress differently.

Finally, a separation of the insulating and the
exothermic upper feeder showed that significantly
different performance for the M08 casting, while
the influence on the M12 castings was marginal.
90 % of the M08 castings with insulating feeder had
atmospheric punctures, while only 10 % of the M08
castings with exothermic upper feeders had this
problem. For the M12 casting, the insulating upper
feeders resulted in 67 % punctures, and the exo-
thermic upper feeder yielded a similar 62 %. This
correlation may be related to the overall proportion-
ally of smaller feeders used for the M12 castings.

Hence, only the two smallest casting sizes had
atmospheric punctures, but where the M08 castings
were greatly influenced by both upper and lower
feeders, the larger M12 casings were only signific-
antly influenced by the lower feeder, while the pres-
ence of the upper feeder only had a small influence
on the risk of punctures.

12.2.6 X-Ray Results Analysis

The ultrasound analysis was the most accurate
method for estimating the size of the porosities
available. The ultrasound analysis can detect smal-
ler porosities than eg can be identified with x-ray
imaging, and the sectioning of the castings yield no
guarantee that the sectioning will reveal exactly the
sought after porosities.

The radiation is emitted from the source, passes
through the sample which absorbs some of the radi-
ation, and the remaining radiation is then detected
by a detector which turns the signal into a grey
scale image. Cast iron is an excellent radiation ab-
sorbent, hence the more of the casting the radiation
has to pass through, the darker the image. Thus,
porosities appear lighter than the surrounding cast-
ing. However, the same phenomenon also applies
to less massive casting sections and even the edges
of the castings tend to brighten and become diffuse
at increased radiation intensities due to diffraction
of the x-rays. For this reason, it is difficult to cap-
ture large and small sections within the same image.
To obtain detailed images of different modulus sec-
tions, they must be captured in multiple images
with different exposures. Another effect of this
absorption-contrast imaging is that only porosities
of a certain size, relative to surrounding casting,
will be visible in the image.

On the other hand, x-ray imaging also has some
advantages compared with the ultrasound analysis.
The x-ray imaging can be used for any geometry,
with the above-mentioned limitations. Hence, the
pre-feeder, the pre-feeder neck, and the feeders could
be imaged and analysed.

Pre-Feeder Shrinkage

The pre-feeders were designed to handle the liquid
shrinkage of the melt and then close off as the
solidification of the bulk of the casting began, as
described in section 11.1.2, on page 161. Thus, the
initial liquid shrinkage of the entire castings should
be subtracted from the pre-feeder volume, as well as
the solidification shrinkage of the pre-feeder itself.

Analysing the x-ray images of the pre-feeders
in fig. 12.13 on the next page the porosities are
visible for the large M15 castings. A little variation
can be found among the M15 pre-feeders, however
no more than what was expected. No correlation
was observed between the amount of shrinkage in
the pre-feeders and the recorded porosities in the
castings.

For the M12 castings, the pre-feeders displayed a
similar amount of shrinkage, albeit the shrinkage in
some cases were located more in the pre-feeder neck
than in the pre-feeder itself. This can be seen in
fig. 12.13 on the facing page (a,b,e,g). Figure 12.13
on the next page (c,d) show shrinkage in the pre-
feeder, though the shrinkage in (c) is only slightly
visible due the to the contrast of the image. Note

200



01 C
M15

M12

M08

4

2

0

4

0

0

4

2

0

(a) 1C

M15

M12

M08121I16

22I10

28I08
4

0

0

4

2

0

4

0

0

(b) 7A

M15

M12

M08121I16

121E19

22I10

22E12

28I08

28E10

4

2

0

4

2

0

4

0

0

(c) 13A

M15

M12

M0822I10

82E15

8I06

28E10

6I05

8E08

4

0

0

4

2

0

0

2

0

(d) 15A

M15

M12

M08121E19

121E19

22E12

22E12

28E10

28E10

0

2

2

4

2

0

2

0

0

(e) 19A

M15

M12

M0882E15

22E12

28E10

8E08

8E08

6E06

4

4

0

4

2

0

0

0

0

(f) 20B

22 B
M15

M12

M0822E12

121E19

8E08

22E12

8E08

22E12

3

4

0

4

2

0

0

0

0

(g) 22B

Figure 12.13: X-ray images of the select castings stitched together to provide context and overview. The casting
modulus is shown at the top of each casting. The systematic name of each feeder is shown above it—volume,
material, and modulus. The porosities sizes for each control volume, as recorded by the ultrasound analysis, is
shown at the left of the castings.



that the difference between the location of the poros-
ities in the pre-feeder and pre-feeder neck does not
appear to yield any influence with regards to the
recorded amount of porosities in the castings.

The pre-feeders and the pre-feeder necks of the
M08 castings, on the other hand, did not yield a
significant amount of shrinkage or porosities.

It could be argued that the upper feeders partic-
ularly, but in part also the lower feeders, prolong
the closing time of the pre-feeder neck via the ad-
ditional heat added to the casting. However, the
simulation of the castings with feeders, upper and
lower, suggests that the pre-feeder necks solidify
shortly before the eutectic temperature was reached
in the centre of the castings. Analysing the M12
castings and upper feeders in fig. 12.13 on page 201,
no correlation was found between the upper feeder
modulus and the location of the shrinkage in the
pre-feeder neck. For instance fig. 12.13g on page 201
have an upper modulus of 8 mm feeder for the M12
castings and produces significant shrinkage in the
pre-feeder neck, while the M12 castings in fig. 12.13c
on page 201 was equipped with a more extensive
10 mm upper feeder and had no shrinkage at the
pre-feeder neck.

The numerical fraction liquid analysis of the cast-
ings showed that the feeder does influence the solid-
ification of the pre-feeder neck and that this might
explain the pre-feeder neck shrinkage. See section
12.3.4, on page 212.

Feeder Performance

The feeders themselves displayed two types of shrink-
age: open shrinkage and internal porosities. The
open shrinkage was characterised as shrinkage with
an atmospheric puncture. These could be identified
by the naked eye, albeit the true size of the shrink-
age volume was only discovered when x-raying the
feeder. The internal porosities were completely hid-
den from the outside and were only discovered via
the x-ray analysis.

The direct performance of the individual feeders
was challenging to access based on the shrinkage
visible in the x-ray images in fig. 12.13 on page 201.
Some feeders showed significant shrinkage, as the
upper feeder of the M12 casting in 12.13f, without
an apparent influence on the number and size of
porosities recorded for the casting. Other feeders
showed little, if any shrinkage, eg the upper and
lower feeder of M15 in 12.13c while managing to
feed part of the casting.

Regarding the question of the horizontal feeders
being able to supply melt to the castings, the x-
ray images show that many of the feeders, upper
and lower, have succeeded in this respect. For ex-
ample, the lower feeder of the M15 casting in 12.13d
showed both sizeable open shrinkage and internal
porosities. Hence, while gravity work against these
feeders, rather than assisting the melt flow, as for
standard feeders, other forces drive the melt from
the feeders into the castings. The lower feeders had
to overcome a more considerable ferrostatic pressure
from the melt due to the lower position. However,
no significant difference was observed between the
amount of shrinkage found in the upper and the
lower feeders.

12.3 Thermal Analysis

Shrinkage and porosity defects are, with the
partial exception of inclusion related gas poros-

ities, located near the last to freeze melt. Sub-
sequently, thermal analysis of castings is a useful
tool to identify the thermal behaviour of a casting,
thus determining the progression of solidification for
different sections. Additionally, the eutectic arrest
is easily identified on a cooling curve and indicate
the beginning and the end of solidifications.

Note that the melt will become increasingly more
mushy as solidification progresses and that at some
point, dependent on alloy composition and solidific-
ation conditions, the resistance of the mushy zone
will surpass the driving forces attempting the feed
melt through the zone. The end of feeding cannot
be identified based on a cooling curve alone.

Nonetheless, a thermal analysis of the castings,
the differences in modulus, and the influence of
different feeder combinations is a valuable tool to
understand the feeding behaviour recorded during
the trials.

12.3.1 Numerical Simulations

The castings were simulated using a commercial
numerical simulation software—Magmasoft 5.2
[69]. The material and process setup was adjus-
ted and fine-tuned via several simulations on the
benchmark casting without feeders. Subsequently,
all simulations were individually set up to match
their respective casting conditions as precisely as
possible as described in chapter 11, on page 157,
albeit the casting temperature was kept at 1380 ○C
for all simulations to ensure a simpler cause and
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Figure 12.14: Simulation mesh from Magmasoft
showing thermocouple placement.

effect analysis. The filling time was set at 6 s and
was also kept constant despite the slight variation
in volume between the combinations due to changes
to the feeder setup.

Geometry Modelling

The CAD-model for the simulations was based on the
CAD-model developed in section 11.1.2, on page 161,
as this CAD-model also made the basis for the man-
ufacturing of the trial patterns. The gating system
and the atmospheric vents were modelled based on
technical drawings for the patterns.

The simulations used a 10 PPI Sedex ceramic
foam filter from the Foseco filter database in Mag-
masoft, albeit a different type of 10 PPI ceramic
filter was used during the trials [118].

Note that the simulations of porosities to some
extent deviated from this simulation setup, as de-
scribed in section 12.4.1, on page 222.

Mesh Generation The meshes for all simulations,
except one, was generated as an equidistant mesh
cell of 2 mm without subdivisions. This size was as-
signed to all part of the mesh, including the mould.
This approach resulted in meshes of approximately
21 million cells with approximately 320 000 cavity
cells depending on the number and size of the feed-
ers. See fig. 12.14.

The exception was a simulation without feeders
that required a finer mesh division to provide suf-
ficient spacing of the thermocouples. The virtual
thermocouple simply logs the temperature of an as-
signed mesh cell. However, there can only exist one
temperature per mesh cell; thus the measured tem-
peratures become incremental. A finer mesh in itself
does not change this, albeit it will decrease the incre-
ments. However, the mesh must have enough mesh
cell to enable the thermocouples to be placed with a
reasonable spacing. A too coarse mesh might result
in thermocouples assigned to adjacent mesh cells
resulting in an uneven thermocouple distance des-
pite an accurate and equidistant placement within
the geometry modelling. The worst-case scenario
would be multiple thermocouples being assigned to
the same mesh cell unintentionally.

Thus, to ensure an equidistant placement of the
virtual thermocouples a simulation was made with
equidistant mesh cells of 1 mm, providing a total of
165 million cells and 2.5 million cavity cells. This
division ensured 35 mesh cells across the width
of the M08 casting. For 11 thermocouples spread
across the width of the casting, this provided two or
three mesh cell between each mesh cell assigned a
thermocouple. The larger castings had more mesh
cell; hence the M12 castings had four to five cells
between each thermocouple cell, and for the M15
casting the numbers were five to six cells.

Thermocouples For all the regular simulations vir-
tual thermocouples were placed at four locations
in each of the three castings, M08, M12, and M15.
See fig. 12.14.

The particular simulation with the finer mesh
had 11 thermocouples located equidistantly from
edge to edge across the middle of the castings.

Feeder Adaptation

The feeders used during the trials were specially
made for the experiment. The exothermic feed-
ers, except the smallest one (6E06), are all stock
products, though not as ram-up sleeves. The in-
sulating feeders were prototype productions made
with the same geometry as the corresponding exo-
thermic feeders but with the insulating Kalminex
material instead. In the simulations, the feeders
have been used as they exist in the build-in Foseco
sleeve database, including the silica sand breaker
cores [111]. The ram-up sleeves used in the trial
had metal breaker cores.
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Figure 12.15: Comparison of the measured experimental cooling curves and the simulated cooling curves for the
same feeder configuration.

Process Parameter Definitions

The general simulation setup and assumptions were
the same as in section 5.2.1, on page 83. The signi-
ficant changes in procedure are listed below.

Material Definitions All combinations were simu-
lated using a custom material dataset calculated
with JMatPro based on the average alloy composi-
tion in table 11.2 on page 167 [119].

Melt Treatment The graphite precipitation was set
to 1 as this was the lowest possible setting. The sim-
ulations showed fewer porosities than was observed

in the ultrasound in section 12.1.1, on page 176 and
x-ray analyses section 12.2.6, on page 200.

Experiment vs. Simulation

As described in section 11.4.1, on page 173 thermal
measurements were made in four locations in two
of the castings in the trial. These cooling curves
present an opportunity compare simulated cooling
curves with the measured cooling curves for the two
different castings setups. See fig. 12.15.

The M08 castings are red, the M12 castings are
blue, and the M15 castings are green. Solid lines
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represent simulation data, while dashed represent
measured data from the trials. The extra M15
curves represent the cooling at the bottom of the
M15 casting next to the feeder.

The simulations and experimental data corres-
pond very well. The measured cooling times for the
three modulus castings, as well at the bottom part
of the M15 castings, were matched closely by the
simulation. The only major differences were found
at the temperature for the eutectic arrest, as well
as at the austenite to ferrite phase transformation.
Part of the shift in eutectic temperature can be
explained by the algorithm used by Magmasoft.
This algorithm is known to overestimate the eu-
tectic temperature and has thus been updated for
Magmasoft version 5.3 [79, 147]. The shift in
the eutectic temperature was 8 ○C for an alloy with
2.2 % Si. The Si-content of the EN-GJS-500-14 used
for the trials was measured to 3.81 % just before
the casting of the castings with the thermal meas-
urements. As Si increases the eutectic temperature,
as well as the eutectoid temperature, this difference
in alloy composition might explain the differences
observed in these areas of the cooling curves.

Similarly, the green sand water model in Mag-
masoft change from version 5.2 to 5.3 [147]. As
with the eutectic temperature, the water model in-
fluences the cooling power of the green sand mould,
thus affecting the cooling of the castings. The new
water model increases the cooling power, resulting in
lower temperatures. However, this does not change
either the eutectic or the eutectoid transformation
temperatures as these are alloy dependent.

Despite the differences in eutectic temperature
between the measured data and the simulation data,
the solidification times show minimal variation. The
shift in eutectic temperature represents a minimal
influence of the feeding of the castings, as the solid-
ification time, in this respect, is the critical factor.
Additionally, the measured cooling curves show a
small undercooling at the initiation of solidifica-
tion which is not matched by the simulated cooling
curves. This difference should, however, not influ-
ence the feeding of the castings significantly. Thus,
it is assessed that the simulation cooling curves
are a good representation of the thermal conditions
found in the trial castings.

12.3.2 Cooling Curve Analysis

As described in section 12.3.1, on page 204, six dif-
ferent feeder combinations were simulated. Four

cooling curves were recorded for each set of cast-
ings, with thermocouple locations in the model
as shown in fig. 12.14 on page 203. The middle
and bottom thermocouple locations correspond to
those measured in production, as seen in section
11.4.1, on page 173. The cooling curves can be
seen in fig. 12.16 on page 208. The six feeder
combinations were; (C01) the benchmark castings
without feeders, (C06) with 0.83/1.0 M∝ upper feed-
ers, (C07) with 1.00/1.25/1.27M∝ upper feeders,
(C10) with 1.00/1.25/1.27M∝ lower feeders, (C17)
with 0.66/0.75/0.80M∝ upper and lower feeders,
and (C19) with 1.00/1.25/1.27 M∝ upper and lower
feeders.

Pre-Feeder Neck

The casting and pre-feeder were designed with the
intent that the pre-feeder neck should be at least
95 % solidified when the thermal centre (middle) of
the casting reached the eutectic temperature. The
lines marked with ∗ are the cooling curves at the
thermal centre of the pre-feeder neck, while the lines
marked with ◻ are the cooling curves at the thermal
centre of the casting itself. For all 18 feeder and
casting modulus combinations the pre-feeder neck
ends solidification before the solidification of the
main casting commences. Thus, the pre-feeder has
solved the primary objective of preventing feeding
of the solidification shrinkage in the main part, as
described in section 11.1.2, on page 161.

The following objective of the pre-feeder neck
was to solidify and close off at a time as close as
possible to the main casting reaching the eutectic
temperature. The graphs show that the end of the
eutectic arrest for the pre-feeder neck cooling curves
is relatively close to the initiation of solidification
of the main casting. Additionally, though the pre-
feeder neck closes off before the central part of the
casting is cooled wholly to the eutectic temperature,
the graphs show that the remaining superheat for
all 18 combinations is in the range of 10 ○C to 20 ○C—
with the smallest superheat for the M08 castings
and the largest for the M15 castings. These closing
temperatures correspond with the temperatures for
the main part predicted in fig. 11.7a on page 166
for the pouring temperature of 1380 ○C.

The premature close-off of the pre-feeder neck,
concerning the main part reaching the eutectic tem-
perature, allow for some liquid shrinkage within the
castings. However, the amount was significantly
reduced from the pouring temperature of 1380 ○C
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to the range of 1180 ○C to 1190 ○C. Note that the
simulation in fig. 12.16 on page 208 were all set
up with a pouring temperature of 1380 ○C and thus
do not illustrate the effect of varying production
conditions.

Influence of Feeders

The cooling curves can be divided into three groups.
The pre-feeder neck (∗) which cools fast, the middle
volume of the casting (◻) which cools slowly, and
the top (△) and bottom (▽) volumes of the casting
which have intermediate cooling rates. The vari-
ations of the cooling curves for the top and bottom
volumes show the thermal influence of the different
feeder combinations.

Viewing the pre-feeder neck cooling curves, the
graphs show that thermal behaviour of the pre-
feeder neck was almost unaffected by the different
feeder combinations. A minute shift in the cool-
ing of the superheated melt in the pre-feeder neck
can be detected as the cooling curves reach the eu-
tectic arrest. However, note that this difference was
equalised at the end of solidification and that eg
C19 with two large feeders subsequently cool faster
at the pre-feeder neck compared to the feederless
castings.

The benchmark castings without feeders (C01)
show that the top of the casting cools a bit slower
than the bottom. As the castings were bottom filled,
the bottom would naturally be the warmer part;
thus the increased temperature at the top must be
related to the thermal influence of the pre-feeder.

Combinations C06 and C07 show that the ap-
plication of an upper feeder increases the thermal
potential of the top part of the castings. Likewise,
the C10 combination with a large lower feeder in-
creases the thermal potential of the bottom volume
to match the level of the upper volume. Hence,
the largest of the examined feeder approximate the
thermal influence of the pre-feeder. The C17 feeder
combination also shows that a feeder smaller than
the modulus of the casting can significantly influ-
ence the thermal gradients of the casting, albeit the
main difference was observed as a reduced cooling
rate after ended solidification.

This effect corresponds well with the cooling
curves shown in fig. 12.15a on page 204. Here the
bottom volume of the M15 casting had a large feeder
but still solidified significantly before the centre of
the casting. However, the feeder continues to heat
the bottom volume, thus enabling it to align with

the temperature at the centre of the casting. The
same phenomenon is seen in fig. 12.16 on page 208
where the combinations with feeders decrease the
cooling rate at the volumes where they are located.

As this thermal effect occurs after the end of solid-
ification, this effect will of course not influence the
feeding of the local volume. However, the changes
in thermal gradients will influence the cooling and
solidification of other sections of the castings, as
also the middle volume was affected by the presence
of feeder at the upper and lower volumes.

Scalability of the Castings

Viewing the cooling curves in fig. 12.16 on page 208
the similarities between the three different modulus
castings are evident. The x-axes are scaled so that
the M12 x-axis is approximately twice as long as the
M08 x-axis, and the M15 x-axis is approximately
three times as long as the M08 x-axis. Note the light
grey cooling curve of the C10-M12 that is plotted
as a reference on all the graphs.

Analysing the feeder combinations across the
three modulus castings, M08, M12, and M15, the
graphs show that the feeders influence the castings
in a similar way for all three modulus castings. The
changes to thermal gradients described in the pre-
vious section can be found for all three examined
casting moduli; thus the proportional modulus feed-
ers had a proportional influence on the thermal
gradients of the castings, can be found.

The cooling curves resemble a 1 : 2 : 3 pattern.
This was matched by the cooling times calculated
based on the casting moduli, which display the same
direct correlation. Adapting eq. (2.4) on page 20
to a relation between the solidification time, 𝑡, and
the modulus, 𝑀 , of two different castings.

𝑡1
𝑡2

=�𝐶 ×𝑀2
1

�𝐶 ×𝑀2
2

(12.2)

The mould-metal constant, 𝐶, is reduced from
the equation. The results of the moduli ratios and
the corresponding cooling time ratios are shown in
table 12.5 on page 208. The cooling times defined
as the time in seconds of the first recorded temper-
ature to be reached below 1170 ○C for the numer-
ical simulations, and the first recorded temperature
below 1150 ○C for the measured values. The dif-
ference between the two temperatures relates to
the difference in the measured and the calculated
eutectic temperature, as described in section 12.3.1,
on page 204.
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(a) M08: Simulation cooling curves.
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(b) M12: Simulation cooling curves.

Figure 12.16: Comparison of the simulated cooling curves for six different feeder combinations. Each modulus,
M08, M12, and M15, is shown in its own subfigure. For comparison, a reference cooling curves, C10A-M12, is
shown in all plots as a light grey line.
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(c) M15: Simulation cooling curves.

Figure 12.16: Comparison of the simulated cooling curves for six different feeder combinations. Each modulus,
M08, M12, and M15, is shown in its own subfigure. For comparison, a reference cooling curves, C10A-M12, is
shown in all plots as a light grey line.

Table 12.5: Modulus Scaling Ratios: Theoretical and recorded via numerical simulations. Calculated based on eq.
12.2.

Modulus C10A, Measured C17A, Measured
𝑀1 [mm] 𝑀2 [mm] 𝑀2

1
∶𝑀2

2
𝑡1 [s] 𝑡2 [s] 𝑡2

1
∶ 𝑡2

2
𝑡1 [s] 𝑡2 [s] 𝑡2

1
∶ 𝑡2

2

M08 8.01 8.01 1.00 M08 183 183 1.00 M08 253 253 1.00
M12 12.00 8.01 2.24 M12 448 183 2.45 M12 410 253 1.62
M15 15.00 8.01 3.51 M15 776 183 4.24 M15 682 253 2.70

C01, Sim. C10, Sim. C17, Sim.
𝑡1 [s] 𝑡2 [s] 𝑡2

1
∶ 𝑡2

2
𝑡1 [s] 𝑡2 [s] 𝑡2

1
∶ 𝑡2

2
𝑡1 [s] 𝑡2 [s] 𝑡2

1
∶ 𝑡2

2

M08 211 211 1.00 M08 227 227 1.00 M08 223 223 1.00
M12 456 211 2.16 M12 476 227 2.10 M12 477 223 2.14
M15 731 211 3.46 M15 751 227 3.31 M15 757 223 3.39

Table 12.5 shows that the three modules
scale close to the 1 : 2 : 3 rule with a ratio of
1.00 : 2.24 : 3.51. The M12 to M15 ratio was 1 : 1.56,
where the perfect ratio according to the 1 : 2 : 3
rule would be 1 : 1.50. The ratio for the simulated
castings without feeders (C01), shows comparable
results—1.00 : 2.16 : 3.46, with a 2 : 3-ratio of 1 : 1.60.

The deviation of the 2 : 3-ratio from the ideal
1 : 1.50 can be related to the cooling time of all three
modulus castings. As the M08 casting is used as a
benchmark, a change in its recorded cooling time
would affect the ratio towards both the M12 and
the M15 castings. Likewise, a change in the cool-
ing time of either M12 or M15 would also directly
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influence the 2 : 3-ratio. Hence, the ratio provides
no information about the origin of the deviation, if
indeed it was a deviation and not the actual ratio.

The simulated cooling times for the C10 and
C17 castings also adhere to the 1 : 2 : 3 rule as C10
had the ratios 1.00 : 2.10 : 3.31, with a 2 : 3 ratio of
1 : 1.58. The C17 had the ratios of 1.00 : 2.14 : 3.39,
with a 2 : 3-ratio of 1 : 1.59. Note that the presence
of feeders prolongs the cooling times compared with
the feederless C01 casting. However, the cooling
times were not prolonged according to the 1 : 2 : 3
rule. Instead, the cooling times of all three modulus
castings, M08, M12, and M15 alike, were prolonged
by ∼20 s. Thus, the resulting ratios were decreased
according to the M08 benchmark, though the 2 : 3-
ratios show that the overall scalability still adheres
to the 1 : 2 : 3 rule.

The measured cooling times displayed a greater
variation. The C10A castings had shorter cooling
time for the M08 casting, but longer cooling times
for the M12 and M15 castings. This changing cool-
ing time resulted in ratios of 1.00 : 2.45 : 4.24, with
a 2 : 3-ratio of 1 : 1.73. For the C17A castings, the
cooling times were reversed. The M08 casting dis-
played a longer cooling time, and the M12 and M15
castings had shorter cooling times compared with
the other castings. Consequently, the ratios were
1.00 : 1.62 : 2.70, with a 2 : 3-ratio of 1 : 1.66.

The cooling time ratios show that there was a
higher variation among the measured castings, with
significant changes in the ratios between C10A and
C17A, compared with the more uniform simulations.
However, the comparison of the 2 : 3-ratios shows
that the measured ratios of 1 : 1.73 and 1 : 1.66 both
were relatively close to the ideal 1 : 1.50 ratio. Note
also that the module-ratio of 1 : 1.56, as well as the
simulated ratios of 1 : 1.58, 1 : 1.59, and 1 : 1.60, were
all above the ideal ratio. The differences can be
related to differences between the performance of
the feeder in the experiment and the simulations.
However, a more thorough cooling curve analysis
that identifies the end of solidification based on the
derived cooling curves may yield better results. A
small change in the cooling time for the small M08
casting has a significant impact on the ratios. A
likely explanation could also be variations in the
pouring temperature due to pauses caused by the
setup of the experiment. This change in the pour-
ing temperature of the melt can explain the rapid
cooling of the M08 casting in the C10A combina-
tion, though it does not explain why the M12 and
M15 casting experience longer solidification times,
or why the effect is opposite for the C17A casting.

Differences in eutectic temperature between the
measured and the simulated results can potentially
be assigned to a range of different mechanisms and
measurement errors, a few of which are mentioned
above. For example, the thermocouple in itself can
influence the cooling rate, reducing the temperat-
ure in the casting, and thus de facto measuring
temperatures lower than what would have been
without the presence of the thermocouple. This
phenomenon was described by describing for thin-
walled ductile cast iron by Pedersen and Tiedje
[136], and correlated to the simulation data by the
same authors [137]. Additionally, Vedel-Smith ex-
plained the influence of mesh cell size and ther-
mocouple placement for the numerical simulations
[92]. Another difference can be the idealised cooling
and solidification observed for simulation cooling
curves. Pedersen and Tiedje found that the meas-
ured curves showed initial eutectic undercooling,
resulting in nucleation that controls and influence
the subsequent solidification much more than was
predicted by the model [136, 137]. This effect is
seen in fig. 12.15 on page 204, where the simulated
cooling curves experience a sharper end of solidific-
ation, compared with the gradual temperature drop
measured at the end of solidification.

However, the size of even the smallest M08 casting
should be large enough to negate the effects reported
by Pedersen and Tiedje for thin-walled castings, as
well as the mesh cell size influences reported by
Vedel-Smith. It should also be noted that if the
thermocouples had a significant cooling influence
on the C10A-M08 casting, then the cooling times
should be equally reduced for the C17A-M08 casting.
This change to the cooling curve was not observed.
A more likely scenario was that eutectic temperature
was miscalculated. However, the calculation of the
eutectic temperature based on the alloy composition
shown that the solidification should occur close to
the prediction arrived by the numerical simulation.
Several different equations can be used to calculate
the iron-graphite eutectic. The equation used here
was derived by Heine [139].

𝑇𝐸𝐺 = 1153 + 4.865 × 𝑊𝑆𝑖

= 1171.20 ○C
(12.3)

where 𝑇𝐸𝐺 is the equilibrium iron-graphite eutectic
temperature, and 𝑊𝑆𝑖 is the weight percent of Si.
This calculation only takes into account the Si con-
tent, and all the other alloying elements also influ-
ence the eutectic temperature, though most of them
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can be negated due to their limited effect. However,
the calculated 𝑇𝐸𝐺 indicate that it may be the meas-
ured temperature that is wrong. The probability of
this is reduced by the fact that the simulated and
measured cooling curves do match very well for all
other parts than the eutectic solidification, and that
all eight thermocouples measured the low eutectic
temperature. A calibration of the measurement
equipment may provide further answers.

The variation in cooling times for the C10A and
C17A castings may be related to processing vari-
ations. Not enough data was available to fully ex-
plain this difference. Keeping the limited amount of
data in mind, it should, however, also be noted the
2 : 3-rations for both castings were still reasonably
close to the ratios found for the moduli comparison
and simulated temperatures.

12.3.3 Thermal Gradients

The cooling curves presented in the previous sec-
tion provide information about the solidification
time and cooling rate for selected locations at the
centre of the castings. However, the cooling rate
from the mould wall towards the centreline of the
castings also provide important information about
how solidification of the melt progresses.

To provide an adequate description of the thermal
gradient across the centre of the castings, a nu-
merical simulation was set up using the fine mesh
described in section 12.3.1, on page 203 and the
virtual thermocouples described in section 12.3.1,
on page 203. The resulting thermal gradients can
be seen in fig. 12.17 on the next page.

Method

The gradients were plotted using the cooling curves
recorded with Magmasoft. These were then ex-
trapolated to ensure a uniform and arbitrary time
step for all cooling curves. This step was necessary
because the thermal data exported by Magmasoft
do not have a mutual or linear time increment. The
extrapolated functions were then plotted as a func-
tion of two parameters; cooling time in seconds and
centreline distance in millimetres.

The plots are viewed as a time lapse of the thermal
gradients. Hence, the topmost line is the first time
step, the next is the second, and so forth. The time
steps are indicated by the colour gradient, with the
first step being full colour, and the subsequent lines
fading towards light grey. The topmost and lowest
gradient lines are spherical indicating the natural

thermal gradient across the casting. At the eutectic
temperature, the lines flatten out across the centre
due to the latent heat released during solidification.

As the thermal gradient is steepest nearest the
surface of the casting, in the solidified layer, the
edges of the casting line are the first to solidify and
continue its cooling. Note, however, that the cooling
rate at this point was reduced due to the latent heat
of the solidifying melt at the centre, which has to be
transported through the outer zones. Finally, as the
last melt has solidified, the cooling of the casting
resumes its natural gradient and cools comparatively
rapidly.

Adapted Distance and Time Step (12.17a-c)

The first row (a-c) of fig. 12.17 on the facing page
shows the gradients with adapted centreline distance
and adapted time increment. The adaptation was
made manually by locating the initiation and end of
solidification. The three modulus castings display
very similar generic thermal gradients and can be
said to be comparable. Note also that the times
steps used are 25 s, 50 s, and 75 s, corresponding
with the 1 : 2 : 3 rule described in section 12.3.2, on
page 206.

Uniform Distance and Adapted Time Step (12.17d-f)

The second row (d-f) illustrate the thermal gradi-
ents adjusted according to the relative width of the
castings. The small M08 casting displays a steeper
gradient, meaning that the temperature difference
per distance was greater for smaller modulus cast-
ings, compared with the larger. The intermediate
performance of the M12 castings confirms the linear
correlation. In terms of solidification, this means
a shorter more defined solidification front for the
smaller modulus castings.

Uniform Distance Time Step (12.17g-i)

The final row (g-i) shows the thermal gradients
with uniform centreline distance and uniform time
step. The time increments of the M12 castings
were used as the common denominator. In addition
to the steeper thermal gradients for, the smaller
modulus castings, the uniform time step illustrate
that the solidification progresses much faster for
the M08 casting than for the M15 castings. The
M08 casting has begun solidification at the mould-
metal interface after 100 s, while simultaneously the
interface of the M12 had just reached the eutectic
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(b) M12: t [s] = 100 : 50 : 550
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(c) M15: t [s] = 175 : 75 : 850
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(d) M08: t [s] = 50 : 25 : 275
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(e) M12: t [s] = 100 : 50 : 550
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(f) M15: t [s] = 175 : 75 : 850
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(g) M08: t [s] = 100 : 50 : 550
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(h) M12: t [s] = 100 : 50 : 550
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(i) M15: t [s] = 100 : 50 : 550
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Figure 12.17: Temperature gradients for the M08, M12, and M15 castings without feeders. The gradients were
extrapolated from 11 virtual thermocouples, equidistantly placed in a horizontal line across the middle of each
casting, from edge to edge. The gradients are plotted as a function of time. The range and increments are indicated
above each figure, in the format: Start Time :Time Increment : End Time. The top row (a-c) shows the gradients
for adapted distance and time range, the second row (d-f) shows the thermal gradients with uniform distance on
the x-axis, while the final row (g-i) shows uniform distance and uniform time range. t = 0 s reference the initiation
of the mould filling, the solidification simulation initiated at t = 6 s.

temperature, and the interface of the M15 casting
was still 20 ○C above the eutectic temperature. This
difference in cooling rate continues throughout the
solidification and cooling. The M08 casting was
completely solidified at the fourth time step at 250 s,
while the M15 casting never completes solidification
with the 550 s shown on the graph. Consulting

table 12.5 on page 208 it is seen that the M08
casting had cooled below that eutectic temperature
after 211 s, while the M12 casting required 456 s to
achieve the same centreline temperature, and the
M15 casting required 731 s.

Additionally, the uniformity of the gradients from
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one mould-metal interface to the other proves that
the castings have cooled and solidified without any
significant thermal influence from the other modulus
castings. Had this been the case, this would have
shown on the graphs as temperature increase on
one of the edges.

12.3.4 Fraction Liquid Analysis

Similar to the thermal analysis described in sec-
tion 12.3.3, on page 210, a fraction liquid analysis
can also be performed, as the virtual thermocouples
provide this information. See fig. 12.18 on the facing
page. Fraction liquid is the inverse of fraction solid.
It is a measure of the percentage of the mesh cell
that is still liquid. Thus, the mesh cell is 100 % li-
quid before solidification commences, and 0 % liquid
at the end of solidification.

The graphs were made in the same way as the
thermal gradients in section 12.3.3, on page 210.
Note that the time-increments are the same as for
fig. 12.17 on page 211; however, the range has been
shifted to provide a complete image of the process.

There are two main reasons to complement the
thermal gradient analysis with a fraction liquid
gradient analysis: (1) While the thermal gradient
shows that temperature at different locations across
the centre of the casting, temperatures below the
eutectic temperature is not a guaranty that the melt
has also solidified. Especially at the edges where
high cooling rates can occur, the constitutional un-
dercooling will be more pronounced. (2) The frac-
tion liquid gradient graphs illustrate on a scale from
0 % to 100 % what occurs at the eutectic arrest,
thus expanding the narrow temperature range near
the eutectic arrest to a fully scaled graph.

The three rows of graphs in fig. 12.18 on the next
page are arranged in the same manner as fig. 12.17
on page 211. Hence, the first row (a-c) displays
adapted centreline distances and adapted time in-
crements. The second row (d-f) shows uniform
centreline distances with adapted time increments.
Finally, the third row (g-i) shows the fraction li-
quid gradients with uniform centreline distances
and time increments.

Adapted Distance and Time Step (12.18a-c)

Analysing the top row (a-c), the three modulus cast-
ings in this setup, solidification appears to progress
in the same way in all three castings. Focusing on
the few differences, the graphs can be viewed as if
the edges cool faster the larger the modulus of the

casting is. This interpretation is not true. It is an
effect of the adapted time increment. Hence, the
fourth time step of the M08 casting should be com-
pared to the second time step of the M15 casting.
Comparing these two gradient lines, it was found
that the small M08 casting solidifies faster than the
large M15 casting. The edge of the M08 casting has
solidified faster than the larger M15 casting.

Note though, that the limited resolution of the
11 thermocouple measurement across the width of
the castings also entails a reduced resolution for the
more massive castings. Hence, the distance between
the measurements for the M08 casting was approx-
imately half the distance between the measurement
distance of the M15 casting. Additionally, the in-
herent limitation of the mesh can also distort the
local measurement as described in section 12.3.1,
on page 203.

Uniform Distance and Time Step (12.18g-i)

The third row (g-i) shows the gradients with uniform
centreline distances and uniform time increments.
This view supports the above conclusions that the
smaller modulus castings do in fact solidify faster
than, the larger modulus casting. The small M08
casting solidifies faster at both the edges and the
centre. At the second time steps, the edge of the
M08 casting had a fraction liquid of ∼10 %, while
the M12 casting had a fraction liquid of ∼55 %. The
M15 casting had not even begun to solidify at this
point.

Analysing the subsequent time step as well, the
M08 casting had now solidified to a fraction liquid of
∼2 %, while the M12 casting had a fraction liquid of
20 %. The M15 casting had now reached a fraction
liquid of ∼55 %. The fourth increment reveals that
the M08 casting had a completely solidified shell,
while the M12 casting had a fraction liquid of ∼10 %.
The mould-metal interface of the M15 casting had
now reached a fraction liquid of ∼22 %. Note that
the two first gradients of the M15 casting can be
difficult to distinguish because they are overlapping.

The analysis shows that the M08 casting solidifies
much faster than the larger castings; however, it
also shows that the solidification rate at the edge
decreases as time progresses. Viewing the graphs in
the final row (g-i), the decreased solidification rate
can be observed for the M08 casting; however, the
flow of the latent heat from the centre of the casting
quickly ceases, and a solid shell was formed. The
solidification of the casting centre followed shortly
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(a) M08: t [s] = 40 : 25 : 265
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(b) M12: t [s] = 80 : 50 : 530
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(c) M15: t [s] = 135 : 75 : 810
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(d) M08: t [s] = 40 : 25 : 265
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(e) M12: t [s] = 80 : 50 : 530
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(f) M15: t [s] = 135 : 75 : 810
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(g) M08: t [s] = 80 : 50 : 530
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(h) M12: t [s] = 80 : 50 : 530
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(i) M15: t [s] = 80 : 50 : 530
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Figure 12.18: Fraction liquid gradients for the M08, M12, and M15 castings without feeders. The gradients
were extrapolated from 11 virtual thermocouples, equidistantly placed in a horizontal line across the middle of each
casting, from edge to edge. The gradients are plotted as a function of time. The range and increments are indicated
above each figure, in the format: Start Time :Time Increment : End Time. The top row (a-c) shows the gradients
for adapted distance and time range, the second row (d-f) shows the thermal gradients with uniform distance on
the x-axis, while the final row (g-i) shows uniform distance and uniform time range. t = 0 s reference the initiation
of the mould filling, the solidification simulation initiated at t = 6 s.

after that. For the M15 casting, the edge does not
solidify completely within the unified time range,
though it is very close at the end. However, the
casting centre is also completely liquid at this point
for the M15 casting, where the centre of the M08
casting had begun to solidify before the edge was

completely solidified.
Thus, the small modulus M08 casting showed a

small but limited effect of the latent heat from the
casting centre slowing the complete solidification of
the shell. However, at the time the shell has formed
entirely, the centre of the casting has also begun
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to solidify making the remaining melt mushy and
tough to feed through.

The M15 casting releases a lot more latent heat
during solidification, as compared with the M08
casting. The effect of this can be seen by the slowed
down solidification of the shell, which is caused
by the latent heat of the centre being transported
through the outer zones of the castings, thus retain-
ing the eutectic temperature for a prolonged period.
This effect is further enhanced by the heating of
the mould, reducing its cooling power, and sub-
sequently further slowing the heat extraction from
the casting. However, the M15 casting achieves a
state with a solid shell and a liquid centre which is
not found in the M08 casting. As a result, the M15
centre will solidify and contract slowly encased in a
solid shell. The slow uniform cooling of the centre
enables the formation of equiaxed dendrites that,
having a higher density than the surrounding melt,
will fall to the bottom.

The M08 casting does not achieve this effect as
the two edges continue their growth towards the
centre until they meet at the centre.

The M12 casting shows an intermediate solidifica-
tion pattern, where the uniform solidification of the
centre commences just before the shell is completely
solidified.

As 12.18i shows, the M15 is the only casting mod-
ulus to exhibit a liquid centre at the time when the
shell is also completely solidified—hence the M15
castings are the only ones that can be categorised as
shell-forming. This phenomenon is also supported
by the smaller amount or porosities found in the
M15 castings as shown in section 12.1, on page 175,
and is additionally supported by the models de-
scribed in chapter 13, on page 231.

12.3.5 Geometric Solidification Analysis

The previous three thermal analyses—the cooling
curve analysis, the thermal gradient analysis, and
the fraction liquid analysis—are all measurement
point based. The two gradient analyses analyse a
cross-section, and the cooling curve analysis ana-
lyses four different measurement positions, however,
none of the analyses comprises the entire casting
geometry.

The geometric solidification analysis is based on
selected time steps from the solidification of four
selected feeder combinations.

The Selected Feeder Combinations

Based on the numerical simulation described in sec-
tion 12.3.1, on page 202, four feeder combinations
were selected and analysed using geometric repres-
entations of the numerical simulation results. The
four different feeder combinations were synchron-
ised so that the results were saved at the same time
step in all simulations. The percentage presented
for each time step is the fraction liquid of the C10
casting converted to a liquid percentage. Note that
the total fraction liquid of the three other casting
combinations can vary accordingly because of the
differences in total melt volume and differences in
feeder configurations.

Details about the four feeder combinations can
be found in table 12.1 on page 180.

C01: Benchmark without feeders The basic cast-
ing geometry without either upper or lower feeders.
This setup provides a reference to the natural solid-
ification of the casting geometry, enabling a more
precise estimate of the influence of the different
feeder combinations.

C06: Medium upper feeders The C06 feeder com-
bination shows the functioning of upper feeders
without lower feeders. Additionally, the feeders of
the M08 and M15 castings were 1.00 M∝, while the
M12 casting feeder was 0.83M∝. Thus, the feeder
combination shows the performance of feeders with
the same, or smaller, modulus than the casting
modulus itself.

C10: Large lower feeders The C10 feeder combina-
tion comprises the largest of the feeder used in the
experiment, located in the lower part of the cast-
ing. The proportional moduli of the feeders were
1.25M∝ for the M08 casting, 1.00 M∝ for the M12
casting, and 1.27M∝ for the M15 casting. Addi-
tionally, the location at the bottom serves to show
the influence of a lower feeder on solidification and
closing time if the pre-feeder neck. If the influence
is thermal, the distance should negate the effect.
If the influence is caused by a volume change, the
lower feeder should display the same results as the
upper feeder.

C19: Large upper and lower feeders This final com-
bination shows the maximum influence exerted onto
the castings during the trial, applying both an upper
and a lower feeder. Both feeders were the largest
used during the experiment and the same as used
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in feeder combination C10. This C19 feeder com-
bination shows the influence of a large feeder close
to the pre-feeder neck, and the thermal influence of
two feeders combined.

Image Analysis Guide

The simulations show the casting geometries of the
four feeder combinations, from left to right. The
solidification progresses from top of the page to the
bottom.

The colour gradient used is a widespread gradient.
Hence, the nuances of green represent any part of
the casting with a fraction liquid between 0 % to
100 %. This fraction liquid corresponds to the so-
lidification progressing at the eutectic temperature.
The parts of the casting that are above the eutectic
temperature that is still liquid and have not yet
begun to solidify are shown in red. However, note
that the superheated melt can only be shown where
it is in contact with the mould. While the inside of
the casting will stay superheated for an extended
period, the superheated red melt will be encased
in solidifying green melt representing solidifying
mushy zone.

In addition to the visible colour gradients in the
images, what is not visible is also essential. The im-
ages are viewed in a so-called x-ray mode. Hence, all
that has completely solidified becomes transparent,
or invisible, allowing observation of the solidification
process underneath. Note that as a consequence of
the images showing only liquid and partly liquid
melt, porosities within the casting are not shown as
they, per definition, do not contain any fraction of
liquid metal.

Pre-Feeder Neck Solidification (12.19)

As described in section 11.1.2, on page 161 the pre-
feeder neck was designed to solidify shortly before
the thermal centre of the casting reached the eu-
tectic temperature. This design, however, was made
without the influence of a feeder. Speculations have
been raised in section 12.2.6, on page 200, about
how the feeders influenced the solidification of the
pre-feeder neck. While section 12.3.2, on page 205
have shown that the presence of feeders did not have
any significant influence on the temperature at the
centre of the pre-feeder neck, this thermal analysis
does not explain the large porosities observed at
some of the pre-feeder necks.

Additionally, the analysis of the feeders influ-
ence on the pre-feeder neck is of interest because
of the geometric resemblance to a secluded section,
connected to another part of the casting by a nar-
row intermediate section. Hence, the interaction
between the feeders and connecting section may be
of interest to make optimal use of the ram-up sleeve
feeders and to avoid unintended casting defects at
other parts of the castings.

M08: 90 s The small M08 pre-feeder neck has just
closed for the C01 benchmark castings. The dis-
tance between the two ends of the remaining melt
is almost touching. Viewing the C06 feeder combin-
ation with a 1.00M∝ upper feeder, it is observed
that the distance between the two fingers of the re-
maining melt is greater than for the feederless C01
casting. Note that it is only the lower finger of the
connecting melt that has changed shape between
the two feeder combinations.

Analysing the C10 casting, it was observed that
the M08 pre-feeder neck is comparable to the pre-
feeder neck of the C01 casting. Finally, the M08
pre-feeder neck of the C19 casting displayed an even
greater distance between the two fingers of the re-
maining melt. Both C10 and C19 used 1.25/1.27 M∝

feeders.

M12: 100 s The second row shows the time of so-
lidification for the M12 pre-feeder neck. The C01
and C10 castings display a thin but still connected
string of melt from the pre-feeder to the casting.
The C06 and C19 castings have a very similar geo-
metry of the melt in the pre-feeder neck; however,
a closer inspection reveals the presence of the first
transparent mesh cell at the centre of both the C06
and C19 pre-feeder necks, indicating the breaking
of the connection.

That the difference between the combination with
and without upper feeders is less pronounced for
the M12 castings than for the M08 castings may
be related to the time step used for the analysis.
The images were saved for every 1⁄200 steps of the
solidification. Hence, the analysed is incremental
and not step-less. Only the pre-selected steps were
available for analysis afterwards; hence, it was not
possible to investigate the solidification progresses
between two pre-selected solidification steps.

Additionally, note that the proportional modulus
of the M12 feeders was only 0.83M∝ and 1.00M∝

which would have reduced the influence of the feed-
ers.
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C01 C06 C10 C19≈ 90 s
≈ 90 %

C01 C06 C10 C19≈ 100 s
≈ 75 %

C01 C06 C10 C19≈ 132 s
≈ 65 %

C01 C06 C10 C19≈ 138 s
≈ 63 %

C01 C06 C10 C19≈ 148 s
≈ 60 %

0.0 7.1 14.3 21.4 28.6 35.7 42.9 50.0 57.1 64.3 71.4 78.6 85.7 92.9 100.0 Empty%

Figure 12.19: Pre-feeder neck solidification. The figure shows fraction liquid for four simulated casting with
feeder combinations C01, C06, C10, and C19. Percent liquid varies a little between the castings. Time is the
common denominator.
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M15: 132 s to 148 s Due to the greater volume of
the M15 castings, and subsequent later solidification,
the solidification of the pre-feeder neck progresses
over a longer time, allowing for a more detailed
analysis. Thus, row 3-5 all show the solidification
of the M15 pre-feeder necks.

At 132 s it is observed that the pre-feeder necks
of both the C06 and the C19 castings have already
separated. Again it is observed that it is the lower
finger of melt that sinks down and loses the connec-
tion to the upper finger. This effect is even more
expressed for at 138 s. Note that at this point the
pre-feeder necks of C01 and C10 castings are still
connected by melt. Finally, at 148 s the pre-feeder
necks of the C01 and C10 castings disconnect. Ob-
serving the two pre-feeder necks, the C10 casting
with a lower feeder appear to display a longer dis-
tance between the two solidifying fingers than the
feederless casting of C01.

Note that the pre-feeder necks of the C06 and
C19 castings at this increment have not only dis-
connected by are almost without remaining melt.
Additionally, the melt at the bottom of the pre-
feeder neck seems to have fallen, resembling the
emptied out pre-feeder necks observed in section
12.2.6, on page 200.

M08 Solidification (12.20)

The C01 combination shows the natural geometrical
solidification without feeder of the M08 casting—it
solidified as an ellipsoid towards the centre of the
casting. At 272 s the M08 casting has solidified
completely. See fig. 12.20 on the following page.

The C06 feeder combination uses a 1.00 M∝ upper
feeder. While the presence of the feeder prolongs
solidification of the geometrically inherent ellipsoid,
it is observed that the melt in the casting and the
melt in the feeder disconnect at an early stage, pre-
venting complete feeding. The disconnection occurs
between 234 s to 259 s, while the final solidification
of the casting occur between 272 s to 291 s. The
M08 casting with the C06 feeder combination was
found to have large (4) porosities in the middle con-
trol volume, as seen in table 12.1 on page 180. This
finding corresponds with the disconnected feeding
of the last to freeze melt.

By incomplete feeding is meant that the last to
freeze melt is disconnected and cannot be fed. How-
ever, this does not rule out that a larger or smaller
part of the casting is feed by the feeder. The fraction
liquid analysis does not show the melt movement

or the porosity formations. It only shows the pro-
gression of the solidification.

The C10 feeder combination had a large 1.25 M∝

lower feeder. The larger feeder, compared with
the C06 castings, managed to retain contact with
the solidifying ellipsoid throughout the solidification.
This prolonged melt connection in the casting would
indicate that the last to freeze melt was moved
towards the bottom of the casting enabling the
formation of porosities at this location. However, no
porosities were found in the bottom control volume
of the any of the M08 castings with only a lower
feeder; indicating that the last to freeze melt in the
casting managed to feed off the lower feeder, thus
preventing porosities. This thesis is supported by
the porosities observed in the lower feeders in the
x-ray analysis in section 12.2.6, on page 200.

The final feeder combination uses two large
1.25M∝ feeders. The geometrical representation
of the solidifying melt shows that the ellipsoid of
the natural solidification is changed to a banana-
shaped geometry facing towards the two feeders.
For the M08 casting, it was observed that the com-
bination of two equally sized feeders created a long
thin opening of remaining melt connecting the two
feeders, albeit the last to freeze melt in the casting
was eventually disconnected from both feeders.

Table 12.1 on page 180 shows that the M08 cast-
ings with the C19 feeder combination have small
(2) porosities at the middle control volume, flanked
by a small (2) porosity either at the top or bottom
control volumes. This data corresponds well with
the secluded residual melt at the casting centre and
the connection to the feeder at both the top and
the bottom. The porosity results suggest that the
porosities can be moved between the top and the
bottom control volume.

M12 Solidification (12.21)

The M12 castings solidify similarly to the M08 cast-
ings. The benchmark casting without feeders so-
lidifies with the natural ellipsoid inherent in the
geometry. See fig. 12.21 on page 219.

The C06 casting, though, retain the connection
between the feeder and the melt in the casting al-
most to the end of solidification, as seen in the last
row—551 s. Note that the proportional modulus
of the feeder for the M12 casting is only 0.83M∝

where the similar feeder of the M08 casting had
a proportional modulus of 1.00M∝. However, the
proportionally smaller feeder of the M12 casting still
retains the connection to the melt in the casting
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C01 C06 C10 C19≈ 234 s
≈ 40 %

C01 C06 C10 C19≈ 259 s
≈ 35 %

C01 C06 C10 C19≈ 272 s
≈ 33 %

C01 C06 C10 C19≈ 291 s
≈ 30 %

C01 C06 C10 C19≈ 298 s
≈ 29 %

0.0 7.1 14.3 21.4 28.6 35.7 42.9 50.0 57.1 64.3 71.4 78.6 85.7 92.9 100.0 Empty%

Figure 12.20: M08 solidification. The figure shows fraction liquid for four simulated casting with feeder
combinations C01, C06, C10, and C19. Percent liquid varies a little between the castings. Time is the common
denominator.
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C01 C06 C10 C19≈ 330 s
≈ 25 %

C01 C06 C10 C19≈ 379 s
≈ 20 %

C01 C06 C10 C19≈ 448 s
≈ 15 %

C01 C06 C10 C19≈ 505 s
≈ 12 %

C01 C06 C10 C19≈ 551 s
≈ 10 %

0.0 7.1 14.3 21.4 28.6 35.7 42.9 50.0 57.1 64.3 71.4 78.6 85.7 92.9 100.0 Empty%

Figure 12.21: M12 solidification. The figure shows fraction liquid for four simulated casting with feeder
combinations C01, C06, C10, and C19. Percent liquid varies a little between the castings. Time is the common
denominator.
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C01 C06 C10 C19≈ 608 s
≈ 8 %

C01 C06 C10 C19≈ 720 s
≈ 5 %

C01 C06 C10 C19≈ 780 s
≈ 4 %

C01 C06 C10 C19≈ 828 s
≈ 3.5 %

C01 C06 C10 C19≈ 920 s
≈ 3 %

0.0 7.1 14.3 21.4 28.6 35.7 42.9 50.0 57.1 64.3 71.4 78.6 85.7 92.9 100.0 Empty%

Figure 12.22: M15 solidification. The figure shows fraction liquid for four simulated casting with feeder
combinations C01, C06, C10, and C19. Percent liquid varies a little between the castings. Time is the common
denominator.
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longer than was the case for the M08 casting. None
of the three M12 castings with the C06 feeder com-
bination had any porosities at the middle control
volume, as seen in table 12.1 on page 180. This
result corresponds with the observation of the feeder
retaining contact with the solidifying melt in the
casting almost until the end of solidification.

The C10 casting performs very similarly to the
C06 castings, though the thermal gradient and so-
lidification face towards the bottom of the casting
where the feeder is located. However, the C10 feeder
is a 1.00M∝ and thus larger than the 0.83M∝ of
the C06 casting. The larger feeder was naturally ex-
pected to have a greater influence on the geometry
of the remaining liquid. However, the upper part
of the casting had a longer cooling time due to the
presence of the pre-feeder as was concluded in sec-
tion 12.3.2, on page 205. On the other hand, if this
thermal influence was the cause of the similarity of
the two feeders performance, then the same thermal
effect should have been visible for the other castings
and other feeders as well. This similarity in results
was not the case.

The C19 feeder combination provided a banana-
shaped geometry of remaining melt connecting the
two feeders. Similar to the solidification observed
for the M08 casting.

M15 Solidification (12.22)

The C01 feeder combination also solidify as an el-
lipsoid for the M15 modulus casting. See fig. 12.22
on page 220.

The C6 feeder combination for the M15 casting
solidifies similar to the M12 casting, though the M15
casting uses a larger proportional feeder of 1.27 M∝.
The M08 casting used a similar proportionally sized
feeder of 1.25M∝ but was disconnected from the
last to freeze melt during solidification. However,
while the solidification was similar to the M12 cast-
ing, the M15 had a significant amount of porosities
at the middle control volume. Here the M12 casting
was porosity-free. Albeit, the performance was also
better than the M08 casting that had large poros-
ities at both the top and middle control volumes.
The M15 castings had a variety of different porosity
sizes at both the top and the middle volume.

The C10 and C19 feeder combinations for the
M15 casting show the that the combination of two
identical feeders, in this case, two large 1.27M∝

exothermic feeders, do change the total effect of the
feeders. All three feeders, the one from the C10 cast-

ing and the two from the C19 casting, stay connec-
ted to the remaining melt in the casting throughout
the solidification. However, the while the casting
with the C19 feeder combination had only small (2)
porosities at the top control volume, the casting
with the C10 feeder combination had large (4) poros-
ities at all three control volumes. See table 12.1 on
page 180. Hence, in this specific case, the addition
of an extra identical feeder reduces the porosity sum
of the casting by 10.

12.4 Numerical Porosity Analysis

The thermal gradients and the illustrations of
the geometrical solidification analysis are great

tools for analysing the solidification mechanisms
found in a casting. The information they provide is,
however, seldom what is sought for. Users of Mag-
masoft and other numerical simulation software
are interested in the properties of their castings;
ultimate tensile strength, pearlite content, nodule
count, sand burn on, and porosities. As described
in section 3.4.3, on page 54, properties like temper-
ature and thermal gradients are part of the basis
for the numerical simulations. They do, however, in
themselves not reveal anything about the mechan-
ical properties of the casting. Whatever knowledge
a viewer gain about the mechanical properties of a
casting from the thermal gradients, is based on the
observer’s empirical knowledge and interpretation
of the presented data.

Criteria functions are models describing correla-
tions between the basic physical data—temperature
(𝑇 ), thermal gradient (𝐺), cooling rate (�̇� ), feeding
velocity (𝑢 or sometimes 𝑣), solidification shrink-
age (𝛽), freezing range (∆𝑇𝑓 ), and critical pressure
drop (∆𝑃𝑐𝑟) to list some of the most used para-
meters. The criteria functions provide a number
based on the physical conditions which describing
the material properties. For porosities this is of-
ten described via a threshold value—values above
are sound, values below tend to form porosities—
greater or smaller. Using criteria functions is thus
an empirical analysis based on data obtained from
numerical modelling software.

The actual criterion function used in Mag-
masoft to predict the formation of porosities in
cast iron is not known, as described in section 3.4.3,
on page 54. Neither is it possible to choose which
criteria are taken into consideration or with which
exponent. Thus, to calibrate the simulations to
match the casting results, it is necessary to adjust
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the process conditions and particularly the proper-
ties of the cast alloy.

The goal is to calibrate the simulation setup to
match a given alloy under a set of known processing
conditions. Hence, when the simulations have been
calibrated, and the processing conditions—pouring
temperature, mould stability, and alloy—are kept
constant, then the simulation of a new geometry
should yield credible results.

12.4.1 Simulation Setup and Calibration

Calibration of the simulation setup has been per-
formed as an iterative process, changing one para-
meter at the time. The calibration setup for the
thermal analysis, as described in section 12.3.1, on
page 202 was used as the starting point of the para-
metric iteration. Additionally, a range of paramet-
ers was kept constant throughout the parametric
iterations.

The geometry modelling and general setup were
unchanged throughout the iterations. All simu-
lations used the extended feeding algorithm, con-
sidered the water content of the mould and the
mould permeability, and considered the microstruc-
ture of the iron. The HTC selections were unchanged
throughout, which for the casting meant dynamic
temperature HTC called ‘TempIron’, and the pour-
ing time was kept at 6.0 s. The treatment yield
was kept at 80 %, though it should be noted that
the inoculation method was changed for one of the
simulations. Additionally, the alloy composition
was kept constant, as according to table 11.2 on
page 167. Note, however, that the material itself
was changed between three different alloys. The
first was the GJS-500 iron alloy standard to Mag-
masoft, while the second and third alloys were
alloys explicitly calculated for this project—namely
the GJS450_JT which is the β-alloy from Part I, and
GJS500_JT which in this case it the high Si alloy
used in Part II. Both of these unique alloys were
calculated by MagmaGmbH using JMat Pro [119].

Table 12.6 on page 224 lists the parameters used
for each iteration in the calibration process. Fig-
ure 12.23 on the facing page shows selected results
from the simulation combinations in 12.6.

Most of the parameters varied are straightforward
and will only be discussed briefly. The material is
varied between Magmasoft’s build-in GJS-500 iron
and two especially calculated for the alloys used
in this project. Magmasoft offers three types of
moulds for the simulation—Die, Stable, or Weak.
As the castings were cast in green sand moulds, the

very rigid die option was not evaluated. However,
both the stable and weak mould options were ana-
lysed. The graphite precipitation, as described in
chapter 3, on page 39, is a factor that can be varied
between 1 and 10. Only seven levels were analysed
in this analysis, as there was a general problem with
predicting enough porosities; hence, the more pro-
nounced graphite expansion from 8 to 10 was not
evaluated. The inoculation method was changed
from ‘Very Good’ to ‘Good’ for a single iteration.
Finally, the pouring temperature was analysed to
understand its influence on the porosity formation.

Two of the varied parameters, do, however, re-
quire some additional explanation. The feeding
effectivity, as described in section 3.4.4, on page 56
is not supposed to be used in correlation with cast
iron. The Magmasoft manual describes that the
value should be kept at 100 % [69]. The feeding
effectivity describes the materials feeding property,
in the sense of feedability through the mushy zone.
In short, it defines the threshold for when it is no
longer possible to feed through a section that has
solidified a given percentage.

The mesh-factor listed in table 12.6 on page 224
list the equidistant dimension of the mesh cells in
mm. Hence, the mesh generated with a cell size of
2×2×2 mm yielded approximately 21 million cell in
total, and 325 000 metal cells. For the 5×5×5 mm
mesh this number was approximately 1.4 million
mesh cells in total, of which 20 000 were metal cav-
ity cells. Thus, the coarse 5.0 mesh yields only ∼6 %
of the cells used in the fine 2.0 mesh. Including
the mesh as a factor is a bit controversial as this
is a simulation parameter and not a factor describ-
ing a physical phenomenon. It has, however, been
shown that the mesh cell size matters for the poros-
ity prediction showed in the simulation results, as
described in section 3.4.2, on page 52 and reported
by Vedel-Smith [92].

Parametric Iteration

The parameters described above was used to vary
the simulations to find the best possible fit between
the predicted porosities of the simulation and the
porosities recorded in the porosity quantification in
section 12.1, on page 175. The following section will
address the individual iterations shown in fig. 12.23
on the facing page and the results they yielded.

First row (# 1,3,5,7) The top row (# 1,3,5,7) show
a decrease of the graphite precipitation factor from
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#8 #9 #10 #11

#12 #13 #18 #19

#23 #24 #25 #26

#27 #28 #29 #30

0.0 7.1 14.3 21.4 28.6 35.7 42.9 50.0 57.1 64.3 71.4 78.6 85.7 92.9 100.0 Empty%

Figure 12.23: Calibration simulation setups and their resulting porosity predictions for the benchmark casting,
C10. The numbers correspond to a simulation setup shown in table 12.6 on the following page. The predicted
porosities should be compared with the porosities found in the section castings in fig. 12.6 on page 182 and in the
ultrasound analysis shown in table 12.1 on page 180.



Table 12.6: Overview of parameter variation for numerical simulation of porosity probabilities. Text in bold
shows parameter change since precious step. The two iterations framed by lines are the setups used by the thermal
analysis (#15) and porosity analysis (#29) receptively.

Feeding Graphite Inoculation
# Version Material Effectivity [%] Mould Mesh Precipitation Method Temp [○C]

1 v07 GJS-500 100 Stable 2.0 7 Very Good 1380
2 v01 GJS-500 100 Stable 2.0 6 Very Good 1380
3 v02 GJS-500 100 Stable 2.0 5 Very Good 1380
4 v03 GJS-500 100 Stable 2.0 4 Very Good 1380
5 v04 GJS-500 100 Stable 2.0 3 Very Good 1380
6 v05 GJS-500 100 Stable 2.0 2 Very Good 1380
7 v06 GJS-500 100 Stable 2.0 1 Very Good 1380

8 v08 GJS450_JT 100 Stable 2.0 1 Very Good 1380
9 v09 GJS450_JT 100 Stable 2.0 1 Good 1380

10 v10 GJS450_JT 30 Stable 2.0 1 Very Good 1380
11 v11 GJS450_JT 0 Stable 2.0 1 Very Good 1380

12 v14 GJS500_JT 0 Stable 2.0 1 Very Good 1200
13 v15 GJS500_JT 0 Stable 2.0 1 Very Good 1300
14 v16 GJS500_JT 0 Stable 2.0 1 Very Good 1350

15 v12 GJS500_JT 0 Stable 2.0 1 Very Good 1380

18 v17 GJS500_JT 0 Stable 2.0 1 Very Good 1400
19 v18 GJS500_JT 0 Stable 2.0 1 Very Good 1450
20 v19 GJS500_JT 0 Stable 2.0 1 Very Good 1500
21 v13 GJS500_JT 0 Stable 2.0 1 Very Good 1600

22 v22 GJS500_JT 50 Stable 5.0 1 Very Good 1380
23 v23 GJS500_JT 50 Stable 5.0 5 Very Good 1380
24 v24 GJS500_JT 0 Stable 5.0 5 Very Good 1380
25 v25 GJS500_JT 20 Stable 5.0 5 Very Good 1380

26 v26 GJS500_JT 20 Weak 5.0 5 Very Good 1380
27 v27 GJS500_JT 10 Weak 5.0 5 Very Good 1380
28 v28 GJS500_JT 15 Weak 5.0 5 Very Good 1380

29 v29 GJS500_JT 25 Weak 5.0 5 Very Good 1380

30 v30 GJS500_JT 25 Weak 2.5 5 Very Good 1380

7 through 5 and 3 to 1. The decreased graphite
precipitation yield only the smallest visible effect
between the extremes shown here. The porosities at
the centre of the castings correspond well with the
small (2) porosities found in most of the casting for
the middle control volume. The porosities found in
the top control volume in the castings, are, however,
missing in the simulations.

Second row (# 8,9,10,11) Simulation #8 is dif-
ferent from #7 concerning the material, which has
been changed to the custom GJS450_JT, rather than
the standard GJS-500. The change yielded a min-
imal effect. #9, on the other hand, had decreased
inoculation methods, which was changed from ‘Very
Good’ to ‘Good’. This change showed a small in-

crease in porosities, though the porosity location
was unchanged.

Simulation #10 featured a change of the feeding
effectivity from 100 % to 30 %. This change resulted
in a relocation of the porosities, where a significant
part was now predicted to be located at the bot-
tom of the pre-feeder neck. At the same time, the
probability of porosities at the centre of the casting
was significantly reduced as well. A final interesting
fact about this change in this simulation is the first
in the iteration that shows any deviation between
the three different castings, as the sizeable M15
casting has the smallest centre porosity, the small
M08 casting the next smallest centre porosity, and
the medium M12 casting showed the most extensive
centre porosity.
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The tendency of simulation #10 is continued in
simulation #11, which was run with a feeding ef-
fectivity of 0 %. This setup causes all the porosities
to be agglomerated at the lower part of the pre-
feeder neck. Though the feeding effectivity factor
is described as an adjustment of the feeding flow
through the mushy zone, the overall amount of
porosities also seem to increase. The flow through
the mushy zone should in principle only change the
position of the porosities, not the number and size
of porosities; hence, the feeding effectivity seems to
influence more than this. One explanation could
be the threshold limit for porosities in the single
mesh cells, as discussed in section 3.4.2, on page 52.
As the feedability of the material is decreased, the
porosities will agglomerate in larger concentrations
causing more mesh cells to exceed the porosity
threshold of the single mesh cell. If this is the
case, a coarser mesh should be able to adjust the
porosity predictions.

Third row (# 12,13,18,19) The porosity results
in the third row (# 12,13,18,19) are all simulated
with the GJS500_JT alloy, and show varying pour-
ing temperatures; 1200 ○C, 1300 ○C, 1400 ○C, and
1500 ○C. It is seen that simulation #12 with a
pouring temperature of only 1200 ○C is virtually
porosity-free, except for the pouring cup and down
sprue before the filter. This simulation result indic-
ates that the alloy, with the given setup, should be
self-feeding as long as the liquid shrinkage is small
enough. The subsequent simulation, #13, shows
a medium amount of porosities at the bottom of
the pre-feeder neck corresponding to a pouring tem-
perature of 1300 ○C. The porosity size is gradually
increased by simulations#18 and #19; with pouring
temperatures of 1400 ○C, and 1500 ○C respectively.

Fourth row (# 23,24,25,26) Simulation #23 reset
several parameters to previous analysed settings.
The graphite precipitation is set as 5, the feeding
efficiency is set at 50 %, the pouring temperature
is back at 1380 ○C, and additionally, the mesh cell
size was changed to an equidistant 5×5×5 mm. This
setting yield small porosities at the pre-feeder neck
of the M12 and M15 castings, as well as medium
porosities at the centre. Changing the feeding ef-
fectivity to 0 %, in #24 showed a large concentra-
tion of porosities at the lower part of the pre-feeder
neck and in the top control volume. The centre
porosities disappeared on the other hand. Thus,
simulations #25 adjusted this parameter further,

setting the feeding effectivity to 20 %. This para-
meter adjustment was assessed to provide a more
accurate balance between the two porosity centres,
though the simulation again, as with #23, do not
predict porosities at the pre-feeder neck/top control
volume of the small M08 casting.

The following simulation, #26, introduces the
weak mould to the simulations, which results in
a general increase in the number and size of the
porosities. The weaker mould is less effective in
containing the volume expansion of the graphite
resulting in an expanded volume, which in turn
causes more porosities, as described in section 2.3.7,
on page 29. How this feature is simulated in Mag-
masoft is not known; however, it is probably a
factor influencing the porosity criterion function
directly, rather than influencing the actual simula-
tion. Evidence for this can be seen by the weak
effect of the graphite precipitation factor on this
particular alloy.

Last row (# 27,28,29,30) Simulations # 27, #28,
and #29 all test the threshold of the feeding effectiv-
ity setting. #27 show that a feeding effectivity of
10 % will remove the centre porosities as was also
seen with the 0 % setting analysed in #11. Simu-
lation #28 shows that a feeding effectivity of 15 %
return the centre porosities to M12 and M15 respect-
ively, whereas the M08 casting remains porosity-free
at the middle control volume. The final setting of
the feeding effectivity is set at 25 %, which yield
an acceptable balance between the centre porosit-
ies and the porosities located the bottom of the
pre-feeder neck.

The final simulation, #30, is identical with #29
except for the mesh cell size which was adjusted
to an equidistant side length of 2.5 mm. Eventu-
ally, it was decided that the more extensive overall
amount of porosities found in simulation #29 be
more accurate than the finer mesh version of #30.

Porosity Prediction Accuracy

So, how accurate are the porosity predictions when
comparing the final setup, #29, with the recorded
porosities in fig. 12.6 and table 12.1 on page 180
and on page 182?

The simulation predicts a probability for porosit-
ies at the centre of the casting for all three modulus
sizes. The most common porosity sizes recorded for
the middle control volume of the benchmark cast-
ings are microporosities (1) and small (2) porosities.
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Figure 12.24: Porosity results for feeder configurations C06, C10, and C19. The simulations in the left shows
simulations run with the parameters specified in #15 in 12.6, and the right side shows simulations run with the
parameters specified in #29 in table 12.6 on page 224. The numbers next to each of the castings correspond to the
recorded porosity sizes found with the ultrasound analysis listed in table 12.1 on page 180.
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Figure 12.24: Porosity results for feeder configurations C06, C10, and C19. The simulations in the left shows
simulations run with the parameters specified in #15 in 12.6, and the right side shows simulations run with the
parameters specified in #29 in table 12.6 on page 224. The numbers next to each of the castings correspond to the
recorded porosity sizes found with the ultrasound analysis listed in table 12.1 on page 180.

In this respect, the simulated predictions seem to
indicate larger porosities in this region. However, no
simulation parameter combination was found that
predicted smaller porosities at the centre without
also reducing the size of the porosities at the bottom
of the pre-feeder neck considerably.

Note that the porosity prediction indicated by
Magmasoft should be viewed as probabilities.
There is a certain probability that a porosity will
be located in the given area. Thus, for instance, the
elongated porosity prediction found at the centre
should be interpreted as an area in which one or
more porosities of a given size may form.

The porosities at the top control volume are the
next issue. The size of the porosities is deemed to
be a good approximation of the porosities shown
in fig. 12.6 on page 182. The predicted location,
however, is not spot on. The simulations showed
a tendency to have the porosities located inside
the bottom part of the pre-feeder neck, while the
sectioned castings in fig. 12.6 on page 182 show
the porosities located inside the upper part of the
casting below the pre-feeder neck, with the pre-

feeder neck itself apparently porosity-free.
Keeping these reservations about the porosity

predictions in mind, the next step is to analyse how
the simulations predict porosities for castings with
feeders.

12.4.2 Porosity Simulation Results

Figure 12.24 on page 226 and on this page shows
the porosity results for the castings with feeder
configuration C06, C10, and C19. All three are
simulated with simulation setups #15 and #29 as
described in table 12.6 on page 224. Next to each
of the castings are listed the porosity sizes recor-
ded in the ultrasound analysis. Hence, each of the
columns of numbers represents a casting duplicate
from table 12.1 on page 180.

C06 (12.24a,b)

Reviewing the porosity prediction in 12.24a the
correlation between the measured and simulated
porosities are not perfect. Remember that, follow-
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ing the analysis in section 12.4.1, on page 222, the
porosity prediction in the pre-feeder neck can be
assumed to be found in the top control volume in-
stead. Given this, the simulation predicts large (4)
porosities in the top control volume which matches
the ultrasound results. The ultrasound results, how-
ever, also show large (4) and medium (3) porosities
in the middle control volume, which is not matched
by the simulation. For the bottom control volume,
both ultrasound analysis and simulation agree that
this area is porosity-free.

The same feeder configuration, but with the other
simulation setup is shown in 12.24b. Retaining the
premiss of the pre-feeder porosities, this simula-
tion predicts porosities at the top control volume.
Note that the prediction shows a smaller amount
of porosities at the pre-feeder neck for the sizeable
M15 casting, which in part matches the ultrasound
results. In addition to the simulation in 12.24a, this
simulation also shows porosity probabilities at the
centres of the three castings. Note, however, that
the most massive porosity prediction is found in the
M12 casting, which as the only one did not show
porosities in that area in the ultrasound analysis. Fi-
nally, both ultrasound results and simulation agree
that the bottom control volume is free of porosities.

C10 (12.24c,d)

The simulation in 12.24c is a partial success at best.
In none of the three castings are the porosities at
the top control volume predicted, though all except
one of the castings in the ultrasound analysis had
large (4) porosities in the area. The centre poros-
ities are, however, predicted for all three castings.
Also the prediction for the bottom control volume
agrees that this area is porosity-free, except for the
M15 casting which showed small (2) and large (4)
porosities in this area. Note though, that the M15
casting of the C10 feeder combination was found to
exhibit some casting defect, as shown in fig. 12.7b
on page 184. What the simulation did show, how-
ever, is the tendency to form a porosity with contact
to the surface, right above the bottom feeder, which
is very similar to the open porosity formation found
in both C10 B and C, and shown in fig. 12.7b on
page 184.

The simulation of the C10 castings with the #29
parameter setup showed a better prediction of the
porosities in the top control volume, though the
prediction of the centre porosities for the M08 and
M12 castings are similar to the other simulation. For

the sizeable M15 casting the porosity results predict
no porosities at all, where the ultrasound showed
large (4) porosities; though it should be remembered
that some of these porosities may have had other
causes than purely thermal and volumetric—likely
inclusions or melt impurities as described in section
12.1.4, on page 181. For the bottom control volume,
the porosity results show that the small M08 casting
may have porosities in this area. Note, however,
that this porosity is connected with the middle
control volume as well, and maybe the probability
definition is located in this area instead.

C19 (12.24e,f)

The final feeder configuration is the C19, which has
feeders at both the upper and lower feeder position.
Figure 12.24e on page 227 shows a good correlation
between the ultrasound results and the simulation
for the top control volume. The size of the pre-
feeder neck shrinkage roughly accounts for the large
(4) porosities observed in the ultrasound analysis.
The same pre-feeder neck shrinkage for the M08
and M15 castings are assessed to be too large to
correspond to the small (2) porosities found with the
ultrasound. The prediction of the centre porosities
is not very good. M08 and M12 are predicted to
be porosity-free; however, these are the only two
casting sizes that show porosities in the ultrasound
analysis. The M15 casting, on the other hand, is
predicted to have porosities at the centre, though,
this was the only casting size that was found not to
have porosities in this area. For the bottom control
volume, the ultrasound results show an indication of
porosities in the M08 casting, which is not mirrored
by the simulations. Subsequently, the M12 and M15
castings are predicted to show porosities but yielded
none in the ultrasound analysis. Additionally, it
should be noted that the simulation predicts an
open porosity over the lower feeder of casting M15,
as was also seen in 12.24c. In this case, however,
this open porosity—or any other porosity in this
control volume for that matter—was not observed
in the ultrasound analysis.

In the final simulation, shown in 12.24f, all three
castings are predicted to have porosities at the top
control volume. The scaling of the predicted poros-
ities seem to match for the M12 casting, and with
a small exaggeration also for the M15 casting. The
M08 casting is predicted to have a little more poros-
ities then was recorded by the ultrasound analysis.
The middle control volume predicts porosities for
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castings M08 and M12 which matches the ultra-
sound results. Additionally, the simulation predicts
a porosity-free centre for the sizeable M15 casting,
which is supported by the ultrasound results. The
size of the predicted porosities may be a bit large,
but not overly large compared with the ultrasound
records. Finally, for the bottom control volume,
the castings are predicted to be porosity-free for
the M12 and M15 castings, while the small M08
casting was predicted to have a small (2) porosity
in the area. All three of these predictions match
the results of the ultrasound analysis. In general,
the 12.24f can be said to have the best correlation
between casting results and simulation of all the
porosity results presented here.

12.4.3 Sub Conclusions

There has been a good correlation between the
simulated results and those recorded as part of the
porosity quantification analysis in section 12.1, on
page 175 in a few cases. Moreover, this is the
general problem. If it is not possible to set up a
simulation with a fixed set of simulation parameters,
then it becomes retrofitting rather than predicting.
The simulation needs to be set up and calibrated
properly. However, this should be a one time job as
long as the processing conditions are kept constant.

The difficulties of simulating this particular alloy
and setup can be multiple. First of all, it is assessed
that the main issue is with the criteria functions,
rather than the underlying simulation itself. Thus,
if trouble like these arises with the porosity res-
ults, it is suggested that one revert to analysing
other simulation results like temperature, thermal
gradients, and fraction liquid.

It is believed that one of the significant issues with
the constancy of the simulated predictions relates
to the alloy itself. It seems as if the alloy exhibits
freezing and feeding properties usually related to
steel and Al alloys. This behaviour is indicated by
the influence of the feeding effectivity factor had on
the simulated results in correlation to the analysis
of the castings. This influence, again, indicates that
alloy had a reduced feedability which is not typical
of cast iron.

The need of activating the feeding effectivity para-
meter may very well hinder the proper function of
the feeding algorithm use in magmairon, thus mak-
ing it impossible for the simulation to yield the right
results. However, this also relates to the amount
of porosity achievable with the feeding effectivity

set to 100 %. The graphite precipitation factor yiel-
ded almost no change in the amount or location of
the porosities. Even with a graphite precipitation
factor of 1, the simulated amount and location of
porosities were very different from what was found
in the porosity quantification of the castings.

Thus, this may be a case where one factor being
off, and the subsequent correction of this by adjust-
ing a different parameter, just destabilises the house
of cards further, forcing new adjustments, and so
forth.

One parameter that should, in principle, be inde-
pendent of all the other parameters is the mesh cell
size. For cases where casting results and porosity
predictions do not match up, a quick simulation
with a coarser mesh may solve this, though this
break with the principle that a single simulation,
when setup correctly, will yield all answers in one
go. Simulating different versions of the same cast-
ing geometry, with different simulations setups, to
faithfully predict different categories of results is
not a favourable solution—however it may be what
is necessary until the state-of-the-art of casting sim-
ulation has progressed further.

Whether or not other simulation software than
Magmasoft will yield the same problems as de-
scribed above remains to be tested. Ultimately it
depends on the assumption made in the underlying
modelling, the definition of the criteria functions in
that particular software, as well as the threshold
values delimiting the property handling of the in-
dividual cells. Software based on a fundamentally
different modelling approach may very well be free
of the above mentions issues, though it is equally
likely that the software has other challenges of its
own.
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13.1 Introduction

This chapter comprises the discussion of the
second part of the dissertation and will address

the most important parts of the method, the ex-
perimental design, the results, and the subsequent
implications and hypotheses. The discussion will
mainly be based on the information given in the
two previous chapters, chapter 11, on page 157
and chapter 12, on page 175, as well as chapter 2,
on page 13, and chapter 3, on page 39. However,
where it is necessary to support the validity of the
arguments, additional theories and references are
presented.

The discussion is divided into subsections, each
addressing different aspects of the research.

The focus of the discussion will start at the ba-
sics of the experimental setup and scientific method,
then continue to evaluation of the results and their
implications, and finish with the proposal of a the-
oretical explanation of the observed phenomenon.

13.1.1 Definition of Terms

To avoid confusion in the subsequent discussion and
theory proposal, a few terms have to be defined.

Driving Forces are all the forces acting on the
feed material to transport this from one posi-
tion to another. The forces can act in the same
direction adding up, or working against each
other to limit each others effect. An unmoving
feed material is a result of the driving force
sum being zero.

Feed Material encompasses all material that is
moved in the casting. Typically this would be
liquid, but it can also be a semi-solid slurry or
a solid. Feed material is used as a term because
it encapsulates all five feeding mechanisms in
one term without specifying one over the other.

Feeding Mechanism relates to the five mechan-
isms of feeding described by Campbell [25], and
described in section 2.4, on page 30.

Feeding Regime as a term encompasses the en-
tire feeding event, including the available con-
ditions, the driving forces, and the mechanisms.
Here the feeding regimes are used to describe
the correlation between the conditions, the driv-
ing forces, and the feeding mechanisms.

13.2 Purpose and Objectives

The success of the experiment should be judged
based on the results concerning the purpose

of the investigation. At the beginning of chapter
11, on page 157, six requirements were defined for
the design and construction of the generic, scalable
castings which was to substantiate the trials, which
further relates to hypothesis 5: The side feeder mod-
ulus necessary to feed SGI is not a linear function of
the casting module, and traditional methods over-
estimate the feeder size. Hence, the requirements
can be seen as an outline for the experiment as a
whole, and not just the casting design alone. Note,
however, that while the casting design may fulfil
the requirements, the experiment may not, and vice
versa.

The six requirements were:

1. Feedability and feeding requirement for
different modulus sections

2. Grade the feeder efficiency
3. Simulate feeding of secluded sections
4. Importance of feeder location (pressure height)
5. Influence of multiple feeders
6. Designed for easy and accurate analysis

13.2.1 Feeding Requirement and Modulus
Relationship

The casting design completely conforms to the re-
quirements of scalability. The casting design was
developed and tested before the experiment, and
the subsequent analysis of the castings, both with
and without feeders, has shown a precise scaling of
the casting modulus. The solidification of the pre-
feeder neck was also shown to scale with the casting
and to close off at the intended time. The cooling
curves of the three modulus castings had a good
coherence with the simulated results, and the addi-
tional simulations indicated that the cooling times
scaled reasonably both for the measured cooling
curves, as well as the simulated cooling curves.

The unintended scaling of the middle modulus
casting described in section 11.2, on page 167 preven-
ted a full comparison of the three modulus castings.
However, the feeders used for the M12 casting did
still overlap the proportional modulus (M∝) ratio
decided for the castings. Thus, additional informa-
tion was gained about the very low M∝ feeders for
the M12 casting, while the large M∝ feeders were
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missing. Some scalability was lost; however, the
M12 data are not invalid although conclusions of
the scalability should consider the influence of the
absent data.

13.2.2 Grading the Feeder Efficiency

The casting design, as well as the choice of feeder
sizes and casting alloy, was focused on ensuring
that porosities would remain after feeding. This
experimental design approach was based on the
experiences from Part I, where the efficiency of
some of the feeder combinations could not be rated,
simply because the scale was insufficient. If both
solutions provide porosity-free castings, then the
solutions cannot be distinguished. Thus, the design
was intended to ensure that all feeder combinations
would retain some measure of porosities.

In this respect, the casting design failed. Two
of the 207 castings were found to be porosity-free.
However, as none of the combination groups was
without porosities, it can be assumed that the
porosity-free castings were close to the limit of the
feeder. In this respect, the correlation between the
number and size of the porosities and the feeders
ability to feed the casting was perfectly adjusted.

The other aspect of the grading was the evalu-
ation of the number and size of porosities. While the
scale of 0-4, from porosity-free (0) to large (4) poros-
ities, was a convenient and straightforward way to
quantify the number and size of the porosities found
in each casting, it could have been supported by
another quantification of the porosities. This addi-
tional scale would possibly have provided additional
nuances to the experimental data. Depending on
the method chosen, this might also have provided a
better quantification of the large (4) porosities.

The open-ended nature of the 0-4 grading scale
made it difficult to precisely quantify the number
and size of porosities with and without feeders. The
large (4) porosities classification was the most used
grade of the scale. In hindsight, the scale should
have been more refined, especially for the large
porosities. How this scale was to be divided and
distributed is unanswered. The same goes for how
the analysis should be performed. A more detailed
analysis using ultrasound could be performed. How-
ever, the nature of the analysis limits how detailed
the size of the porosities can be judged. A more
refined scale would thus also increase the risk of
misjudged or misinterpreted porosities, which would
be even worse than a coarse scale.

13.2.3 Simulate Feeding of Secluded Sec-
tions

The casting design with the pre-feeder was, as a
secondary priority, designed with the intent to sim-
ulate secluded casting sections, separated from the
regular feeding path by a thin-walled section that
solidifies early in the process.

There are no direct criteria by which this require-
ment can be assessed. The pre-fed main part of the
casting was subjected to the same type of primarily
solidification shrinkage, that might be found in se-
cluded sections. This behaviour, however, was part
of the design and has not been tested as part of the
trials or analyses.

What is of interest regarding secluded sections,
though, is the correlation between the type, size,
and location of the feeders, and the solidification
of the pre-feeder neck. Here it was found that the
upper feeder directly influenced the feeding path
through the pre-feeder neck. Interestingly, though,
it was found that the feeding path closed off sooner
with the presence of an upper feeder. The implica-
tions of this are discussed further in section 13.6.3,
on page 248.

13.2.4 Feeder Location

Two different feeder locations were used during the
experiments; an upper location close to the pre-
feeder neck, and a lower location close to the ingate.
As the casting geometry and solidification is similar
at the top and the bottom, the main difference
between the feeding conditions of the two locations
was the difference in ferrostatic pressure. Hence, the
lower feeder had to overcome the entire ferrostatic
pressure of the casting, while the upper feeder only
had to overcome the influence of the pre-feeder.
Note that the solidification of the pre-feeder neck
would negate the pressure; hence the upper feeder
would operate under a neutral pressure state. This
pressure, however, is still less than a traditional
gravity feeder that uses gravity to move the melt
into the casting.

The analyses have shown that the secondary feed-
ing mechanisms can make use of a lower feeder.
The lower feeder functioned best for, the larger M15
castings; the lower feeder was less efficient for the
M08 and M12 castings. When used without a sup-
porting upper feeder, the best results were achieved
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with the lower feeders that had a proportional mod-
ulus of 1.00M∝. However, the lower feeders were
also found to be able to increase the number and
size of porosities in the casting. This side-effect
was seen for the M15 casting with a large 1.27M∝

lower feeder, with no upper feeder for support. See
figs. 12.10 and 12.12 on page 190 and on page 195.
This casting had large (4) porosities at all three
control volumes for two of the three castings in the
group.

What happened was that the casting fed the
feeder, rather than the other way around. See
table 12.1 on page 180.

What is interesting is that, regarding the modulus
ratio between the casting and the feeder, the feeder
should stay liquid longer and thus being able to feed
the casting as it solidifies. Similarly, it is interesting
that the feeder with equal or smaller proportional
modulus can feed the casting; which should solidify
later than these smaller feeders. It should also be
noted that the solidification time of the feeders is of
course also affected by the presence of the casting.
However, the cooling surface of the sleeved feeders
is relatively smaller, hence the total cooling time of
a sleeved feeder with a proportional modulus, do
solidify later than the casting. This is seen for the
C06 feeder combination in figs. 12.20 to 12.22 on
pages 218–220.

The casting modulus was observed to play an
essential role in the success of a single lower feeder.
Only the sizeable M15 casting showed any promising
results with these feeder combinations. Addition-
ally, the 1.00M∝ lower feeder performed very well
while smaller proportional moduli were insufficient,
and the larger 1.27M∝ had the effect of creating
porosities in the castings. Note, however, that the
same feeder located at the upper part of the large
M15 casting did not perform nearly as well as when
located at the lower position. Hence, differences oc-
cur that significantly change the feeding conditions
between the upper and lower feeder locations.

For the specific conditions examined in this re-
search, it can be said to be possible to feed from
the bottom up against gravity and the ferrostatic
pressure of the casting. However, it was also found
that the ‘window for feeding’ was very narrow and a
specific set of conditions probably have to be present
to enable this feeding opportunity.

13.2.5 Multiple Feeders

The combined efficiency of multiple feeders feeding

the same section was also part of the experiment.
The intent was to examine the co-functioning of
two feeders to obtain a better understanding of
the fundamental feeding mechanisms governing the
process. Additionally, it was sought to investigate if
combinations of different modulus upper and lower
feeders could achieve improvements not achievable
with a single feeder solution.

Figures 12.20 to 12.22 on pages 218–220 illustrate
how the combination of two feeders changes the
solidification of the casting. The shape of the solid-
ifying melt was changed. Viewing the castings with
a single upper or lower feeder, the natural ellipsoid
of the base casting was retained but drawn towards
the feeder. However, the solidification mostly pro-
gresses uniformly from all sides, except the feeder.
The result was similar to a deflating balloon. The
castings with two feeders, on the other hand, they
had a solidifying geometry similar to a tube, con-
necting the two feeders.

According to the geometric solidification analysis,
the total solidification time was only marginally pro-
longed for the casting with two feeders, as compared
with the single feeder combinations of the same or
similar modulus. However, the centre of the casting
was held liquid longer, providing a more directional
solidification from the surface of the casting towards
the centreline. This central channel of liquid melt
was kept open for feeding almost to the end of so-
lidification, thus allowing the upper feeder to reach
the entire length of the casting at the end of so-
lidification. This prolonged opening of the feeding
path is supported by the x-ray analysis which shows
that the lower feeder of casting C19A had a solid
lower feeder and a well emptied upper feeder. See
fig. 12.13 on page 201. However, the casting only
had a small (2) porosity at the top control volume.
It is proposed that the lower feeder has assisted the
upper feeder by extending the feeding length and
ensuring an open feeding path along the length of
the casting until the end of solidification.

While the castings with the C19 feeder combina-
tion illustrated the co-functioning of the two large
feeders, the best results were achieved with two
smaller feeders and of different sizes. Both the C20
and C22 groups had castings that were classified as
porosity-free. As for the C19 feeder combination,
both the C20 and C22 feeder combinations featured
feeders of different sizes: A 1.00M∝ upper feeder
and a 0.80 M∝ lower feeder for the M15-C20, and a
0.80M∝ upper feeder and a 1.27M∝ lower feeder
for the M15-C22. Note that the C20 combination
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had the large feeder at the upper position, while
the C22 combination had the large feeder at the
lower position.

Comparing this with the geometric solidification
analysis of the C19 castings, the optimal feeder
combination appears to be two feeders of different
modulus size. Apparently, this combination ensures
a prolonged feeding path, which stays open almost
until the end of solidification; but also retain some
direction of solidification towards the largest of the
two feeders, enabling the large feeder to feed the last
part of the casting that solidifies. Note, that the
interchangeable positions of the large and the small
feeder indicate that the driving forces that move
the melt function independently of both gravity and
the ferrostatic pressure.

Viewing the solidification pattern shown in
figs. 12.20 to 12.22 on pages 218–220 the changed
direction of solidification aids the formation of a
solid shell surrounding a liquid centre. Hence, it
can be speculated that the feeding effect is, in part,
achieved by the changed thermal gradients provided
by the second feeder, rather than the feed material it
provides. The changed gradients aid shell-forming,
which in turn strengthen the impact of the driving
forces.

While the large M15 castings showed promising
feeding results with a combination of two feeders,
the smaller M08 and M12 castings were less convin-
cing. See figs. 12.11 and 12.12 on page 192 and on
page 195. An effect of two feeders was observed for
both the M08 and the M12 castings, note however
that none of the smaller castings was found to be
porosity-free.

The best results for the small M08 casting was
achieved with either two large 1.25M∝ feeders, or
with two small feeders. The combinations of prom-
ising small feeders were with a 0.63 M∝ upper feeder,
and either a 0.75 M∝ or 1.00 M∝ lower feeder. Again
note that the largest feeder was located at the lower
position. The inverse combination with a 1.00M∝

upper feeder and a 0.75M∝ lower feeder produced
significant extra porosities. Hence, for the M08
casting, the feeders were not interchangeable, indic-
ating a complex feeding mechanism with a narrow
window for feeding.

The M12 casting had no feeders larger than
the castings modulus. Of the feeder combinations
tested, the combinations without a lower feeder func-
tioned best. Only one combination with a lower
feeder managed to reduce the overall porosity sum.
This was the 0.50M∝ upper feeder combined with

the 0.66M∝ lower feeder. Hence, the two smallest
feeders tested for the M12 casting.

The differences in function of the feeder combina-
tions across the three modulus castings indicate that
the solidification of the three castings progresses
significantly different and that the same approach
to feeding cannot be expected to yield comparable
results. As the horizontal spot feeders depend on
internal forces to drive the melt from the feeder
into the casting, these differences in solidification
would be expected to be more pronounced for these
feeders than for their traditional gravity driven coun-
terparts.

This statement is not to say that a two feeder
combination cannot function for the smaller modu-
lus castings. Figures 12.11 and 12.12 on page 192
and on page 195 show some effects. However, these
smaller modulus castings require different feeder
combination than for the larger M15 castings, and
possibly also more exact feeder modulus combina-
tions. Another observation made during the geo-
metrical solidification analysis was that while the
M15 exothermic feeders stayed liquid until almost
all of the casting had solidified, the proportionally
equivalent feeder of the M08 casting had begun to
form a shell already at the initiation of the solidific-
ation process. See figs. 12.19 to 12.22 on page 216
and on pages 218–220. While the M08 feeders re-
mained liquid until the casting had solidified, the
shell-forming may prevent a free flow of the melt
into the castings while there is still a liquid zone
at the centre of the feeder. Once the centre of the
feeder begins to solidify, the partially solidified melt
would require a larger force to move it from the
feeder and into the casting.

13.2.6 Design for Analysis

The analyses of the castings, both ultrasound, x-
ray, and sectioning, worked well. The square design
enables easy porosity detection using ultrasound,
including the possibility to analyse the porosities
from two perspectives. The pre-feeder neck, the
pre-feeder, and the feeders were not suitable for
ultrasound analysis. They were, however, never
designed to be and this limitation was known at
the time of the casting design. This limitation of
the ultrasound analysis was, however, made up for
by the x-ray analysis and the sectioning of select
castings.

The geometry functioned well for the x-ray ana-
lysis. However, the vast difference in thickness
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between the pre-feeder neck and the casting itself
required multiple images to analyse all parts of the
casting properly. The same was the case for some of
the feeders. The x-ray had two main drawbacks: (1)
The M15 casting was too thick to transilluminate
appropriately, and (2) the resolution (sharpness)
of the images did not allow for detection of small
porosities. Both of these limitations relate to the
equipment and the technology itself; hence it cannot
be a shortcoming of the casting design.

A useful addition to the casting design would
have been a ruler engraved into the corner of the
casting. The ruler would have provided a direct
visible reference on all castings that could easily be
used as a size and location indication. Addition-
ally, the different control volumes could be marked
in the same manner to ensure a definite distinc-
tion between the control volumes, rather than a
subjective assessment made for each casting.

13.3 Process Stability

The experimental setup was centred around the
scalable geometry for testing the performance

of different modulus castings, or sections. The main
purpose of the casting design was to produce cast-
ings with a comparable amount of porosities regard-
less of pouring temperature. 57 of the 60 castings
cast without any feeders had large (4) porosities at
the top control volume. Two had a small (2) and
a medium (3) porosity at the top control volume
instead, while the final casting was porosity-free at
the top, but had a large (4) porosity at the middle
control volume.

As described by Kainzinger, the porosity location
can vary within the volume of the thermal centre
[117]. Though, Kainzinger’s experiments were hori-
zontal Y-blocks, where the porosities shifted mainly
along the length of the block and did not display
considerable variation in the height location. How-
ever, the casting geometry was designed to produce
a comparable amount of total shrinkage, hence sum
of porosities was chosen as the best representation
of the performance of the castings, in terms of sta-
bility.

13.3.1 Statistical Porosity Sum Analysis

The castings were divided into two groups: The C01
without feeders, and the C02-C22 with feeders. A
statistical comparison of the sum of porosities for
castings with and without feeders, for each of the

three different casting modulus sizes, was then used
to evaluate the stability of the benchmark castings,
and subsequently the influence of the feeders. Note
that the statistical analysis was based on a limited
population.

The statistical analysis of the porosity sum of
the different modulus castings can be found in
fig. 13.1 on the facing page for the benchmark cast-
ings without feeders, and in fig. 13.2 on page 238
for all the castings with one or two feeders.

Castings without feeders (C01)

The statistical analysis of the benchmark castings
shows that the three modulus castings had a poros-
ity sum of 5.65, 5.30, and 5.15 respectively for the
M08, M12, and M15 castings. Hence, the larger
the casting modulus, the lower the average (mean)
porosity score. As the porosity evaluation scale was
absolute concerning porosity sizes, this indicates
that the larger casting moduli do not naturally pro-
duce larger porosities. However, the estimate of the
porosity sizes as they were recorded was subjective
and performed by a human operator. The scalabil-
ity of the castings considered, it would be an easy
mistake for the operator to unknowingly evaluate
porosities for the larger castings, as relatively smal-
ler due to the comparison of the porosity size to
the size of the castings. This said about scalability,
a small relative difference caused by an evaluation
error, do not change the general comparison of the
scalable castings. Note that the comparison between
the castings of the same size is unaffected by this.
Additionally, larger modulus casting and sections
are known to exhibit a greater graphite expansion
due to the prolonged graphite precipitation [23].
See fig. 2.7 on page 22.

The three casting moduli produced a comparable
amount of porosities, though the dispersion of the
data varied between the different casting sizes. The
feederless castings did also produce castings with
either increased or decreased amounts of porosities.
The variation for the castings without feeders was
used to evaluate the likelihood of a similar porosity
sum to occur for a casting with feeders, and thus
supported the porosity evaluation of castings with
similar or identical feeder combinations.

Castings with one or two feeders (C02-C22)

The castings with feeders have comparable porosity
sum averages for the M08 and M12 castings, with
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(a) C01-M08: Porosity Statistics

(b) C01-M12: Porosity Statistics

(c) C01-M15: Porosity Statistics

Figure 13.1: Porosity Statistics: Benchmark castings without feeders (C01).



(a) M08: Porosity Statistics

(b) M12: Porosity Statistics

(c) M15: Porosity Statistics

Figure 13.2: Porosity Statistics: Castings with feeders (C02-C22).



5.63 and 5.35 respectively. The M12 castings had
more porosities on average, for the castings with
feeders. The M15 casting had a significant reduc-
tion in the average sum of porosities from 5.15 to
4.14. However, the average is not an adequate meas-
ure of the effect of the feeders, as several different
configurations were examined during the trials. The
dispersion of the data of the castings with feeders
was much more significant for the M08, and M15
castings, which is also indicated by the increased
the variance (𝜎2) in fig. 13.2 on page 238. The
M12 castings, on the other hand, had a smaller
standard deviation and less variance with feeders,
then without, though only a little. The difference,
however, is not significant.

In fact, the distribution plots in fig. 13.1 on
page 237 and in fig. 13.2 on page 238 show that
the castings with a lower porosity sum were coun-
terbalanced by castings with more porosities. This
opposed feeding behaviour underlines that feeders
can have an unintended and unwanted porosity in-
creasing effect if not used correctly. Additionally,
the relatively narrow range of feeders examined dur-
ing the trials emphasises that the difference between
a successful feeding of a casting, and a feeding that
will introduce additional porosities, is small.

Evaluation of Process Stability

A control group without variation would be fant-
astic; however, this is seldom the case. In the case of
castings and porosities, in particular, these have an
in-build uncertainty which is expressed in fig. 13.1
on page 237. Designing castings to avoid porosities
can be difficult; however, these casting designs can
make use of a safety factor to ensure within a spe-
cified confidence interval, that the casting should be
porosity-free. Even then, that is not always the case.
To design a casting to produce the same amount
of porosities every time can be said to be the same
task, without the possibility of a safety factor.

The statistical analysis in fig. 13.1 on page 237
is considered a valid indication of the variation
that must be expected for the given castings, at
the given production conditions. Note, however,
that none of the six groups can satisfy the null
hypothesis of a normal distribution of the number
and size of the porosities, as the P-Values are all
below 0.005. The population of 20 castings per
group may be too low to accurately establish if the
variation of the porosities adheres to the normal
distribution, or another type of distribution for

that matter. Especially not for a population that
comprises so many different process variables, from
castings conditions to the porosity analysis.

The increased stability of the M12 casting with
feeders may be related to the proportional scaling
of the feeder for this castings. As shown in chapter
12, on page 175, the large feeders had a significant
influence on the castings, both regarding reducing,
but also by introducing, porosities. This effect is
supported by the M12 casting being the only casting
that has less variation with feeders than without.

It is evaluated that the experimental setup and
the analysis results are valid as an evaluation of the
number and size of the porosities in the castings.
However, the process variation should be noted and
considered when concluding on the findings.

13.4 Scalability of the Experiment

The experiment was designed to investigate the
feeding of different modulus sections to better

understand how the feeding mechanisms function
with respect to the solidification differences occur-
ring as a consequence of the inherently different
cooling conditions. This understanding is import-
ant in order to optimise feeders and their application
with respect to both process stability and energy
savings.

Subsequently, the deductions made from the ex-
periments must be based upon a valid assumption
of the scalability and actual scaling of the castings
and feeders.

13.4.1 Scalability of the Castings

The scalability of the castings was based on a gen-
eric geometry scaled according to a modulus gov-
erned solidification time. This setup was chosen
to ensure correct scaling and ensure that the geo-
metric influences in cooling could be negated. On
the other hand, this in some respect also limits the
experiment to the given generic geometry. Other
geometries with the same moduli as the ones used
in the experiment, may scale differently with regard
to feeding performance as described by Hansen et al
and Tiryakioğlu et al [22, 39]. The present research
has not included different geometrical combinations;
other geometries with the same modulus as the cast-
ings tested, may perform in a different manner as
relayed by Chovorinov and Hansen et al [21, 22] and
described in section 3.4.3, on page 54. Though other
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castings with similar modulus may perform differ-
ently; the alloy composition and general process
conditions will probably have a greater influence
on the result than the geometry itself. With the
exception of geometries that greatly differ from the
basic geometries.

The thermal analysis of the three different casting
sizes demonstrated an excellent thermal scalability
of the castings. The thermal comparison of the
measured and simulated cooling curves shown in
fig. 12.15 on page 204 confirmed the validity of
the numerical simulations thermal results. Sub-
sequently, the thermal analysis of the numerical
data was used to illustrate the similarity between
the thermal performance of the three modulus cast-
ings.

Figure 12.16 on page 208 showed that the three
castings cool in a similar manner, and that the
influence of the different feeder combinations on the
cooling curves, was very similar. The subsequent
analysis if the scaling ratios in table 12.5 on page 208
showed a few minor discrepancies, mainly between
the measured and the simulated data. Generally,
however, the modulus scaling ratios also showed
that the castings adhered to the 1 : 2 : 3 rule and
that the intended scalability of the castings’ cooling
times was intact.

Probably most illustrating of the scalability of
the castings were the two gradient analyses: The
thermal gradient analysis is shown in fig. 12.17 on
page 211 and the fraction liquid gradient analysis
shown in fig. 12.18 on page 213. The graphs show
that the cooling and solidification of the casting, in
terms of gradients scale nicely. The graphs with
adapted time step and adapted centreline distance
(a-c) show clear similarities. Hence, the natural cool-
ing and solidification are comparable for the three
modulus castings, as expected. The graphs also
show how cooling and solidification progresses with
uniform centreline distance scales and synchronised
time increments.

It should be noted, however, that even though
the cooling of the three modulus castings progress
in a similar way, the shell-forming abilities varied
significantly between the three casting sizes, with
the large M15 casting showing the greatest shell
forming ability. Figure 12.18 on page 213 shows how
the sizable M15 casting as the only one achieves a
fully solidified shell while at the same time retaining
a fully liquid centre.

13.4.2 Scalability of the Feeders

The feeder sizes were chosen based on the traditional
𝑀𝑓 = 1.2 ×𝑀𝑐 assumption, as described in section
1.3.1, on page 9. It was the intent to test a range of
different feeders to achieve a better understanding
of the borders of sufficient and insufficient feeding.
Therefore, additional two proportional feeder sizes
were chosen for the experiment; the 0.80M∝ and
1.00M∝. This provided a linear feeder modulus
distribution around the casting modulus. The sub-
sequent feeder moduli are shown in table 11.1a on
page 167.

While commercial feeders could be found for most
of the requested feeder sizes, they could not be
found within a single feeder type. To retain the best
possible comparison between the different feeders,
it was chosen to adhere to a single feeder type, the
Feedex HD V, though this meant that the scaling of
the feeder modulus between the different castings
sizes would not be exact. This was chosen because
it was assessed that a known modulus difference
was better than an unknown geometric difference.

The same principle was upheld for the insulating
feeders. Rather than selecting commercially avail-
able insulating feeders, it was chosen to retain the
geometry of the Feedex HD V feeders, but exchange
the exothermic material with the insulating Kalmin
250 C2 instead. The only feeders that did not follow
this pattern were the two smallest feeders; the 6E06
and subsequent also 6I05. These feeders were so
small that they were outside the commercial pro-
gram, and had to be specially manufactured for the
trials.

The commercially available feeders, though,
provided some restriction to the scalability. The
geometry of the feeders changed between the dif-
ferent feeder moduli. That largest difference was
between the 28E10 and 22E12. In this case, the
latter has a higher modulus (12) but with a smal-
ler melt volume (22). See table 11.4 on page 169.
Hence, the increased modulus was achieved by a
thicker sleeve.

The changed geometry and volume of the feeders
may influence the cooling of the feeders differently.
The feeders are affected by the thermal influence of
the casting, as they themselves influence the cast-
ing. However, a different melt volume has a different
potential for absorbing the heat from the casting.

240



Likewise, the cooling surfaces are different and while
the thermal modulus of the feeders can be expected
to adhere to the table values, it is uncertain if the
prolonged solidification time of a given modulus
sleeved feeder would be the same as a geometric
feeder with the same modulus. It is uncertain how
the sleeves feeder handles the excess thermal influ-
ence from the casting itself, as compared with the
geometrical feeder, as the reservoir for heat storage
is smaller, and the cooling conditions changed. The
same principle applies to the two exothermic feeders
with different sleeve thicknesses and melt volumes.

Additionally, this phenomenon may be dependent
on the casting modulus as well. The potential to
store thermal energy depends on the melt volume,
as melt has a different heat capacity than both
the insulating and the exothermic materials. The
heat transfer from the melt to the sleeve material,
and back again, also pose a difference. However,
the temperature will go towards thermal equilib-
rium, though the continued cooling from the surface
prevents this equilibrium to be reached before the
casting has reached the ambient temperature. As
the cooling conditions may change during cooling
and solidification as a consequence of the different
HTC between metal and mould, and metal, sleeve,
and mould, as described in section 3.3.3, on page 43.
In this special case the melt in the feeder could be
heated by the casting at the early stages of cooling,
and then later in the cooling and solidification pro-
cess, the feeder could feed and heat the casting due
to the differences in cooling rate. Subsequently, it
may also be of importance how much heat energy
from the casting, the feeder can absorb and store.

Following this train of thought through, the per-
formance mentioned above is also dependent on
the pouring temperature and the feeder locations
as both influences the initial thermal gradients of
the casting and the feeders subsequent placement
according to these initial gradients. The release of
thermal energy from the exothermic sleeve material
to the melt and the timing of this also matters,
as does the subsequent insulating properties of the
burnt out exothermic material.

An additional aspect is the influence of the melt
contraction and graphite expansion. A larger melt
volume has a greater potential to precipitate graph-
ite due to the prolonged solidification time and
subsequently enforce a volume expansion that will
aid the movement of the remaining melt. This effect
is shown in fig. 2.7 on page 22 as reported by Brown
[23]. The melt contraction during cooling and so-

lidification provides the same type driving force for
the melt, but with opposite direction as relayed by
Stefanescu [26] and discussed in section 2.2.1, on
page 17. Hence, the melt volume of the feeder may
influence the driving forces for feeding as well. It
should, however, also be noted that the timing of
these driving forces is essential and that a smaller
melt volume, encased in a sleeve, may have a more
uniform transformation resulting in eg a more con-
centrated graphite expansion that progresses over a
shorter time. Again the contraction during cooling
and solidification has the same influence, though
pulling rather than pushing the remaining melt.

Returning to the much-used feeder sizing rule of
𝑀𝑓 = 1.2 ×𝑀𝑐, Kotas states that the origin of the
factor relates to a 20 % safety margin to allow for
the differences between modulus and actual freezing
time [20]. Chvorinov’s modulus criteria were meant
as an estimate and Tiryakioğlu et al confirmed the
validity of the estimates for both geometry and
volume [37, 39]. Note, however, that the modulus
criteria remains an estimate with some measure of
uncertainty.

Thus, there are a number of effects and phenom-
ena to take into account when analysing the feeding
performance of the different combinations. Each in-
fluencing the cooling, solidification, and feeding in a
different manner. However, the influence of many of
the above-mentioned factors may be negligible. The
scalability of the castings was discussed in section
13.4.1, on page 239 and the castings are considered
to perform according to their designed modulus.
Hence, the uncertainty of the ratios between cast-
ings and feeder are focused on the feeders them-
selves. Regarding the modulus of the commercially
available feeders, this is likely adapted based on
the freezing time and not the other way around,
though no literature has been found on the subject.
Regarding the cooling rate and thermal energy stor-
age potential of the sleeved feeders, this may play
a small role regarding the thermal development of
the casting. On the other hand, many of the factors
influencing this behaviour are not related to the
modulus criteria (position and pouring temperat-
ure), or should rightly be taken into consideration
as part of the interface constant, 𝐶, addressing some
of these factors.

When this has not been made as a part of the
research, it relates to two conditions: (1) The mod-
ulus of the castings and the feeders have adhered
to the same geometric basis throughout the exper-
iment, hence any inherent uncertainty related the
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Figure 13.3: Five major porosity types: (a) Centreline
porosity, (b) Sponge porosity, (c) Layer porosity, (d)
Surface initiated porosity, and (e) Surface shrinkage.
Courtesy of Campbell [25].

modulus should scale equivalently. Thus, the uncer-
tainty of the absolute values may increase; however,
the proportional comparison of the castings and
feeders remain intact. (2) The potential differences
in freezing time, thermal storage potential, and sub-
sequent influence on feeding performance is assessed
as undetectable compared with the overall process
variation and resolution of the porosity quantifica-
tion.

13.4.3 Influence of Scaling Error

A scaling ‘inaccuracy’ that is not negligible is the
unintended scaling error of the middle modulus
casting from an M10 casting to an M12 casting, as
described in section 11.2, on page 167. The mistake
in itself does not render the experiment, nor even
the results from the M12 casting invalid or useless.
The scaling error does, however, reduce some of the
scalability of the experiment, as some feeder sizes
were not examined for the middle modulus casting.
On the other hand, even smaller modulus feeders
were examined. The planned, supposed, and the
actual casting and feeder modulus combinations are
shown in table 11.1 on page 167.

13.5 Shrinkage Defect Identification

The question of porosity quantification has
already been answered in part in section 13.2.2,

on page 233. However, the grading of the size of
the porosities does not provide much information
about the porosities themselves, or other shrinkage
defects related to insufficient feeding. Campbell de-
scribes five major types of shrinkage defects related
to insufficient feeding [25]. These are centreline
porosity, sponge porosity, layer porosity, surface-
initiated porosities, and surface shrinkage (surface
sink). See fig. 13.3.

The sponge and the surface-initiated porosity de-
fects, seen in figs. 13.3b and 13.3d on the current
page, are types found in long freezing range alloys.
The EN-GJS-500-14, as most cast iron alloys, had a
relatively short freezing range. As these types of
porosities were not identified during the analysis,
they will not be considered further in this analysis.
The layered porosity type, seen in fig. 13.3c on this
page, indicates impurities in the melt and a poor
thermal gradient, as well as feeding barrier growth in
the solidifying melt (dendrites, precipitates, grains,
and inclusions). The thermal analyses of the cast-
ings, measured and simulated, indicate that the
EN-GJS-500-14 under the given production conditions
have a flat thermal gradient which could provoke
layered porosities. However, the EN-GJS-500-14 had a
short freezing range and was assessed to form grains
rather than dendrites in the melt, subsequently lim-
iting the risk of an entangled mushy zone which
can lead to these layered porosities. Note, how-
ever, that casting 10B manifested porosities resem-
bling porosities found in long freezing range alloys.
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See fig. 12.7b on page 184. The melt quality was
assessed as good and the foundry did not report
problems with melt impurities, so hod it not been
for the porosities found in castings 10B and 10C
this porosity type could also have been ruled out
without further analysis. However, as described in
section 12.1.4, on page 181, the porosities in these
two castings were assessed to be linked with the
cleanliness around the pouring cup and vent opening
in relation to the installation of the thermocouples
in the subsequent mould. With respect to the fur-
ther analysis, it is assumed that the irregular size
and location of the porosities in castings 10B and
10C were caused by either an inclusion or a melt
impurity. An inclusion or melt impurity would aid
the nucleation of either ruptures or gas porosities,
as described by Stefanescu and relayed insection
2.2.1, on page 17.

13.5.1 Centreline Porosities

The remaining porosity types are centreline and
surface shrinkage. Both are mostly found in short
freezing range alloys with good melt quality. The
centreline porosities are described in detail in section
2.2.1, on page 17, and the underlying mechanism of
surface shrinkage is described in section 2.4.5, on
page 33.

Based on the ultrasound and x-ray porosity ana-
lyses, and particularly the sectioning of the castings,
it was found that the porosities formed in the trial
castings resembled the typical centreline porosit-
ies described by Campbell [25]. This assessment
was based on the location and size of the porosities
found in the sectioned castings. By comparing the
porosity indication from the ultrasound analysis
with the sectioned castings, it was assessed that the
yellow markings made during the ultrasound ana-
lysis were viable for extending the analysis of the
sectioned castings to a general assumption about
the porosity formation, aided by the ultrasound
results and the x-ray analysis. See figs. 12.1, 12.6
and 12.7 on page 176, on page 182 and on page 184.

13.5.2 Surface Shrinkage

As shown in Part I, surface shrinkage can occur
under the given process conditions and with a sim-
ilar alloy, EN-GJS-450-10. However, the geometry of
the disc casting in Part I was significantly differ-
ent from the cuboid shape of the casting geometry

used in Part II. The corners cool faster providing a
rigid frame for the large flat surface. The section
thickness was greater for all three modulus cast-
ings, compared with the disc castings. Additionally,
four sides were equally prone to succumb to the
solid feeding, distributing the volume displacement
across a much larger area.

The castings were analysed for surface shrinkage
via a visual inspection, which did not find evidence
of surface shrinkage. Unlike the castings in Part I,
the cuboid casting in Part II has not been measured
using a CMM to establish the difference between
the CAD-model and the final casting. Hence, small
indents or sinks distributed across a large surface
may have escaped detection.

On the other hand, if the castings were in a con-
dition to solid feed itself, then this effect should be
equally present for all trial combinations. Also the
castings with detected porosities. These castings ex-
perienced an internal rupture of the melt, resulting
in internal porosities as opposed to surface shrink-
age. Had the porosity-free casting been a result of
solid feeding alone, then the volume of the surface
shrinkage would have been visible. A rupture can
be described as a tear, rift, or parting of the melt
to form a melt-free cavity or bubble inside the melt
itself as described in section 2.2.1, on page 17. A
further description is found in section 13.8.8, on
page 262.

The investigations performed on the castings do
not provide sufficient information to completely re-
ject the possibility of partial solid feeding in some
of the castings. For example, the difference between
20A and 20B, and 22A and 22B may be solid feeding.
However, solid feeding of the castings is considered
highly unlikely due to the recorded rupture of the
melt in the feeders, releasing the internal tension.
Additionally, the castings that were most exposed
to solid feeding, castings with two large feeders, did
not show signs of surface shrinkage or solid feed-
ing. The combination of the two feeders kept the
surface area between the two feeders heated for an
extended period, as shown in figs. 12.20 to 12.22 on
pages 218–220. However, these feeder combinations
did not display fewer porosities then similar feeder
combinations.

Subsequently, the primary volume of the poros-
ities can be considered centreline porosities. The
mutual origin of the porosities reduces the feeding
effect analysis, as only one major porosity type have
to be considered during the analysis.
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13.6 Effects of Feeding Parameters

The different feeder combinations examined dur-
ing the trials yielded a measure of the feeding

efficiency based on the size of the remaining poros-
ities as compared with the feederless benchmark
castings. The analysis showed that two or more
feeding regimes were active for different feeder com-
binations. Hence, the different regimes were not
necessarily active at the same time or for the same
castings. The term ‘feeding regime’ is in this re-
spect is used as a denotation of different methods of
moving the liquid, semi-liquid, or solid to feed the
casting, as described in section 13.1.1, on page 232.

As all castings were manufactured under con-
stant production conditions and with the same alloy,
three parameters were varied during the experiment:
Feeder modulus, sleeve material, and feeder loca-
tion. The feeder modulus and sleeve material were
interdependent and cannot be completely separated.
The feeder location was independent, however, as
the experiment did not encompass a full factorial
trial design some combination have not been part
of the performed experiment. For example, only
exothermic feeders have been used for the lower
feeder location.

Another aspect that should also be noted was the
geometrical differences and general scalability of the
feeder, as discussed in section 13.4.2, on page 240.

13.6.1 Feeder Modulus

The feeding analysis showed that there was no lin-
ear correlation between larger feeders and fewer
porosities, regardless of the casting modulus.

M08

For the small M08 castings the best of the analysed
feeding combinations were either a small 0.63M∝

upper feeder in combination with a 0.75M∝ or
1.00M∝ lower feeder, or a combination with two
large 1.25 M∝ feeders at both the upper and lower
location. Hence, while a few other combination with
only upper feeders also yields reduced porosities,
the best combinations all include two feeders. See
fig. 12.12 on page 195. This indicates that a two
feeder combination, with either small or large feed-
ers, provides the best feeding regime. For energy
savings, the choice of feeder should be 0.63M∝ as
the upper feeder and 0.75M∝ as the lower feeder.
Note, however, that none of these feeder combina-
tions yielded porosity-free castings.

A Single Upper Feeder The upper feeders with a
proportional modulus of less than one should tradi-
tionally not be able to feed the casting. However,
as several castings show this tendency the feeding
regime must be another functional regime than the
traditional thermal gradient regime. It is proposed
that the recorded feeding is the result of one or more
effects creating a pressure difference great enough
to move the liquid or semi-liquid melt from the
feeder into the casting, as described in section 2.4,
on page 30.

The pressure difference can be created both by the
casting and by the feeder. The cooling, solidification,
and shrinkage of the melt create a tension in the
residual melt which, if in liquid connection with
the melt in the feeder, can draw this melt into
the casting before either the feeder or the casting
solidifies. In this case, the feeding occurs early
in the solidification and can only compensate the
shrinkage that has occurred until then. Note that
the shrinkage during solidification in the feeder will
resist the movement, similar to the formation of
porosities described in section 2.2.1, on page 17.
Hence, the feeding regime would benefit by a feeder
that retains an atmospheric puncture until late in
the solidification or can initiate a rupture resulting
in the formation of a porosity in the melt, which
will locate the subsequent porosity in the feeder
rather than the casting.

Another aspect that can influence the pressure
difference in the feeder and the casting is the con-
traction of the already solidified shell. As the shell
cools and gains mechanical strength, the contraction
will also increase the pressure on the residual melt
inside the feeder and the casting. However, as the
feeder and the casting have different cooling rates
and geometries, one is bound to contract before the
other. If the feeder contracts first, which may be
the case for the smaller proportional feeders, this
contraction may, in turn, squeeze the remaining
liquid or semi-liquid into the castings. In principle,
the same could also occur if the centre of the feeder
had solidified, as a form of solid feeding.

Note that the contraction of the shell is relatively
small, as the total pattern maker’s shrinkage for
cast iron is typically ranging from 1 % to 3 % for
SGI [140]. Hence, only a small pressure can be
exerted by the shell compression itself. However,
it should also be remembered that the pressure
balance in the casting, both with respect to the
formation of porosities, as well as moving the melt,
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is also relatively small and that the total feeding
requirement for cast iron is also often equal to 1 %
to 3 % of the casting volume. Thus, the small shell
compression can influence the driving forces to a
significant level.

In addition to the contraction, also the strength
of the formed shell matter. If the shell yields, the
plastic strain, 𝜀𝑃𝑙, can be described by eq. (3.34)
on page 60 [70]:

�̇�𝑃𝑙 = 𝐸𝑇 −𝐸

𝐸 𝐸𝑇

𝜕𝜎𝛾

𝜕𝑇
�̇�

assuming that the yield stress increment, �̇�𝛾 , is set
as zero.

Equation (3.36) on page 60 yields additional in-
formation about the thermo-elasto-plastic deforma-
tion of castings [70]: (1) As the tangent modulus,
𝐸𝑇 , is smaller than the Young’s modulus, 𝐸, the
yield stress decreases with increasing temperature.
(2) The mechanical strain increment, �̇�𝑀𝑒𝑐ℎ, and
the plastic strain increment, �̇�𝑃𝑙 are equal as the
elastic strain increment, �̇�𝐸𝑙 is zero (assuming that
Young’s modulus, 𝐸, is equal for both temperature
states). A great challenge with the application of
this equation is the availability of material data
describing the mechanical properties of a given cast
iron alloy, or any alloy for that matter, at these
elevated temperatures close to the melting point.

Additionally, a more general assessment can be
made, describing the different partial strains that
constitute the total strain, 𝜀𝑇𝑜𝑡 as it develops in the
forming shell as described by Denis et al in eq. (3.37)
on page 61 [102]:

𝜀𝑇𝑜𝑡 = 𝜀𝐸𝑙 + 𝜀𝑃𝑙 + 𝜀𝑇ℎ + 𝜀𝑇𝑟 + 𝜀𝑇𝑝

where 𝜀𝐸𝑙 is the elastic strain, 𝜀𝑃𝑙 is the plastic
strain, 𝜀𝑇ℎ is the thermal strain, 𝜀𝑇𝑟 which is trans-
formation strain, and 𝜀𝑇𝑝 which is the transform-
ation plasticity strain. The transformation strain,
𝜀𝑇𝑟, here relating to the solidification. The elevated
temperature promotes plastic strain and deforma-
tion, however, the more elastic strain that the shell
can retain, the more pressure it can exert on the
melt subsequently.

In addition to the pressure differences mentioned
above is the graphite expansion. Where the other
pressure causes are general and can be found in
other alloys as well, the graphite expansion is only
found in cast iron. As with the compression pressure
described above, the graphite expansion occurs as
a function of the cooling and solidification of the
melt. In some respect, the graphite expansion can

support the contraction, as the solidified shell will
have had its graphite expansion at a different time
than graphite expansion occurs at the solidifying
centre. Note, however, that at the time the centre
experiences the graphite expansion the solidification
is per definition already in progress. Hence, the
graphite can only aid semi-liquid or solid feeding,
unless it can push melt closer to the casting that
has not commenced solidification yet.

To complicate matters further the three different
mechanisms—volume contraction, shell compres-
sion, and graphite expansion—developing pressure
differences at different intervals during the cooling
and solidification of the melt, all three mechanisms
can occur for the same casting. Hence, the feed-
ing of a casting is not only a question of which of
the three driving force mechanisms are active, but
also which mechanisms are active at the right time
and how the three mechanisms support or oppose
each other. For example, if the shell-contraction of
the feeder occurred simultaneous with the volume
contraction of the melt in the casting, then the
tension of the volume change would be aided by
the shell compression squeezing on the melt in the
feeder. However, the opposite can also occur, eg if
the graphite expansion of the solidifying melt of the
casting occurs at the same time as volume contrac-
tion of the melt in the feeder, then both driving
forces would move the remaining feed material (li-
quid, semi-liquid, and moveable solid) towards the
feeder instead.

The proposed feeding regimes are discussed in
detail in section 13.8, on page 252.

Combination of Two Feeders The successful two
feeder combinations managed to feed the middle
control volume of the M08 casting. While this was
also achieved by the single large 1.25M∝ upper
feeder, this combination resulted in porosities at
the bottom control volume instead for one of the
duplicates. The 0.63M∝ upper feeder performed
well with all other combinations other than the large
1.25 M∝ lower feeder.

As with the single upper feeder combinations,
the successful feeder combinations with two feeders
generally had a proportional smaller modulus than
the casting itself at one of the feeder locations. This
strengthens the theorem that other feeding regimes
were in operation for these cases. Additionally, the
low threshold between successful and unsuccessful
feeding indicates that the process only functions
optimally within specific boundaries.

245



The main difference between the single and two-
feeder solution was the extended feeding channel
kept open by the two feeders, allowing for a late
feeding of the middle control volume. According
to the feeder moduli, the direction of solidification
should move towards the lower feeder as this had
the largest modulus of the two. Note the opposite
combination, with the larger feeder at the upper
position did not yield a favourable outcome. Hence,
it was indicated that the location of the feeders
was significant, though it should also be noted that
the 0.63 M∝ feeder was only examined at the upper
location.

Additionally, it has been suggested in section
12.3.5, on page 214 that the application of two
feeders alters the thermal gradients in a way that
promote shell-forming, which in turn influences the
magnitude of the driving forces for feeding.

M12

The M12 castings showed comparable feeding per-
formances for the small upper feeders, compared
with the M08 castings. The combinations of two
feeders did not yield similar promising results. The
large feeders were not examined for the M12 cast-
ings.

As with the M08 castings, the smallest of the up-
per feeders, in this case, a 0.50 M∝ feeder, performed
well. The same was the case for the 0.83 M∝ upper
feeder. Both feeders managed to secure a porosity-
free middle control volume when used without a
lower feeder. The 0.50M∝ feeder in combination
with the 0.66 M∝ feeder also performed better than
average, though not as good as without the lower
feeder. This is the opposite behaviour of the M08
casting, which benefited from a lower feeder to bet-
ter feed the middle control volume. The difference
in feeding regimes cannot be attributed to the scal-
ing of the casting, as the feeder combination with
a proportional modulus less than one was covered
in full. Thus, it is proposed that the solidification
regime of the casting, as described by the modulus,
directly influence the feeding of the castings.

The influence of solidification is discussed further
in section 13.7, on page 251.

M15

The large M15 castings were easier to feed by the
chosen feeder combinations. However, the best per-
forming feeders for the M15 casting were those with
M∝ of one or larger. The proportional 1.00M∝

lower feeder displayed promising results. The com-
binations of a proportional 1.00 M∝ feeder together
with a 0.80 M∝ functioned well regardless of feeder
location. Also, the 1.00M∝ lower feeder together
with a 0.60 M∝ upper feeder, or entirely without an
upper feeder, performed well.

The combination of two large 1.27M∝ feeders
also yielded good results. The same was the case
for the 0.80 M∝ upper feeder combined with a large
1.27 M∝ lower feeder.

Overall a larger variety of different feeder com-
binations performed well for the large M15 castings,
compared with the smaller castings. Additionally,
note, that where the proportionally smaller feeders
yielded the best results for the M08 and M12 cast-
ings, the proportional and larger than proportional
feeders performed best for the large M15 castings.
The proportionally small feeder only yielded good
results in combination with other feeders.

The evidence of the complex feeding regimes is
perhaps best illustrated by the combination with
only a lower feeder. The 0.80M∝ feeder performs
comparably to the benchmark castings. The pro-
portional feeder 1.00M∝ performs very well with
a microporosity (1) and a medium (3) porosity at
the middle control volume as the only porosities
recorded. Hence, when the feeder size increase from
0.80M∝ to 1.00M∝ yielded improvements. How-
ever, the further increase of the lower feeder mod-
ulus to 1.27M∝ resulted in castings with large (4)
porosities at all three control volumes.

The regimes behind the driving forces that move
the melt into the casting are non-linear.

13.6.2 Sleeve Material

The experiment comprised two different sleeve ma-
terials; the insulating ‘Kalmin 250’ and exothermic
‘Feedex HD V’. As described in section 13.4.2, on
page 240, the geometry was retained as the constant,
leaving the change in sleeve material to be the factor
that determines the modulus of the feeder, 𝑀𝑡, as
a function of the different MEF of the two materials.
See eq. (2.6) on page 20.

Figures 12.9 and 12.11 on page 188 and on
page 192 show the performance of the two sleeve
materials compared. Note that the insulating feeder
sleeves were not tested at the lower feeder position,
hence nothing can be concluded regarding this con-
figuration. The insulating feeder sleeves were tested
as single upper feeders, and as upper feeders in
combination with a lower exothermic feeder.
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Note that the term stable in this context refers
to the different feeder combinations resulting in the
same amount of porosities. Hence, stable cannot
be said to be better. As different feeder moduli are
compared, a stable process in principle means that
the feeders have less influence on the number and
size of the porosities (positive or negative), then an
unstable process.

Upper Feeder Only

The insulating feeder that is shown in fig. 12.9 on
page 188 displayed a more stable feeding; with less
variation. Though the insulating feeders also had a
smaller modulus, compared with their exothermic
counterpart, the differences in moduli were gener-
ally small, and the ranges overlapped by most of
the range. For instance, the M08 insulating feed-
ers covered the modulus range from 5 mm to 8 mm,
while the exothermic feeders covered the range from
6 mm to 10 mm. The overlapping ranges were sim-
ilar for the M12 and M15 castings.

It is unlikely that the moduli with insulating feed-
ers were, by coincidence, the feeder combinations
that nullified the feeding regimes else displayed by
the exothermic feeder moduli. As the insulating
feeders were prototypes made especially for the ex-
periment, it is possible that the moduli were not
exact—not as much due to the prototype produc-
tion as the estimated calculation of the modulus.
However, even if the moduli of the insulating feeders
were off, the range would still be overlapping and
some effect would likely be visible in the porosity
results.

Another difference between the insulating and
exothermic feeder experiments was the date of pro-
duction. The combinations with exothermic upper
feeders were produced in February 2014 (session I
and II), and the combinations with insulating upper
feeders were produced in March 2014 (session III
and IV). The alloy compositions and pouring tem-
peratures from the four sessions are shown table 11.2
on page 167. While neither the alloy composition
nor the pouring temperatures can explain the dif-
ference in feeder performance, it may be possible
that impurities in the melt have caused perform-
ance instability, as described in section 2.2.1, on
page 17. In this case, it is plausible to assume
that the impurities would have been present at the
first production data, with the exothermic feeders,
as these feeders display the greatest dispersion in
the porosity results, as described by Stefanescu in

eq. (2.3) on page 18 [26]:

𝑃𝛾 =
2𝛾𝐿𝐺

𝑟

where 𝑃𝛾 is the pressure induced by the tension act-
ing on the surface of the pore, 𝛾𝐿𝐺 is the gas/liquid
surface energy, and 𝑟 is the radius of the pore. Thus
the melt impurities may act a nucleation sites for
porosities, creating ruptures in the melt. If a rup-
ture has formed, then the tension on the surface of
the pore, 𝑃𝛾 , is reduced greatly changing the bal-
ance of the pore formation as described in eq. (2.1)
on page 18 [26]:

𝑃𝑔𝑎𝑠 + 𝑃𝑠ℎ𝑟 > 𝑃𝑎𝑚𝑏 + 𝑃𝑠𝑡 + 𝑃𝑒𝑥𝑝 + 𝑃𝛾

where 𝑃𝑔𝑎𝑠 is the gas evolution, 𝑃𝑠ℎ𝑟 is the negative
pressure from resistance to shrinkage induced flow,
𝑃𝑎𝑚𝑏 is the ambient pressure applied to the mould,
𝑃𝑠𝑡 is the ferrostatic pressure, and 𝑃𝑒𝑥𝑝 is the ex-
pansion pressure caused by phase transformations.

If the proposed scenario with melt impurities was
the cause of the exothermic feeder instability for
the upper feeder, then a similar instability would
be expected for the exothermic lower feeder cast
on the same date. This is not the case as can be
seen in fig. 12.10 on page 190. The M08 and M12
castings with exothermic lower feeders shown a very
stable performance, similar to the performance ob-
served for the insulating upper feeders in fig. 12.9
on page 188. The M15 castings display significant
variation; however, this variation is matched by
the insulating feeder combinations with two feeders.
While the stability of the lower feeders can be as-
sumed to relate to their physical location, this was
categorised as less plausible.

Another explanation is proposed instead. The
insulating feeders formed a solid shell early in the
process. This is plausible because the geometry of
the feeders was designed to be used for exothermic
feeders, but was adapted to use an insulating sleeve
material as part of the experiment. The geometry
was without a William’s wedge to ensure an at-
mospheric puncture of the feeder. A solid shell
would then entail a negative pressure differential
in the feeder working against the movement of the
melt into the casting. This is also supported by
eq. (2.1) on page 18, where the ambient pressure,
𝑃𝑎𝑚𝑏, also play a role in internal pressure balance
of the casting.

The exothermic feeders which were designed to
stay liquid at the surface for a longer time would
not suffer this problem. Again it can be argued
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that the this theory is disproved by the successful
feeding of the insulating feeders. However, different
feeding regimes have been identified and some of
these would actually benefit from an early shell
formation. These are described in detail in section
13.8, on page 252.

Upper and Lower Feeder

Analysing the difference between an insulating up-
per feeder with an exothermic lower feeder versus
an exothermic upper feeder also with an exothermic
lower feeder, it is less easy to conclude on the ef-
fect of the insulating feeders because none of the
combinations is free from exothermic feeders.

The M08 castings with an insulating upper feeder
in fig. 12.11 on page 192 show greater stability
compared with the castings with an exothermic
upper feeder. Two of the smaller modulus sums
yielded improved feeding results, however, the rest
of the combinations were close to the benchmark
castings.

For the M12 castings, the results were the oppos-
ite. Here the feeder combination with an exothermic
upper feeder was most stable. In fact, this combin-
ation group yielded no variance in the porosity sum
at all. The insulating upper feeders performed bet-
ter than the exothermic feeders in half of the cases,
and again the smaller feeder modulus sums yielded
the best results.

The M15 castings did not show the same clear
difference between the insulating upper feeder and
the exothermic upper feeder. Both combinations
yielded good variation in the sum of porosities re-
corded for the castings. This indicates that the
feeding regimes shift between the smaller M08 and
M12 castings, and the larger M15 castings.

13.6.3 Feeder Location

For all of the feeder combinations, two feeder loca-
tions were possible, providing in total three combin-
ations; a single upper feeder, a single lower feeder,
or a feeder at both locations at the same time. The
intent with the two different locations was to in-
vestigate the influence of ferrostatic pressure on the
feeding regimes, but also to evaluate the efficiency
of two feeders combined. The effect is best analysed
with table 12.2 and fig. 12.12 on page 194 and on
page 195, as these provide an overview of the effect
of both locations in the same table/figure.

Note that the larger range of upper feeder moduli
was examined. This results in graphs that have 1-2

additional modulus sizes on the y-axis. Hence, com-
paring the upper and lower feeder location efficiency,
the 0.63M∝, 0.50M∝, 0.60M∝, and 1.07M∝ feed-
ers were not examined at the lower feeder position,
hence the axes are not completely invertible.

Upper or Lower Location

The combinations using a single feeder can be com-
pared with regards to the performance of the upper
feeder location versus the lower feeder location.

M08 For the M08 castings the upper feeders yiel-
ded some improvements of the porosity sum for the
0.63M∝, 0.75M∝, and 1.25M∝ feeders. The pro-
portional 1.00 M∝ feeder, on the other hand, caused
an increase in porosities in the casting. The same
increase for the 1.00 M∝ was not found for the lower
feeder location. However, the improved feeding of
the 0.75 M∝ and 1.25 M∝ for the upper position was
not reflected for the lower position either. In fact,
all three feeder combinations for the lower feeder
location yielded slightly increased porosities com-
pared with the benchmark castings. Hence, it is
concluded that the examined modulus sizes, without
the support of an upper feeder, did not improve the
feeding of the casting. Subsequently, it can also
be concluded that for the M08 casting, the feeder
setup was favoured by the upper location.

M12 The M12 casting displayed a pattern similar
to the smaller M08 casting. The single upper feeder
all yielded significant feeding improvements, while
the lower feeder was less impressive in their per-
formance. The 0.66 M∝ lower feeder yielded a small
feeding improvement, while the larger 0.83 M∝ and
1.00 M∝ feeder displayed a small increase in poros-
ities compared to the benchmark castings. Again
it is concluded that the upper feeder location is
favourable for the examined modulus range.

M15 The large M15 castings showed a similar ef-
fect of the upper feeders, as for the smaller M08
and M12 castings. All upper feeders, with the ex-
ception of the 1.00M∝, yielded improved feeding.
The 1.00M∝ upper feeder resulted in a slight in-
crease in porosities, however, not as significant as
for the M08 casting. Note that the 1.07M∝ upper
feeder yielded a porosity result slightly better than
the benchmark castings, though not as good as the
0.60 M∝, 0.80 M∝, or the 1.27 M∝ feeders. The per-
formance of the 1.07M∝ feeder was closer to the
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1.00M∝ feeder and the benchmark castings than
the other feeders. This is if of interest because the
1.00 M∝ feeder was an exothermic feeder, while the
1.07 M∝ feeder was an insulating feeder. Hence, this
indicates that the governing factor was the modulus,
with little or no influence from the sleeve material.

The lower feeder location for the M15 casting
showed very different results than for the lower
feeder of the two smaller modulus castings. The
0.80M∝ lower feeder performs marginally better
than the benchmark castings, which is comparable
with the performance of the 0.66M∝ lower feeder
for the M12 castings. However, the 1.00M∝ lower
feeder yielded castings that were close to porosity-
free. They had a microporosity (1) and a medium (3)
porosity at the middle control volume respectively.
Hence, the single lower feeder managed to feed the
top control volume that typically displayed large
(4) porosities.

While the proportional 1.00 M∝ lower feeder per-
formed very well, the larger 1.27 M∝ lower modulus
had the opposite effect. Two of the three duplic-
ates with this feeder combination displayed large
(4) porosities at all three control volumes. Hence,
the casting feeds the feeder instead of the other way
around.

The difference between the 1.00M∝ and the
1.27 M∝ lower feeder for the M15 casting, compared
with the smaller M08 and M12 castings showed that
the different casting moduli solidified in significantly
different ways.

The massive porosities for the 1.27M∝ lower
feeder indicate that the core of the M15 casting
remained fully liquid until very late in the solidific-
ation process and that the feeder has kept a feeding
path open for the casting to feed the feeder. This is
supported by the geometric solidification analysis,
which shows the solidification sequence of the C10
casting in fig. 12.22 on page 220. The geometrical
solidification analysis also identifies a major differ-
ence between the large 1.27M∝ of the M15 and
the 1.25 M∝ of the small M08 casting. The 1.27 M∝

feeder for the M15 casting remains completely liquid
until the casting has solidified completely. This is
not the case for the 1.25M∝ of the M08 casting.
Here, the shell of the feeder has commenced solidi-
fication right after ended pouring. See fig. 12.19 on
page 216.

The good performance of the proportional
1.00M∝ lower feeder, however, indicated that for
the M15 casting an optimum was achieved with

a feeder of the same modulus as the casting. As
the feeder was located at the lower feeder position,
gravity cannot have aided the feeding process. In
fact, the feeding had to overcome the ferrostatic
pressure exerted by the remaining melt in the cast-
ing. Hence, the driving forces acting on the melt
had to be ‘internal’ effects supplied by the casting
and the feeder themselves. Additionally, the driving
forces had to be strong enough, at the right time,
for a sufficient period, to move the melt into the
casting where needed.

The difference between the number and size of the
porosities for the 0.80 M∝, 1.00 M∝ and the 1.27 M∝

illustrate the narrow window of operation that has
to be upheld to capitalise on the feeding abilities
shown by the proportional 1.00 M∝ feeder. As with
the production of CGI where the Mg treatment has
to comply with similar narrow operation parameters,
great care and understanding of the casting, section,
and feeder must be considered to select the best
possible feeder.

Analysing the single upper and lower feeders, the
upper feeders yielded better results, with the ex-
ception of the single proportional 1.00M∝ feeder
for the M15 casting. In all other cases, the upper
feeder faired better than their lower counterparts.
As the main difference between the two combina-
tions was the ferrostatic pressure height, partially
aiding the upper feeders, and working against the
lower feeders, this may have been the expected res-
ult. However, the difference between the 1.00M∝

upper feeder and the 1.00M∝ lower feeder of the
M15 casting indicates that the ferrostatic pressure
benefited the lower feeder. This conclusion, in turn,
indicates that an increased pressure towards the
feeder benefited the feeding regime as a whole. The
ferrostatic pressure may also explain why the same
feeding effect was not observed for the smaller cast-
ings, M08 and M12. The large M15 retain a volume
of the fully liquid melt at the centre of the casting
longer than the other castings, as shown in fig. 12.18
on page 213. Hence, the ferrostatic pressure would
develop differently for the smaller M08 and M12
castings as these reach a solid or semi-solid core
earlier in the solidification process. Subsequently,
the ferrostatic pressure cannot act on the lower
feeders, in the same manner, changing the feeding
regime of the casting.

The solidification of the castings is discussed in
section 13.7, on page 251 and the feeding regimes
are discussed in section 13.8, on page 252.
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Upper and Lower Location

Where the lower feeders alone, with the exception of
the 1.00 M∝ feeder for the M15 casting, did not yield
great improvements in the feeding performance, the
combination of two feeders was less straightforward.

Note again that the 0.63M∝, 0.50M∝, 0.60M∝,
and 1.07 M∝ feeders were not examined at the lower
feeder position. The x- and y-axes are not invertible
(cannot be switched) for the fig. 12.12 on page 195.
As a result, the graphs cannot be analysed as if
they were mirrored along a diagonal axis. Addition-
ally, the two smallest of the lower feeders were not
examined together with the largest upper feeder.

M08 Analysing the 0.75M∝ and 1.00M∝ feeder
combinations, the combination with the 1.00M∝

at the upper location and the 0.75M∝, noted as
1.00
0.75

M∝, at the lower location yielded greatly in-
creased porosities, while the opposite combination,
0.75
1.00

M∝, resulted in an amount of porosities close to
the benchmark castings. Hence, the small feeder at
the upper location yielded the best result, through
the absolute porosity value was the same as the
feederless benchmark castings. If the lower feeder,
though, was increased to the large 1.25M∝ feeder
this yielded similar porosity result as the 1.00

0.75
M∝

combination. This indicates that a similar effect
to the one that created the large porosities for the
1.00
0.75

M∝ combination was activated for the 0.75
1.25

M∝

combination, but also that to activate this feeding
effect the lower feeder required a larger modulus.

M12 For the M12 casting, the 0.83
0.66

M∝ feeder com-
binations yielded slightly more porosities compared
with the benchmark castings, while the reverse com-
binations, 0.66

0.83
M∝, yielded slightly fewer porosities.

As with the M08 casting, increasing the lower feeder
modulus resulted in an increase in the number and
size of porosities, similar to the 0.83

0.66
M∝ combination.

This increase in porosities with increasing feeder
modulus indicates that the effects observed for the
small M08 casting are the same for the medium M12
casting. However, it should also be noted that the
feeder used for the M12 casting were proportionally
smaller, hence the relative feeder sizes that trigger
the effect was smaller for the M12 casting indicating
a slightly different solidification scheme.

M15 The differences in solidification are empath-
ised by the M15 feeder combinations. The 1.00

0.80
M∝

feeder combination thus yielded one porosity-free

casting and one with a single microporosity at the
top control volume. The opposite combinations,
0.80
1.00

M∝, displayed almost as promising results. For
the smaller M08 and M12 casting the combination
with the smaller feeder modulus at the upper loca-
tions provided Three castings with a microporosity
(1), a small (2) porosity, and a large (4) porosity at
the middle control volume, and one casting with a
microporosity (1) at the top control volume. See
table 12.1 on page 180. Note that both C12 and C21
have this feeder combination. The C12 with the in-
sulating upper feeder, and C21 with the exothermic
upper feeder.

The 0.80
1.27

M∝ feeder combination also yielded very
good results with one casting being porosity-free
and the other having only a microporosity (1) at the
middle control volume. The 1.07

1.27
M∝ combination,

on the other hand, was found to have almost as
many porosities as the benchmark castings. This
behaviour was also the opposite of the behaviour
observed for the M08 casting.

It is proposed that this difference in behaviour is
related to the differences in solidification schemes
between the different modulus castings. The smaller
castings perform better with the larger feeder at the
upper position, where large M15 castings benefit
from having the larger feeder at the lower position.
For the M08 and M12 castings, it was favourable
to have the thermal gradient, and thus also the
direction of solidification, going towards the large
upper feeder. The smaller lower feeder extended
the liquid zone, the feed path, at the centre of the
casting enabling the upper feeder to better reach
the middle control volume. The reduced volume of
the M08 and M12 casting cannot build up enough
tension in the remaining melt to benefit from the
melt reserve in the lower feeder.

The sizeable M15 casting, on the other hand, has
a significant melt volume late in the solidification,
and the more uniform cooling narrows the time
frame for the tension, thus increasing the maximum
tension achieved. This larger melt tension then
draws the melt from the lower feeder. This mech-
anism would function equally good for the large
feeder placed at the upper position. When it does
not, this is believed to relate to the difference in
ferrostatic pressure, and possibly the difference in
initial temperature due to the filling conditions.

The solidification of the castings is discussed fur-
ther in section 13.7, on the next page and the feeding
regimes are discussed in section 13.8, on page 252.
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Pre-Feeder Neck

Finally, the location of the feeder also influences
the solidification of the pre-feeder neck. The x-ray
analysis showed that some of the castings had pre-
feeder necks partly empty. See section 12.2.6, on
page 200. This finding was subsequently supported
by the geometrical solidification analysis in section
12.3.5, on page 215.

The geometrical solidification analysis showed
that the castings with a proportionally medium
or large feeder at the upper feeder location had a
changed solidification scheme, compared with the
benchmark castings. This could potentially be re-
lated to the extra volume added by the feeder, which
in turn would yield a larger volume change as the
casting cools. If this was the case, however, the
effect should be the same for C10 feeder combin-
ation with the feeder at the lower position. This
was not the case. The C10 combination had a pre-
feeder neck solidification that resembled that of the
feederless benchmark castings.

Instead, it is proposed that the thermal influence
of the upper feeder increases the temperature for
the lower part of the pre-feeder neck. This extra
heat to the critical pre-feeder neck region, in turn,
increases the fluidity of the melt allowing the melt
in the lower part of the pre-feeder neck to sink into
the melt basin of the casting. The increased fluidity
allow the melt to separate at the middle of the pre-
feeder neck, breaking the tension and releasing the
melt in the lower half of the pre-feeder neck. This
is supported by the relatively quick separation of
the melt in the middle of the pre-feeder neck.

Concluding that the thermal field created by the
upper feeder influences the solidification of the pre-
feeder neck, the feeder location is naturally also
concluded to influence this. However, it should
also be noted that the pre-feeder neck according to
the geometrical solidification analysis still solidifies
and closes off at the middle point according to the
intentions in the design.

Subsequently, the thermal influence of the upper
feeder must be larger than the largest examined
feeder, 1.27 M∝, to keep the pre-feeder neck open to
enable feeding this way through. Additionally, con-
structors must be careful not to introduce porosities
in small sections located above a larger secluded
section by placing a large feeder close to the small
section.

13.7 Solidification Behaviour

The feeding results showed differences between
the performance of the different proportional

feeders for the three modulus castings. This indic-
ates significant changes to the solidification of the
castings as a consequence of the modulus change,
as solidification is the main governing factor for
the feeding of the castings. Solidification influences
the shell forming, the solidification contraction, the
graphite expansion, the build-up of tension in the
melt, the viscosity of the melt, and the thermal
gradient of the castings.

As the castings had the same alloy composition
and the same cooling conditions, the only influential
difference between the three castings were their
differences in modulus. The alloy composition for
the slightly hypereutectic alloy is found in table 11.2
on page 167. The alloy, as a function of being near
eutectic, is a short freezing range alloy, which can
also be described as endogenous shell-forming. See
section 2.3.5, on page 26.

The formation and growth of the casting shell
are directly linked to the cooling rate and the heat
transport through the shell region. Hence, the larger
the casting, the longer and slower is the formation
and growth of the casting shell. However, at the
same time, the cooling of the liquid centre is even
slower for the large M15 castings indicating the
formation of a solid shell at a time where the centre
volume is still fully liquid.

Analysing figs. 12.17 and 12.18 on page 211
and on page 213 together with figs. 12.19 to 12.22 on
page 216 and on pages 218–220 it is found that the
solidification of the small M08 casting progresses
much faster than the larger castings. This cor-
responds with the solidifications times recorded in
table 12.5 on page 208, showing the castings total so-
lidification progressing according to the 1 : 2 : 3 rule.
This ratio upholds the experimental scaling accord-
ing to modulus as developed by Chvorinov [37] and
confirmed for scaled geometries by Tiryakioğlu et
al [39]. The deviation measured and calculated was
well within the 20 % uncertainty described by Kotas
[20], though this was also expected exactly because
of the scaled geometry.

The smaller castings, by definition, have a smal-
ler cooling surface. However, the increased cooling

251



power of the larger castings was matched by an expo-
nentially larger melt volume, hence, larger castings
cool slower even though their larger cool surface.
Cooling power is also a bulk property. This ratio is
what Chvorinov described in his modulus criterion.
See section 2.3.2, on page 20. Note, however, that
the modulus criterion describes the total solidific-
ation time, and do not consider the progression of
solidification.

The smallest M08 casting solidifies fast due to the
low ratio between the melt volume and the cooling
surface. This results in a rapid directional solidific-
ation towards the centre of the casting. As a result,
the residual melt volume is relatively small by the
time the increased latent heat from the solidification
overcomes the cooling power of the surface, slowing
down the continued solidification process. Hence,
only a small core volume is kept liquid long enough
to precipitate equiaxed dendrites and graphite nod-
ules in the residual melt. As a result, a large part
of the driving forces that has to move melt from
the feeder into the castings come from the initial
directional solidification.

The large M15 casting solidifies in a different
manner. The growth rate of the shell progress fur-
ther than the growth rate of the shell in the small
M08 casting, within the time frame that the centre
volume remains liquid. See fig. 12.18 on page 213.
The slow cooling provides sufficient time for the
casting centre to reach a uniform temperature, lev-
elled out by the latent heat. Hence, the cooling and
solidification of the large castings progress with a
flat thermal as well as solidification gradient. The
slow solidification promotes graphite precipitation
and subsequent expansion, but also the formation
of grains and equiaxed dendrites. As these particles
are heavier than the melt, they will sediment to-
wards the bottom of the casting, but can also inhibit
the continued feeding process as described in section
2.4, on page 30. However, free graphite or graphite
nodules encased in an austenite shell may be buoy-
ant or even float towards the top. The EN-GJS-500-14
is hypereutectic, hence the formation of dendrites is
limited. Note also, that this potential movement of
solidified particles in the melt as a function of their
density, 𝜌, and through this act as a heat trans-
port within the casting. The phenomenon is called
advection and described in section 13.7:

𝑞 = − 𝑣𝐴𝜌𝐶𝑝
𝜕𝑇

𝜕𝑥

where 𝑞 is the heat flow, 𝑣 is the velocity of the melt

flow, 𝐴 is the area through which the melt flows,
𝜌 is the density of the melt, 𝐶𝑝 is the specific heat
capacity of the melt, and 𝑥 is the descriptive space
parameter perpendicular to the cross-section area.
Note also that, though the specific heat capacity
of graphite is higher than that of austenite, the
austenite has a significantly greater density, hence,
being able to transport more heat.

As a consequence of the differences in solidific-
ation, the driving forces act differently on the dif-
ferent modulus castings. The M12 castings are
intermediary in the behaviour of the M08 and the
M15 castings.

The solidification of the castings can be described
as a combination of type (a) and (c) described by
[46] and seen in fig. 2.12 on page 26, where the small
modulus castings primarily exhibit type (a) beha-
viour, and the larger modulus castings primarily
exhibit type (c) behaviour.

13.8 Driving Forces

Feeding is the transport of material from one
place to another. Preferably from the feeder into

the casting. As described in section 2.4, on page 30
there exist five basic feeding mechanisms ranging
from liquid to solid. The mechanisms describe how
the feed material can be transported, however, the
mechanisms do not elaborate on the driving forces
necessary to perform any of the five mechanisms.

The seven rules of feeding described in section 2.3,
on page 19, indirectly consider the driving forces.
The seven feeding rules are made to ensure that the
required conditions for feeding are present. Through
this effort, some of the driving forces are addressed.
Rule six and seven address the pressure gradient
and the internal melt pressure. However, the driv-
ing forces moving the feed material for the castings
analysed in this work were found to be more com-
plex and non-linear than described in the literature
review. Hence, to better explain the findings of the
feeding analysis additional elaboration is needed
regarding the driving forces feeding the casting.

As defined in section 13.1.1, on page 232, the
driving forces are forces acting on the feed material
resulting in a transport of material. Moving the
feed material from one location to another requires
a sum of forces driving the material in the right
direction to its final destination.

The primary driving force for feeding most cast-
ings is gravity. However, gravity is also the sole
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Figure 13.4: Driving Force, Volume Contraction: Overview of the pressure difference created at the feeder and at
the casting as a function of the volume contraction that occur during cooling and solidification. VF is the driving
force, as a pressure difference, caused by the volume contraction in the feeder. VC is the same for the volume
contraction in the feeder. Sum is the resulting driving force. The figure shows the scenarios for (a) a feeder smaller
modulus than the casting, (b) where the feeder and casting have the same modulus, and (c) where the feeder modulus
exceeds modulus of the casting. The x-axis shows the fraction solid of the casting. The y-axis shows the driving
force for feeding, where positive is aiding feeding of the casting, and negative resist feeding of the casting. The scale
is arbitrary.

external force driving the feed material, not con-
sidering advanced methods as actively pressurised
feeders or magnetic and electrically induced forces.

The feeder setup examined in the present ex-
periment, on the other hand, is almost free from
the influence of gravity, with the exception of the
internal ferrostatic pressure. This is the case for
most applications of horizontally mounted ram-up
sleeves. Hence, the present experiment is a study
in the manifestation of the internal driving forces
and their correlation.

The internal forces act on the feed material as
pressure difference. The feed material will then
move from the higher pressure potential towards the
lower. As the casting solidify the resistance towards
moving the feed material will increase. However,
different forces develop and diminish during the so-
lidification and cooling of the casting. Hence, if the
conditions are right the combined pressure differ-
ence of multiple forces may move the feed material
unmovable by each of the forces by themselves.

13.8.1 Graphic Explanation

Each of the identified major driving forces is de-
scribed below with respect to how they occur and
how they influence the feeding of the casting. Each
driving force is elaborated separately even though
they are all interdependent to a smaller or larger
degree. However, a strict distinction between them

is necessary with respect to the resulting forces. If
this distinction is not made it entails the risk of
assigning the same effect to multiple forces. For
example are volume contraction and graphite expan-
sion opposites, where the graphite expansion will
counteract the volume contraction to some degree.
Thus, the volume contraction must be narrowed to
display the pure volume contraction, not including
the graphite expansion. If this is not the case, then
the effect of the graphite expansion would appear
twice.

The graphs show fraction solid of the casting on
the x-axis. Hence, the feeders may solidify com-
pletely before or after final solidification of the cast-
ings. This is also part of the reason that the graphs
are extended beyond the solidification of the casting.
The other reason is to illustrate the potential solid
feeding occurring at this point, though the effect is
estimated as minimal for the examined castings.

The y-axis shows the driving force as a pressure
difference, ∆𝑃 . Positive ∆𝑃 indicate that a feeder
improves feeding of the casting, while a negative ∆𝑃
means that feeding is reduced and porosity form-
ation promoted. The scale is arbitrary and meant
to provide a comparison of the magnitudes of the
different forces. The different forces are estimated
for the given scenario. The graphs are made to
illustrate the correlation and combination between
different forces in the casting and the feeder. The
graphs should not be taken as calculated or meas-
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ured representations of the driving forces. Positive
in the y-axis indicates a force moving the feed ma-
terial towards the casting. Negative on the y-axis
means the force draws the feed material towards
the feeder.

The feeders are assumed to be insulated ram-up
sleeves of the type used for the experiment. These
have a cylindrical geometry, a relatively small melt
volume due to the insulating or exothermic sleeve.
Subsequently, these feeders display a reduced con-
traction and graphite expansion as a function of
the limited melt volume, and the shell-forming is
likewise delayed due to the thermal barrier of the
sleeve.

13.8.2 Volume Contraction (13.4)

Analysing fig. 13.4 on page 253 the three subfigures
illustrate the cooling and solidification of the same
arbitrary casting. The figure shows the pressure dif-
ference between the casting and the feeder. For the
volume contraction, the negative pressure created in
the casting by the contraction draws melt into the
casting itself, thus creating a positive feeding force.
The three subfigures show the pressure increase as a
function of the continued contraction of the casting.
The contraction created a reduced pressure, which
tries to draw in new feed material to compensate
for the shrinkage. At the same time, however, the
feeder is also cooling and solidifying, resulting in
the same effects. Hence, the feeder also creates a
negative feeding pressure, trying to draw the feed
material into the feeder.

The force acting on the feed material is the sum
of the two individual pressures. As with any tug
of war, the balance shifts during the battle as the
sides gain and lose momentum.

Note that while the casting is kept constant
for all three subfigures, the counter pressure from
the different modulus feeders significantly changes
the timing and magnitude of resulting force. The
< 1.00 M∝ feeder in 13.4a solidifies early in the pro-
cess, exercising an early counter pressure, keeping
the resulting force close to negligible for the first
half of the solidification of the casting. At this point
the feeder is almost completely solidified, hence no
further volume contraction occurs, and the feeder
remains at this level for the remainder of the so-
lidifications. However, as the casting continues to
solidify and contract, the feeding force increases
subsequently.

Note that positive feeding force at the end can
only be utilised if feed material is available.

The = 1.00M∝ feeder in 13.4b solidify and con-
tract similar to the casting, exercising its negative
pressure at roughly the same time as the casting.
However, the smaller volume of the feeder reduces
its impact.

The > 1.00M∝ feeder in 13.4c cool and solidify
slower than the casting. Hence, the feeder remains
partly liquid a the time the casting is fully solidi-
fied and has reached its full contraction potential.
The delayed solidification and contraction of the
large feeder enable the contraction of the casting to
establish a positive feeding force at the beginning
of solidifications, which is retained throughout the
solidification. Only when the casting is almost solid-
ified do the pressure decrease. However, at this late
stage, the transport of any further feed material is
limited.

Of the three scenarios, the large > 1.00 M∝ feeder
yielded the best feeding scheme.

13.8.3 Shell Compression (13.5)

Shell compression is the pressure created by the
contraction of the already solidified shell. Hence,
the pressure cannot build until the shell has so-
lidified and formed enough strength to pressurise
the residual feed material. Subsequently, shell com-
pression is a late developing driving force that is
very geometry and cooling rate dependent. The
geometry determines the surface area for cooling,
but also the geometrical strength of the shape. The
cooling rate, together with the heat transfer rate of
the cast material, determines the thermal gradient
from the mould-metal interface towards the thermal
centre of the casting. A higher cooling rate of the
mould, and a lower heat transfer rate of the metal
will increase the shell compression force before the
volume contraction negates the effect.

The < 1.00M∝ shown in 13.5a illustrates that
the smaller feeder solidifies before the casting, and
subsequently the shell around the feeder contracts
early and squeezes the feed material into the cast-
ing. The shell contraction ceases as the feeder is
completely solidified. Not because the contraction
has stopped, but because then there is no more feed
material to pressurise. The casting also contracts
and squeezes the feed material inside the casting
at the same time, and as the volume of the casting
is greater than the feeder, the shell compression is
also greater.
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(c) > 1.00M∝ feeder
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Figure 13.5: Driving Force, Shell Compression: Overview of the pressure difference created at the feeder and at
the casting as a function of the shell compression that occur during cooling and solidification. SF is the driving force,
as a pressure difference, caused by the shell compression in the feeder. SC is the same for the shell compression in
the feeder. Sum is the resulting driving force. The figure shows the scenarios for (a) a feeder smaller modulus than
the casting, (b) where the feeder and casting have the same modulus, and (c) where the feeder modulus exceeds
modulus of the casting. The x-axis shows the fraction solid of the casting. The y-axis shows the driving force for
feeding, where positive is aiding feeding of the casting, and negative resist feeding of the casting. The scale is
arbitrary.

It is estimated that the shell compression is gen-
erally weaker than the volume contraction and that
the different factors determining the development of
the shell compression balance each other out during
the course of the solidification. For instance, it is
assumed that the heating of the mould, resulting
in reduced cooling rate, will be balanced by the
reduced latent heat at the end of solidification.

Note, however, that the shell compression is more
sensitive to the casting modulus than the volume
contraction. Where the volume contraction scales
with the volume of the casting, the shell compres-
sion is dependent on the heat transport of both
the mould and the metal, as well as the amount
and timing of the release of the latent heat of so-
lidification from the residual melt. This sensitivity
to the thermal conductivity of the alloy itself is as
described in eq. (3.4) on page 44:

𝑞 = − 𝑘𝐴
𝜕𝑇

𝜕𝑥

where 𝑞 is the diffusive heat flow (heat flux) perpen-
dicular to the surface, 𝑘 is the thermal conductivity,
𝐴 is the area of the surface, 𝑇 is the temperature,
and 𝑥 is the descriptive space component perpen-
dicular to the surface. However, the transport of
thermal energy to the surface is only part of the
phenomenon, the transport to the mould from the
metal, as well as the continued transport of heat
away from the castings is just as important. Hence,

the mould-metal interface, as described in section
3.3.3, on page 43, is of great importance for the
shell-forming and shell contracting abilities. Note
also, that the liquid and solid metal have different
thermal conductivities, 𝑘, resulting in a differenti-
ated thermal transport rate.

The = 1.00M∝ feeder case illustrated in 13.5b
display a resulting force that remains close to neut-
ral. This is similar to the scenario with the smaller
feeder, though the oscillations are opposite. The
large > 1.00 M∝ feeder, on the other hand, display
a negative feeding force for the entire range. This
is due to the late shell forming and contraction of
the large feeder.

13.8.4 Graphite Expansion (13.6)

As the liquid metal solidifies graphite nucleates and
precipitates to form graphite nodules (for SGI). The
examined alloy composition is slightly hypereutectic,
so initially, graphite will precipitate in the liquid.
However, as soon as the temperature reaches the
eutectic temperature the remainder of the melt will
also begin to solidify, as shown by Lesoult et al in
fig. 3.6 on page 48.

The nodularity of the graphite nodules is related
to the quality of the Mg treatment, while the amount
of nodules formed is related to the quality and
amount of the inoculant and the cooling rate, as
well as the alloy composition. A greater cooling
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(c) > 1.00M∝ feeder
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Figure 13.6: Driving Force, Graphite Expansion: Overview of the pressure difference created at the feeder and at
the casting as a function of the graphite expansion that occur during solidification and cooling. GF is the driving
force, as a pressure difference, caused by the graphite expansion in the feeder. GC is the same for the graphite
expansion in the feeder. Sum is the resulting driving force. The figure shows the scenarios for (a) a feeder smaller
modulus than the casting, (b) where the feeder and casting have the same modulus, and (c) where the feeder modulus
exceeds modulus of the casting. The x-axis shows the fraction solid of the casting. The y-axis shows the driving
force for feeding, where positive is aiding feeding of the casting, and negative resist feeding of the casting. The scale
is arbitrary.

rate will result in a larger undercooling, which in
turn will increase the nodule count; and reduce the
average nodule size by increasing the overall nodule
count. For SGI this phenomenon is described by
Lesoult et al in eq. (3.12) on page 49 [80]:

𝑑𝑁 = 𝐴𝑛 (∆𝑇 𝑔
𝐿)

𝑛−1 (𝑔𝑙𝑉 𝑜𝑓𝑓)
𝑑 (∆𝑇 𝑔

𝐿)
𝑑𝑡

𝑑𝑡

when
𝑑 (∆𝑇 𝑔

𝐿)
𝑑𝑡

> 0

and

𝑑𝑁 = 0

when
𝑑 (∆𝑇 𝑔

𝐿)
𝑑𝑡

< 0

where 𝑑𝑁 is the change in number of graphite
particles (nodules) for the time step 𝑑𝑡, 𝑛 is an
inoculation efficiency constant, 𝐴𝑛 is an inoculation
constant, ∆𝑇 𝑔

𝐿 is the undercooling relative to the
graphite liquidus, 𝑔𝑙 is the liquid fraction of off-
eutectic volume, 𝑉 𝑜𝑓𝑓 . Thus, (𝑔𝑙𝑉 𝑜𝑓𝑓) describes
the volume of the remaining liquid and its limiting
influence on nucleation sites as the solidification
progresses.

Besides the influence of undercooling, Lesoult’s
equation also describes the influence of inoculation,
𝐴𝑛 and 𝑛—inoculation amount and inoculation ef-
ficiency.

As the shell compression will counter the volume
contraction from the outside by reducing the overall
volume of the casting, the graphite expansion will
reduce the volume contraction by increasing the
material volume.

Additionally, the effect of the graphite expansion
is greatly dependent on the solidification time, as a
slower cooling and solidification allow for more nod-
ules to be formed and for the graphite precipitation
to grow the nodules for a longer period. The rela-
tionship between modulus and graphite expansion
is shown in fig. 2.7 on page 22.

For the < 1.00 M∝ feeder in 13.6a the nucleation
of graphite nodules has already started in the feeder
at the time when the casting begins to solidify.
However, the reduced volume and small modulus
of the feeder yields a relatively limited graphite
expansion which reaches its maximum as the feeder
solidifies completely. Continued precipitation of
graphite is possible after solidification, however, the
process is slow even at temperatures close to the
melting point. Larger sections benefit more from
this than smaller sections, hence, the effect for the
< 1.00 M∝ feeder is assumed negligible.

The = 1.00M∝ feeder in 13.6b cool and solid-
ify similar to the casting, hence the precipitation
and expansion of the graphite are also comparable.
Note, however, that the magnitude of the graphite
expansion for the feeder is less than the casting.
This is due to the reduced volume of the feeder as
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a function of the feeder sleeve. The volume change
as a function of the graphite expansion is slow in
the beginning. This is because the nodules have
to nucleate before the growth can commence. The
effect of this is governed by the undercooling and
the melt treatment. The initial phase is followed
by a growth phase governed by the graphite growth
kinetics and the diffusion of graphite through the li-
quid and solid material. As this progresses the local
graphite resources are depleted and the graphite
atoms have to travel further to reach the growing
nodules. Additionally, the material is more and
more solidified, which also slow down the process.
Hence, as a consequence of these mechanisms, the
graphite growth slows down towards the end of
solidification [32].

The > 1.00M∝ feeder in 13.6c is similar to
= 1.00M∝ feeder. The main difference is the
delayed nucleation and growth of the nodules in
the beginning and the prolonged graphite expan-
sion towards the end of the casting solidification.
This relates to the slower cooling and solidification
of the feeder, compared with its smaller counter-
parts. The increased overall graphite expansion due
to the larger modulus is not effected before after
the casting is completely solidified.

13.8.5 Other Forces

Most traditional feeders capitalise on gravity to
move the feed material from the feeder into the
casting. This is a simple and reliable method,
though elevating the feeder above the casting is
not per definition a complete solution. Figure 2.13
on page 27 shows that even gravity driven feeders
require that atmospheric pressure acts on the liquid
in the feeder to ensure the internal forces, particu-
larly the negative pressure in the feeder caused by
volume contraction, retains the feed material within
the feeder. Hence, the internal forces are known to
overpower the influence of gravity if not negated by
a pressure release as the atmospheric vent.

When gravity feeding is so widely used, and a
very reliable approach to feeding, it relates to the
unchanging nature of gravity and the simplicity and
if used together with an atmospheric pressure vent
it can negate a major part of the effects created by
the internal pressure forces.

Ferrostatic Pressure

Gravity, however, also influence the melt in the
material regardless of the presence of a pressure

release. It is this effect that allows the mould to
be filled via a bottom filling gating system. The
melt diverges towards a level height of the liquid,
regardless of the volume of the melt in the gating
system vs. the casting. The ratio between the gating
system and the casting determines the filling rate,
especially toward the end of filling.

The ferrostatic pressure is dependent on the melt
height as it is governed by gravity. Subsequently,
the surfaces of connected melts will be level if the
system has an atmospheric contact at both ends.
As long as the system remain open there is no
difference in the static pressure head, as the system
is in equilibrium.

As the gating system and ingate solidify and close
off, the counter-pressure provided by this system
disappears. Subsequently, the pressure is increased
on the lower part of the casting. Gravity will act
on the melt, pulling it downwards. However, as the
internal forces are more powerful the gravity pull is
not the governing force of the feeding regimes.

While the ferrostatic pressure on it own is not
one of the strongest feeding forces, the experimental
results indicate that it still influences the feeding
regimes. This is seen by the differences in porosities
observed with castings identical feeders at opposite
positions. Hence, the influence of the ferrostatic
pressure should be remembered when analysing com-
plex feeding regimes. Additionally, as described by
Stefanescu in eq. (2.1) on page 18, the ferrostatic
pressure, 𝑃𝑠𝑡, is a factor aiding the cohesiveness of
the melt and preventing the formation of porosities
[26].

The ferrostatic pressure is different from the pres-
sure based feeding forces. The ferrostatic pressure
will remain constant as long as the liquid height
remains the same. However, the solidification of an
intermediary section may abruptly reduce the ferro-
static pressure at the bottom of the casting. This
feature is greatly geometrically dependent and may
result in abrupt changes to the ferrostatic pressure
during solidification, and in change influence the
effect of the internal pressure feeding forces.

13.8.6 Pressure Loss

While the main different feeding forces and their ori-
gins have been described in section 13.8, on page 252,
other factors influence the outcome of forces acting
on the feed material.
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(c) > 1.00M∝ feeder
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Figure 13.7: Driving Force, Pressure Loss: Overview of the pressure loss effect. The grey and red lines are the
sums of the three different feeding forces; Volume Contraction (V) ◻, Shell Compression (S) ◊, and Graphite
Expansion (G) ◯. The grey lines show the distribution of the forces without the pressure loss factor, and the red
lines show the effect of the forces including the pressure loss effect. The pressure loss factor (PL) + is illustrated
by the green line. Note that the pressure loss is a factor and not a pressure in itself. The x-axis shows the fraction
solid of the casting. The y-axis shows the driving force for feeding, where positive is aiding feeding of the casting,
and negative resist feeding of the casting. The scale is arbitrary.

Influence of Feeding Flow

A phenomenon that influences the distribution of
the feeding forces is the dynamics of the melt. Li-
quid iron in motion can carry a great amount of
inertia. Hence, melt already in motion may be
carried further than force itself justify. This effect
may particularly be visible for horizontal feeding
distances and with respect to burst feeding as de-
scribed in section 2.4.4, on page 32. However, the
effect is not considered a major influencing factor.

The inertia of liquid iron is well known from the
studies of gating systems, as described by Larsen
[148] and Skov-Hansen [149]. The EN-GJS-500-14
alloy has liquid density of ∼6.6 kg m−3 [150]. While
the velocity, and subsequently also the inertia, is
much greater during mould filling, the density of
the cast iron melt ensures a high inertia even for
the melt in the filled casting. The results in one
particular effect; a resistance towards acceleration
and deceleration. Hence, the forces required to
accelerate and decelerate the melt must either be
greater or act on the feed material for a longer time.

Likewise, the movement of the melt entails a
flow regime; laminar flow, non-turbulent flow, or
turbulent flow [148]. The shift between these flow
schemes are described by the Reynolds number, 𝑅𝑒,
where a flow with a Re-value of < 2300 remains
laminar, a flow with a Re-value between 2300 and
13 800 is considered non-turbulent, and a flow with
a Re-value of > 13 800 is considered turbulent. The

Reynolds number can be calculated by the following
equation:

𝑅𝑒 = 𝜌𝑉 𝐷

𝜇
(13.1)

where 𝜌 is the density of the liquid, 𝑉 is the flow
velocity, 𝐷 is the characteristic distance, and 𝜇 is
the dynamic viscosity of the liquid.

All of the above factors influence the flow of melt
in the casting during feeding. Note that the system
is doubly dynamic as both the medium (liquid) and
the boundary conditions change during the feeding
sequence. The melt cools, which increases both
the density and the viscosity of the residual liquid.
Similarly, the ‘tubes’ will narrow and change shape
as the casting solidifies inwards. Depending on the
alloy composition and the cooling rate the surface
roughness of the inner wall of the flow tube may also
influence the melt flow. Additionally, the velocity
of the melt flow is likely to be non-constant. The
difference feeding forces will push the melt back
and forth accelerating and decelerating the melt
along the way. In the same manner, ruptures in
the melt caused by tension build up in the melt
may also influence the flow with sudden and abrupt
movements of the melt. Campbell estimated that
these ruptures developed with the speed of sound
[25]. Hence, even if the ruptures are less violent than
described by Campbell, this type of ruptures must
result in sudden movements of the melt, further
influencing the flow characteristics.
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Another aspect of the melt flow is the venturi ef-
fect described by Bernoulli’s principle. The principle
states that for an inviscid flow of a non-conducting
liquid, an increase in velocity will yield a reduction
in pressure. While liquid cast iron is neither invis-
cid nor non-conductive, a pressure drop can still be
expected as a function of the melt velocity. This
is what happens when the melt passes a narrow
section, eg a feeder neck. The velocity of the melt is
increased with a decreased pressure in return. The
influence of this phenomenon is, however, considered
negligible as the melt velocities are expected to be
relatively low with respect to the venturi effect.

The dynamic and flow forces are not estimated
in the present work.

Campbell also describe the pressure loss experi-
enced as the melt has to feed through an interdend-
ritic structure. This is described in eq. (2.10) on
page 32 [25]:

∆𝑃 = 32𝜂 ( 𝛼

1 − 𝛼
) 𝜆2𝐿2𝑑2

𝑅4𝐷2
(13.2)

where ∆𝑃 is the pressure drop across the mushy
zone in question, 𝜂 is the viscosity of the melt, 𝛼
is the coefficient of thermal expansion of the liquid,
𝐿 is the length of the capillary flow through the
mushy zone, 𝑑 is the dendrite arm spacing, 𝑅 is
the radius of the capillaries, and 𝐷2 is the area
of the mushy zone the melt must travel through.
The actual flow resistance may be even higher than
predicted by eq. (2.10) on page 32, as this assumes
straight channels and aligned flow.

However, as the EN-GJS-500-14 alloys is hyper-
eutectic and for very few dendrites, the dendrite
arm spacing used in eq. (2.10) on page 32 can be
difficult to use correctly. For eutectic and hyper-
eutectic cast irons it may thus be better to use
Darcy’s law of flow through a porous medium to
describe the feeding flow, as these alloys don not
form dendrites but solidify as grains [68, 70]:

𝑑𝑝

𝑑𝑥
= 𝜇 (1 − 𝑓𝑠)

𝐾
𝑣 (13.3)

where 𝑑𝑝⇑𝑑𝑥 is the incremental pressure change per
distance, 𝜇 is the viscosity of the liquid metal, 𝑓𝑠
is the fraction of solid, 𝐾 is the permeability of
the porous region being fed, and 𝑣 is the velocity
of the liquid metal. Darcy’s law shows how the
pressure loss increase for each increment towards
the ‘back’ of the mushy zone which is being fed.
It also shows that the feeding is very dependent
on the permeability of the mushy zone, naturally,

but also that both viscosity, velocity, and fraction
solid matter. Note that while most of the factors in
Darcy’s law are conditions influencing feedability,
the melt velocity, 𝑣, is a direct derivative of the
driving forces.

Pressure Loss Factor (13.7)

The pressure loss caused by increased viscosity, 𝜇,
and reduced permeability, 𝐾, is only part of the
pressure loss experienced by the feed material. The
solidification of the casting limits the pressure dis-
tribution through the feed material. The closer
to complete solidification the casting becomes, the
greater force is required to feed the remaining feed
areas. The total pressure loss of the feeding channel
increases, hence, the feeding force requirement also
rise. Eventually, the solidification of the casting
will terminate the feeding process. The point at
which this happens, and how fast, depends on the
development and direction of the feeding forces as
solidification commences, the condition of the feed
path and feed material.

A narrow feeding path may remain easy to feed
through until late into solidification of the casting,
if the alloy solidifies as an endogenous shell-forming
alloy, and if a thermal gradient can keep the melt
from becoming too mushy. The latter was seen for
some of the castings with two feeders and shown in
figs. 12.20 to 12.22 on pages 218–220. On the other
hand, an exogenous alloy with a long freezing range
may close off very early in the solidification process.
This is aided by a high cooling rate.

The pressure loss can be described as a factor in-
fluencing all feeding forces. The factor ranges from
1 to 0; where 1 signifies that there is no pressure
loss in the casting, and 0 signifies that all feeding
forces are negated by the pressure loss. The relat-
ively loss-free feeding ranges from the beginning of
solidification until the solidifying casting in one way
or another begins to hamper the free flow of feed
material. From this point onward the solidification
of the casting will increase the pressure loss. The
progression of this may be linear or it may be non-
linear. This depends on which mechanisms develop
and hinder the free flow, and this again is depend-
ent on the alloy composition, the cooling conditions,
and the geometry. Finally, as the casting solidifies
completely the pressure loss factor diverges towards
0. Note that the pressure loss may not be abso-
lute at the point of complete solidification. Again
depending on the magnitude of the feeding forces,
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Figure 13.8: Driving Force, Feeding Requirement: Overview of the need for feeding. The grey and red lines are
the sums of the three different feeding forces; Volume Contraction (V) ◻, Shell Compression (S) ◊, and Graphite
Expansion (G) ◯. The grey lines show the distribution of the driving forces (DF) C with the pressure loss factor.
The red line shows the sum of the forces including the pressure loss effect. The feeding requirement (FR) × is
illustrated by the green line. Note that the feeding requirement is not a pressure but a volume. Here it is shown on
the same scale to illustrate the correlation. A positive feeding requirement equals a shrinkage that needs filling, a
negative feeding requirement illustrate a reduction of the volume to be filled. The graphite expansion is the primary
cause of the expansion effect, hence a negative feeding requirement is seldom seen for alloys other than cast iron.
The x-axis shows the fraction solid of the casting. The y-axis shows the driving force for feeding, where positive is
aiding feeding of the casting, and negative resist feeding of the casting. The scale is arbitrary.

the strength of the solidified metal, which again is
temperature dependent, the casting may be subject
to solid feeding, as described in section 2.4.5, on
page 33. In principle the pressure loss factor never
reaches 0. Cold forging can, for instance, be viewed
as a form of solid feeding with external forces, so the
effect can occur at lower temperatures if only the
forces are great enough. The same can be said for
the Hot Isostatic Pressing (HIP) process. For any
practical purpose regarding feeding, the pressure
loss factor can be assumed to reach 0 shortly after
the complete solidification of the casting.

The effect of the pressure loss effect is shown
in fig. 13.7 on page 258. The figure shows that
the feeding forces have a great efficiency at the
beginning of solidification. However, as the casting
solidifies the influence of the feeding forces diminish
as the increasing pressure loss negates the possibility
for feeding. As a result, the feed material is most
easily moved at the beginning of solidification.

Note that the pressure loss reduces both the pos-
itive and the negative feeding forces, hence the
pressure loss does not influence the balance directly.
However, as the different forces display their ef-
fect at different times during the solidification of
the casting, the pressure loss effect may very well
indirectly influence some forces more than others.

13.8.7 Feeding Requirement (13.8)

The feeding forces describe the ability to move the
melt and the pressure loss describe how the feeding
forces are overpowered by the increasing flow resist-
ance towards the end of solidification. The feeding
requirement, on the other hand, describe the need
for feeding which entails both volume and time.
Successful feeding requires that the feeding forces
can transport a sufficient amount of feed material
into the casting at the time it is needed.

Figure 13.8 shows the correlation between the
feeding forces and the feeding requirement. Note
that the two lines are closely related. This is be-
cause the origin of some of the feeding forces is
the feeding requirement itself—in this case, shown
as the volume contraction, shell compression, and
graphite expansion. The sum of the feeding forces
are shown in a red line, and display the sum of the
three estimated feeding forces assessed in figs. 13.4
to 13.7 on page 253, on page 255, on page 256 and on
page 258.

The feeding requirement, shown in green in
fig. 13.8, is calculated as the sum of the volume
contraction, shell compression, and graphite expan-
sion of the casting itself. Note that some of these
have a negative attribution to the sum, as eg the
graphite expansion will reduce the need for feeding.
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The feeding requirement is a volume requirement
and the graph shows pressure difference, hence, it
should be noted that the feeding requirement can
be used assess the timing of the feeding forces in
accordance to the shrinkage in the castings. How-
ever, the scales are not the same and only a relative
comparison can be made.

Early Solidification

Analysing the feeding requirement in 13.8 it was
found that the dominant contribution at the begin-
ning of solidification was the volume contraction of
the solidifying melt. This results in a feeding re-
quirement, which may be filled by a flow of feed ma-
terial into the casting from the feeder if the driving
forces are strong enough and there is melt enough
available. At this point, the small < 1.00 M∝ feeder
provide the greatest feeding pressure, followed by
the large > 1.00M∝ feeder with a slightly smaller
pressure, and finally, the proportional = 1.00M∝

feeder which yields almost no feeding pressure at
this early stage of solidification.

Intermediate Solidification

Following the initial increase in the feeding require-
ment, the growing contribution from the shell com-
pression and the graphite expansion overpowers the
volume contraction, resulting in a net expansion
of the volume of the casting. The expansion can
either squeeze the melt out of the casting, contain
the pressure build up, or expand the mould cavity.

Squeezing the melt out of the casting can move
the melt into the feeders or into the gating system,
or in case of a more complex casting into other
casting sections. If this is not possible because the
gating system is already solidified and the feeder
already full, the combined strength of the casting
shell and the mould determines what happens.

If the shell and mould are strong enough to with-
stand the pressure build up, then the pressure is
stored inside the melt. This will be released as the
feed requirement increases again, at which time the
stored pressure will manifest as a prolonged expan-
sion, further reducing the feeding requirement.

If however, the shell and mould together cannot
contain the pressure build up, the casting and mould
cavity deforms as shown in fig. 2.14 on page 28.
This is unintentional for several reasons. The dila-
tion changes the geometry of the casting, resulting

in castings that do not match the intended shape
or volume. Additionally, the dilation expands the
volume of the casting but not the available melt.
Hence, the increased volume will manifest itself as
porosities in the casting. Similarly, the pressure
builds up that would otherwise have reduced the
feeding requirement was released in the mould and
casting dilation. On the other hand, the subsequent
volume contraction is also increased and some of
the lost feeding force may be regained this way.

End of Solidification

Towards the end of solidification, the volume con-
traction again overtakes as the dominant force, res-
ulting in an increase in both feeding force and feed-
ing requirement. Note though, that the pressure
loss reduces the effect of the feeding forces towards
the end, while the pressure loss naturally has no
influence on the feeding requirement. This, however,
is not a complete description of the final stage of
solidification and feeding. If the feeding system has
been correctly designed for the casting—according
to the seven rules of feeding—the feeding path will
solidify towards the feeder in a manner that keeps
the path open to feed itself as it solidifies. Hence,
the pressure loss in the feeding channel may be
much lower than the graphs in figs. 13.7 and 13.8
on page 258 and on page 260 might indicate. Con-
trolling the direction of solidification, as thus also
the pressure loss towards the end of solidification
may be very important to utilise as much of the
feeding forces as possible. Additionally, also the
feeding distance and the related pressure loss is
increasingly significant towards the end of solidific-
ation, as the feeding path gets less permeable and
the melt becomes more viscose.

Another aspect of the final stages of solidifica-
tion and feeding is the availability of feed material.
Though the required feeding forces are present at
the same instance as the feeding requirement re-
quires melt, the demand can only be met if feed
material is available, as described in section 2.3.3,
on page 21.

13.8.8 Other Factors

In addition to the feeding forces, the pressure loss
factor, and the feeding requirement, other factors
may also have a significant influence on the feeding
success.
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Melt Cohesiveness

The cohesiveness of the melt is important with re-
gard to maintaining a pressure differential through
the melt, as described in section 2.2.1, on page 17.
The tension in the melt can be released by the melt
moving to ease the tension, or by the melt breaking
apart so that a porosity is created. When the feed
material is moved by a negative pressure a tension
in created in the melt. If the melt is cohesive and
without weak points (impurities) that can initiate a
fracture, the melt will remain a unit. If the cohes-
iveness of the melt is not strong enough, then the
melt will break apart, creating a porosity.

With eq. (2.1) on page 18 Stefanescu shows that
the gas evolution, 𝑃𝑔𝑎𝑠, and the resistance to shrink-
age induced flow, 𝑃𝑠ℎ𝑟, are the driving forces for
pore formation. The nucleation of pores is governed
by the relationship between the maximum solubility
of gas in the melt, 𝐶𝐿, and the amount of gas in the
melt, 𝐶𝑚𝑎𝑥

𝐿 . See fig. 2.6 on page 18. The stability
of the pore after it is formed is given by [26]:

𝑃𝛾 =
2𝛾𝐿𝐺

𝑟

where 𝛾𝐿𝐺 is the gas/liquid surface energy, and 𝑟 is
the radius of the pore. As discussed previously in
this chapter, as well as in section 2.2.1, on page 17,
this equation shows that a very small initial radius
of the pore results in a very large surface tension,
making it unlikely that homogeneous nucleation will
occur, which in turn will open further as a rupture
if the melt is under tension.

To distinguish ruptures from other types of poros-
ities, ruptures can be defined as porosities created
by the tension in the melt in combination with the
lack of cohesiveness in the melt.

Note that both outcomes—rupture or no rupture—
may be advantageous or disadvantageous. It de-
pends on the location of the rupture. If the melt
displays a high cohesiveness the feeding pressure
can be transferred to the melt in the feeder, pulling
the feed material towards the casting. This transfer-
ral of pressure, however, is only advantageous if the
pull from the casting is stronger than the pull from
the feeder. A casting where the pressure buildup is
small enough to not cause ruptures (porosities) in
either the casting or the feeder is very uncommon.
Hence, most castings will experience melt ruptures.
Thus, the location of the rupture becomes import-
ant, and subsequent also the potential location of
impurities. A rupture can behave similarly to an at-
mospheric puncture in the sense that it can release

the tension in the melt. If the rupture is located in
the casting the melt may retract into the feeder. If
the rupture is located at the feeder it may ease the
transport of feed material into the casting. Note,
however, that the melt on the far side of the rupture
is, momentarily at least, cut off from the feeding
forces, and thus cannot be pulled into the casting.
Hence, a rupture at the feeder reduces the available
feed material.

Impurities in the melt are uncontrollable and are
known to cause melt ruptures [24]. Hence, if these
were the only origin of fractures in the melt, feed-
ing would be a very random process—some might
say this is actually the case. However, ruptures
in the melt are also temperature dependent. The
cohesiveness of the melt is reduced with increasing
temperature [32]. Hence, the hot melt in the feeder
is more likely to rupture than the cooling melt inside
the casting, assuming the melt is free of impurities.

Pouring Temperature

The pouring temperature controls more than the
liquid volume shrinkage. The initial temperature of
the melt as it enters the mould cavity greatly influ-
ences the thermal gradients of the casting. While
a higher temperature will result in a greater li-
quid shrinkage, reducing the remaining liquid in
the feeder, it will also ensure the intended thermal
gradients with a hot feeder and a colder casting.
This is because feeders are designed as low modulus
geometries that cool slowly, hence the casting will
if the feeder is designed correctly, cool faster than
the feeder.

However, these changes also influence the devel-
opment of the feeding forces. A hotter feeder will
display larger liquid shrinkage. However, as this
occurs early in the process, no shell has formed
and no negative pressure is created as a function
of the volume contraction. Later in the solidifica-
tion process, the reduced volume will yield a belated
graphite expansion because of the hotter feeder, and
an overall reduced graphite expansion due to the
reduced melt volume contained in the feeder. Note
that this is not the case for horizontally mounted
spot feeder as used in the experiment. Here the
increased liquid shrinkage is absorbed elsewhere in
the casting.

Generally, as the thermal gradients of the casting
changes, the sequence of the feeding forces also shift.
A relatively colder casting will form a shell earlier,
the volume contraction will happen earlier, and the
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graphite expansion will occur earlier. The opposite
is true for the relatively hotter feeder. Here all the
forces will be delayed. Hence, the pouring temper-
ature is a simple way to adjust the shift between
the feeding forces of the casting and the feeder. Un-
fortunately, it is more difficult to conclude which
direction—hotter or colder pouring—is preferable,
as this is dependent on both the casting and feeder
geometry, the feeder type (geometrical, insulating,
or exothermic), the alloy composition, the cooling
rate, and the stability of the mould. For instance,
the initial liquid shrinkage may be compensated
by the graphite expansion, which in a weak mould
would else have caused mould dilation.

For the scalable castings used in the experiment,
it would be advantageous to increase the pouring
temperature for all three feeder sizes. The main
reason for this is, that the driving force analysis
that is shown in figs. 13.4 to 13.6 on page 253, on
page 255 and on page 256 show that this will bene-
fit the shift between the casting and feeder feeding
forces. Hence, the initial volume contraction of the
casting will be countered less by the forces gener-
ated by a hot feeder enabling better early feeding.
The subsequent graphite expansion will then be
partly absorbed by the simultaneous initiation of
the volume contraction of the melt in the feeder.
The same is partly true for the shell compression.
Finally, the postponement of the driving forces ori-
gination from the feeder is then utilised at the final
stages of solidification for the casting.

It is difficult to assess the exact temperature dif-
ference between the casting and the feeder that
is required to achieve the full effect of the above
example. In most cases the thermal gradient cre-
ated may shift the initiation of the different feeding
forces, though it is unlikely that the full effect can
be achieved only based on varying the pouring tem-
perature.

It should also be noted that the sleeved feeder
does not scale in the same manner as the casting
or a geometrical feeder. Where the casting and the
geometrical feeder have the same cooling conditions
from the mould, the insulating sleeve cools slower
due to the insulating material. However, the melt
volume is also reduced, hence the extra heat energy
provided to the feeder is also less than a similar
geometrical feeder. In this case, the net cooling time
for the casting may increase more than the insulated
feeder. The feeders with exothermic sleeves may be
even more sensitive towards this change in pouring
temperature. The volume of the feeder is, for the

same modulus, even smaller than the insulating
feeders, hence, the extra thermal energy contributed
to the feeder by the melt is relatively smaller. At
the same time, the thermal addition to the feeder by
the sleeves remains the same, though it should also
be noted that the exothermic sleeves provide some
insulating abilities besides the exothermic reaction.

In summary, the simplest solution seems to be to
use feeders with extra exothermic material. This
will prolong the cooling of the feeder without chan-
ging the volume, and would also benefit the melt
cohesiveness to rupture at the feeder. At the same
time, it will not require a hotter pouring temper-
ature, as this would only negate the effect of the
exothermic feeder by increasing the temperature of
the casting. However, it should also be noted that
this would only have an effect if the melt volume
of the feeder was still large enough to meet the
mass-transfer criteria described in section 2.3.3, on
page 21, and had enough melt to successfully utilise
the driving forces generated by the feeder.

The 22E12 feeder had a design with a thicker
sleeve and smaller melt volume, compared with the
design of the other sleeves used during the experi-
ment. Viewing table 12.1 on page 180 is was found
that this feeder design yielded average results for
the M12 casting and the M15 casting by itself. The
M15 casting where it was used in combination with
other feeders yielded above average porosity results.

Effect of Multiple Feeders

The examples describing the interaction of the feed-
ing forces are simplified to some degree. One of the
aspects that are not included in the feeding force
analysis is the possibility of using multiple feeders,
as was also part of the experiment.

The geometric solidification analysis shown in
figs. 12.20 to 12.22 on pages 218–220, illustrate the
difference in solidification between the single feeder
combinations and the multiple feeder combinations.

The additional feeder extends the heated zone at
the centre of the casting. As a result, the central
feeding channel is kept open until a late stage of
the casting solidification. The solidification of the
casting grows inwards, reducing the diameter of
the feeding channel. However, it is proposed that
the connection between the two feeders result in a
convection effect with hot melt rising at the centre
of the feeding channel—a piping effect. This in
turn normally change the thermal gradient of the
feeding channel keeping it open for feeding long
as this would also reduce the pressure loss at the
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centre. Without two feeders the thermal gradient
will be towards either the top or the bottom of the
casting. The piping effect created by two connected
feeders will result in a rising hot centre, with cold
melt sinking towards the bottom on the outside
close to the solidification front. Hence the piping
effect changes the thermal gradient from a vertical
gradient to a horizontal gradient.

Additionally, as the solidification of the casting
progresses longer before the final stages of feeding
are initiated, the feeding forces would have reached
a greater magnitude at this stage, further assisting
the feeding process.

Analysing the porosities of the casting in
table 12.1 on page 180 it was found that not all
feeder combinations benefited from an additional
feeder. The lower feeder may easily become a sink
fed by the casting instead of the feeder feeding the
casting. This is seen for the C05 and C17, for
the M15 casting. However, the same combination
improves with an extra feeder for the small M08
casting. The effect depends on the combination of
feeding forces, as shown in fig. 13.8 on page 260,
as well as the modulus of the casting. Adding an
extra feeder to the casting will introduce a new set
of driving forces; volume contraction, shell compres-
sion, and graphite expansion. Are the feeders of the
same modulus and volume, the effects can be ex-
pected to appear almost simultaneously, especially
at the beginning of the solidification process. The
further the solidification progresses the more will
the melt be moved around inside the casting. Some
melt may be drawn from the top feeder early in the
solidification process, as indicated in fig. 13.8 on
page 260. Subsequently, the melt may be pushed
back into the feeder by the graphite expansion. The
lower feeder, on the other hand, will naturally be
kept full at the early stages of solidification. The
initial volume contraction cannot draw melt from
the lower feeder, as this would require a negative
pressure buildup, which in turn would require a
casting shell to be formed first.

The difference between the castings with a single
feeder and multiple feeders relate to both the
changed geometry of the solidifying melt and the
addition of an additional set of feeding forces. While
not all feeder combinations with two feeders yielded
improved feeding results, the best results recorded
all used two feeders, with the exception of C09 for
the M15 casting. Here the lone lower feeder man-
aged to feed the casting very well. The same feeder,
aided by different upper feeders—C12, C15, and

C21—performed as well or better. Only the C18
combination performed a little worse than the C09
with only the lower feeder. The combination that
performed less well than the other was the combina-
tion that had the same feeder at both the upper and
the lower location. As concluded previously this
indicates that the best results can be achieved by
using different modulus feeders to ensure a direction
of solidification. At least for the large M15 cast-
ings, though it should also be noted that one feeder
combination, the C16, using identical feeder did
perform for the large M15 casting. The small M08
castings showed the best results with identical or
close to identical feeders, as seen with the C05, C08,
C11, C14, C17, and C20 in table 12.1 on page 180.

Convection, Advection, and Segregation To explain
this phenomenon it is proposed that the cause is to
be found in the differences in solidification behaviour
of the different modulus castings. The small M08
casting, as described in section 13.7, on page 251, so-
lidify fast with little time to form grains or equiaxed
dendrites that can sediment towards the bottom.
This is not the case for the larger M15 castings, as
shown in figs. 12.17 and 12.18 on page 211 and on
page 213. For the smaller castings, the two feeders
will ensure a directional solidification towards the
centre of the feeding channel connecting the two
feeders. Hence, the feeders provide the required feed
material to substitute the volume shrinkage inside
the casting. Some convection, and possibly also
advection, may occur in the residual melt, however,
the solidification is too rapid to be significantly in-
fluenced by segregation effects. The sizable castings,
on the other hand, will solidify slowly enough to
cause segregation of grains and dendrites in the re-
sidual melt. Graphite segregations will then settle
towards the bottom as they are heavier than the
surrounding melt. This will happen close to the
edges of the channel as hot melt will be rising at
the centre due to convection effects, as is also the
case for the small M08 castings.

For the small castings that solidify without the
segregation effects the main influence of the second
feeder is to ensure a directional solidification, both
inwards towards the centre of the feeding chan-
nel, but also towards one of the feeders. As the
combinations with identical feeders yield promising
results for the small castings, this indicates that
small castings may develop a small gradient nat-
urally. However, as the geometry is a scaled-down
version of the large castings, this effect should also
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be observable for the larger castings if this was the
case. In fact, it may actually be but muffled or
obscured by other effects present in the larger cast-
ings. Another explanation could be the combined
feeding forces of the two identical feeders managed
to feed one half of the casting each towards the
end of solidification. When the feeding channel con-
necting the two feeders eventually closes off, some
residual melt will still remain in the casting, though
the final amount requiring feeding may be smaller
than for the single feeder option. Hence, for the
small castings, the optimal feeding scenario may be
to reduce the remaining melt volume as much as
possible before each feeder feeds a separate final
volume.

The segregation of the larger castings eliminate
the ability the have two identical feeders solidify in
the same manner at the end of solidification. The
sedimentation of the segregated grains and dendrites
sediment towards the bottom, or with containing
enough graphite raise to the top, subsequently cool-
ing the lower section of the casting and the lower
feeder or vice versa. The advection effect can in
principle also be found in the small castings. Here,
however, the rapid cooling limits the effect. It is
proposed that the additional feeder is beneficial for
the feeding of large sections, partly because of the
same reasons that apply to the smaller modulus
castings, but also because it counters some of the
sedimentation of grains and dendrites caused by the
slower solidification. A large casting with only an
upper feeder will have a shorter and relatively wider
residual melt volume. This is because of the solid-
ification moving upwards from the bottom, hence
the volume will experience a reduced length earlier
in the process before the inward solidification has
progressed as far. This results in an ellipsoid geo-
metry similar to the natural solidification geometry
of the casting, as was shown in the geometrical solid-
ification analysis in section 12.3.5, on page 214. For
this scenario, if the thermal gradient is not great
enough, the sedimentation of the grain and dend-
rites may result in a large mushy zone, that in turn
would be difficult to feed as there are few driving
forces to push the feed material into the sedimented
mushy zone. The lower feeder, if large enough, is an
effective way to keep the feeding channel open for
longer and reducing the volume of the sedimenting
mushy zone. The feeding distance between the fully
liquid melt and to the fully eutectic end of the in-
terdendritic feeding is greatly reduced. See fig. 2.18
on page 32. The reduced distance, in turn, reduces

the pressure loss, which means the feeding requires
a smaller feeding force. Possibly the capillary forces
may be enough to draw the melt into the dendritic
structure by itself if the distance is small enough.

13.9 Feeding Regimes

The progression of the feeding can be divided
into multiple stages of feeding. These stages

are governed by the feeding requirement, shown in
fig. 13.8 on page 260 and the success of the feeding
is decided by the feeding forces and other influ-
encing factors. The feeding regime changes with
feeder combinations, casting geometries, alloy com-
position, and cooling conditions to list the major
factors. Hence, two castings may be close to sim-
ilar, in geometry or casting conditions, and one will
yield a successful porosity-free casting, while the
other yield a very high scrap rate. Due to the multi-
tude of factors influencing the feeding regime, even
small changes may be significant. Regarding the
experimental castings, this was best illustrated by
combinations C09 and C10 for the large M15 cast-
ing. Both were equipped with a single lower feeder.
The C09 combination had a 1.00M∝ feeder and
yielded few porosities at the middle control volume.
The C10 combination had the same setup, but with
a 1.27 M∝ feeder, which resulted in large (4) poros-
ities for all three control volumes. In principle melt
impurities and inclusions, causing porosities can
also be viewed as part of the feeding regime.

Analysing and identifying issues with the feeding
regime of a casting is difficult. Process variation,
large or small, occur constantly and the feeding
result may also be influenced by random factors
as eg melt impurities. Hence, a proper feeding re-
gime encompasses a safety margin that can secure
a stable feeding performance taking into account
the reasonable process variations expected in the
foundry. In this respect note that the safety mar-
gin cannot be treated as a simple factor to enlarge
the feeder volume or modulus at the end. The im-
portant part is to ensure that the sum of feeding
forces corresponds to the feeding requirement and
that there is enough feed material available at the
required time. Hence, if one feeding force is reduced
or shifted, it may be compensated by other forces,
yielding a similar outcome.

The challenge is to identify and quantify the feed-
ing force, feeding requirement, and how they are
influenced by the casting conditions. An approach
can be made by macro modelling, though this is
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beyond the scope of this project, and while model-
ling can provide useful insight and found the basis
of the numerical simulations of tomorrow, a model-
ling approach is not viable to the foundry engineer
troubled by porosities. Numerical simulation soft-
ware, like eg Magmasoft [69], Novacast [151], and
Flow-3D [152], are widely used in foundries around
the world and provide valuable input to casting
designers and foundry engineers about the casting
process. Numerical simulation cannot, at the time
of writing, provide information about the feeding
forces directly. However, the information provided
can be very useful in analysing the behaviour of
the casting. Knowledge of the thermal gradient of
a casting is for example important to any feeding
analysis, and thermal measurement on the actual
casting can only provide a partial picture. Thus,
calibrated numerical simulations are the basis for
analysing the feeding regime of a casting.

For the scalable casting used in the experiment,
the analysis is simplified by the simple geometry.
As the feeding force and the feeding requirement
are all assessed, the analysis is not an exact dis-
play of the actual feeding regime. However, the
understanding of feeding as an entire regime con-
sisting of multiple interdependent factors is used
as a mindset to interpret the experimental results.
This approach, as stated at the beginning of the
section, have shown that the feeding is governed by
the feeding requirement and the success determined
by the feeding forces, factors and availability of feed
material.

The feeding regime of the scalable casting can be
divided into three stages; initial feeding, expansion
feeding, and directional feeding. Note that the sub-
sequent feeding regime analysis is a general analysis
encompassing many different feeder combinations
that, per definition, all have different feeding re-
gimes.

13.9.1 Initial Feeding

Initial feeding describes the early stage of feeding.
This covers feeding liquid shrinkage as a result of a
superheated melt and the initial stages of volume
contraction experienced by the casting. The phase
is characterised by occurring at the early stage of
solidification, hence the feed material is still com-
pletely liquid and easily transported. Subsequently,
gravity and the volume contraction itself is almost
always sufficient to transport the feed material into
the casting, filling the vacancy of the contracting

melt. For the experimental castings, the feeder com-
binations with only a lower feeder may experience a
rupture in the melt, resulting in an empty unfilled
volume at the upper part of the casting. Though
the build up tension in the melt is still small at this
early stage, the melt is also hotter and will more
easily rupture—assuming that the rupture is not
gas related. Note, however, that ruptures formed
at this early stage can be re-closed during at later
feeding stage as long as the porosity has not had
contact with the atmospheric air.

If the cohesiveness of the melt is sufficient, the
casting may pull the required melt from the lower
feeder, assuming this has retained a pressure release
vent to the atmosphere. It is not advantageous
that a rupture forms in the volume of the casting,
however, at this early stage the damage can be
repaired at a later stage of feeding. Note that the
required negative pressure build up to pull the melt
from the lower feeder is dependent on the strength
of the formed shell.

The initial feeding stage is governed by the
volume contraction as both the primary feeding
force and the feeding requirement.

13.9.2 Expansion Feeding

The second feeding stage is called expansion feeding,
as the combined forces reduce the feeding require-
ment to a negative entity. The main driver is the
graphite expansion, which as it nucleates and grows
to increase the total volume of the solidifying melt.
In principle the feed requirement can also be re-
duced shell compression, however, this entails that
both the HTC of the mould-metal interface is high
and that the mould has a good thermal conductivity
or heat capacity. Additionally, the shell compres-
sion would favour an exogenous alloy to help form
a strong shell at an early stage of solidification. An
endogenous shell-forming alloy like most cast iron
alloys does form a shell. However, the latent heat
from the eutectic solidification of the short freezing
range is not favourable in terms of making the cast-
ing contract on itself to reduce the required amount
of feeding.

Even though cast iron does not rely on shell com-
pression to generate a negative feeding requirement,
the shell and the mould are very important at this
stage, as well a pressure relief in form of a partly
empty feeder. As the expansion feeding occur the
combined strength of the weak shell and the rel-
atively weak green sand mould has to contain the
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pressure build up that cannot be diverted to the
feeder.

For the experimental casting the final shape of
the castings, which resemble the pattern without
bulging, indicate that the combined strength of the
shell and mould could retain the pressure build
up. The expansion was greatest in the large M15
casting as the slower solidification allowed for a
greater graphite expansion as shown in fig. 2.7 on
page 22 and the less steep thermal gradient resulted
in a more concentrated volume expansion.

A more describing name for the phenomenon may
be self-feeding as this concept encompasses both
shell compression and graphite expansion. This
name was used by Karsay to describe the work-
ings of feederless casting designs [19] However, self-
feeding is also used as a term for solid feeding,
hence, to avoid confusion the term expansion feed-
ing was chosen. An alternative that encompasses
both mechanisms may be negative feeding or mould
feeding.

13.9.3 Directional Feeding

The final feeding is the most important stage of the
feeding regime. It may be aided by the expansion
feeding, however, the feeding requirement at the end
of solidification must still be met in order to avoid
porosities in the casting. Figure 13.8 on page 260
shows that the feeding requirement increases again
towards the end of solidification, while at the same
time the pressure loss begins to inhibit the transport
of feed material into and through the casting. The
combination of reduced driving forces at the time
of an increasing feeding requirement is what makes
this part of the feeding regime so difficult.

However, this is also the feeding part that is
addressed in most of the literature. The feeding
mechanisms described in section 2.4, on page 30
all apply to the final stages of feeding, though it
should be noted that the five mechanisms are not
limited to the final stages of solidification. The
seven rules of feeding described in section 2.3, on
page 19 address how to ensure that the casting and
feeder solidify in a manner that allows for feeding at
this final stage. This has also given rise to the name
of the final feeding stage—directional feeding. The
reason is that the pressure loss effect will eventually
overpower the feeding forces and negate further
feeding. This, however, is a gradual phenomenon
that progresses through the casting as the different
sections solidify. Securing a feeding path that can

be kept open long enough is key to ensuring that
feeding continues until the end of solidification. This
was found in the analysis of the effect of using
multiple feeders in section 13.8.8, on page 263.

Except for the difference in graphite expansion,
the main difference in the feeding regimes between
the three different modulus castings relate to se-
gregation effects.
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14.1 Summary

The proposed methodological approach was de-
scribed and developed. A test geometry has

been developed which has subsequently been used
in a full-scale experiment with a wide range of dif-
ferent feeder combinations. The produced castings
were analysed using ultrasound and x-ray imaging
to quantify the amount and location of the remain-
ing porosities. The results were analysed with the
aid of numerical simulation data. Finally, the meth-
odology and results have been discussed and the
feeding regimes and underlying feeding forces have
likewise been discussed and explained.

14.1.1 Experimental Setup

The six specified requirements for the casting design
formed the basis for the development of the final
casting design and pattern layout. The casting
design was aided by analytical solutions and nu-
merical simulations to ensure that the final design
would perform as intended. A key point of the
design was the construction of the pre-feeder neck.
The design required the pre-feeder to limit the influ-
ence of pouring temperature and subsequent liquid
shrinkage. The construction of the pre-feeder neck
was paramount in ensuring that it stopped the feed-
ing of the casting from the pre-feeder at the correct
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time and that this timing was scalable with the rest
of the casting design. The subsequent analysis of
the castings, aided by the numerical simulations,
showed that the pre-feeder neck had performed as
intended.

The design for easy and accurate analysis was
also considered successful, though improvements
could be made as mentioned in the discussion. The
potential inaccuracies regarding the location and
particularly regarding the size of porosities were
related to the grading scale rather than the casting
design itself. Additional examinations of the cast-
ings could possibly have provided more data and
better insight into the size and distribution of the
porosities.

A wide range of different modulus feeders was
tested as part of the trials. The feeders were selected
based on the commercially available exothermic
feeder which best covered the range in question. The
insulating feeder sleeves were then prototyped to the
same geometry as the exothermic feeders to keep the
geometry constant. The exothermic feeders were
selected to be 0.80 M∝, a 1.00 M∝, and a 1.20 M∝ in
relation to the respective casting. By error, the M10
casting was scaled to an M12 casting on the pattern.
As a result, the proportional modulus of the feeder
for the M12 casting was shifted. As a consequence
the M12 casting was cast without proportionally
larger feeders, but with a larger range of different
smaller feeder.

The process stability discussion and analysis
showed that the benchmark castings produced a
comparable amount of porosities. The analysis also
showed that the feeders significantly changed the
number and size of porosities found in the castings,
though it should be noted that the average porosity
amount was only markedly reduced for the large
M15 castings. Additionally it was examined and
discussed if solid feeding of the castings could have
influenced the porosity results. It was concluded
that this was not the case.

14.1.2 Porosity Quantification and Results

The castings were analysed with ultrasound by an
experienced operator who also quantified the size
and location of porosities. The results were struc-
tured in a series of tables focussing on different
aspects of the combination between casting size,
feeder size, and feeder location. An analysis showed
that the observed atmospheric punctures at the
pre-feeder neck did not affect the amount of poros-

ities recorded, though it was shown that sensitivity
towards forming these atmospheric punctures was
greatest for the M08 casting and that the insulating
feeders at the upper locations were nine times as
likely to cause a punctures as the exothermic feeders
at the same location.

The x-ray analysis and sectioned castings were
used to confirm the findings of the ultrasound ana-
lysis. Additionally, the x-ray imaging of the castings
was used to show the porosities in the pre-feeder,
pre-feeder neck, and the feeders. This information
was used in the subsequent analysis of the solidific-
ation and porosity formation of the castings.

To provide an overview of the porosity results, the
data listed in the tables were illustrated as graphs.
This approach provided an overview of the correla-
tions between the main factors of the experiment—
casting modulus, feeder modulus, feeder location,
and sleeve material. The graphs showed that the
three different modulus castings performed differ-
ently with proportionally identical feeders. As a
consequence, it was concluded that the traditional
approach of scaling the feeders linearly according to
the casting modulus is not sufficient or descriptive
for the underlying feeding regime.

14.1.3 Thermal Analysis

Temperature measurements were conducted as part
of the trials and the thermal data obtained from
these measurements was used to assess the accuracy
of the numerical simulations. This was done by
comparing the cooling curves and by comparing the
solidification times of the three different modulus
castings.

Having confirmed the validity of the simulation
setup, the data from the numerical simulations were
used to analyse the influence of the different feeder
combinations in the cooling curves. Again it was
concluded that the scalability of the casting and
experiment design was satisfactory. Additionally,
the thermal data from the simulations were used
to analyse the cooling and solidification behaviour
of the three modulus castings. This was achieved
by plotting the gradient across the centre of the
casting and illustrating how this developed during
the solidification of the casting.

Finally, a geometrical analysis was performed to
investigate the influence of the different feeder com-
binations and locations on the casting solidification
pattern. It was found that combinations with two
feeders significantly changed the geometry of the
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residual melt at the later stages of solidification.
Subsequently, in the discussion, it was proposed
that the extra feeder creates a feeding channel con-
necting the two feeders, thus ensuring an open feed
path along the entire length of the casting until
late in the solidification process. Additionally, the
feeding channel created by the two feeders reduced
the distance of the interdendritic feeding reducing
the required feeding pressure to achieve a successful
feeding.

14.1.4 Porosity Analysis

A parametric iteration was performed to establish
the simulation parameters that yielded the most
accurate porosity predictions. This showed that it
porosity results from the benchmark casting could
only be matched partially and that this required
the used of the feeding efficiency factor, which is

not intended to be used for cast iron. The two
best of the calibrated simulation setups were after-
wards tested on three different feeder configurations.
These porosity prediction results matched in some
cases only. A simulation result that cannot be used
without trial confirmation is of little use.

14.1.5 Results Analysis and Discussion

The cause and formation of porosities in relation
to solidification patterns have been discussed. It
was concluded that the analysed alloy composition
solidified in an endogenous shell-forming manner,
resulting in either centreline porosities or surface
shrinkage caused by solid feeding. The combinations
of the different feeders and varying casting sizes
showed some of the complexity involved in feeding
cast iron castings, especially without the aid of
gravity.
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15.1 Introduction

This chapter presents the major findings of the
dissertation in a condensed and resynthesized

manner, structured according to the seven hypo-
theses described in chapter 1.1, on page 3.

The findings are listed with respect to each hy-
pothesis and according to category and correlation.
The conclusions are not sorted specifically according
to a chapter or part order.

15.1.1 Purpose and Objective

The purpose and intent of this dissertation is to
contribute to the advance of casting technology,
specifically in the field of feeding vertically cast SGI

casting with spot feeders.
Casting has been used as a manufacturing process

for more than 7000 years. If this is to continue,
foundry technology must advance and progress to
be able and capable of supplying customers with
high quality, precision manufactured castings with
an outstanding balance between cost and properties.

The findings presented here is a contribution to
this continued development.

Professor Stefanescu has described how casting
has transformed from a witchcraft to an engineering
science [2]. A field of science that has seen great
discoveries over the past century or so, but to this
day still retains many of its secrets and mysteries.

Coordinate Measurement Machine (CMM), Silicon (Si)
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In these years foundries are embracing new and
emerging technologies as never before. Additive
manufacturing, optical 3D-scanning of castings, and
numerical simulations are only some of the digital
advances many foundries have already taken to
retain their competitive edge. However, among
these novel technologies, there should also be a
focus on improving the technological core of casting.
Not in competition with, but in collaboration with
new technologies.

The findings, conclusions, and proposals listed in
the following section are aimed at furthering the
understanding of cast iron feeding, and how this
can be used to improve casting yield, reduce scrap
rate, save energy, reduce production cost, and make
cast products a better choice. However important
or inconsequential the findings may turn out to be
they constitute a piece of the greater puzzle.

15.2 Conclusions

The conclusions are based on the work and find-
ings presented in the previous chapters. The

findings rely on specific casting geometries and alloy
compositions, hence not all of the conclusions can
be extended to general casting conclusions. This
reservation does not mean that the conclusions can-
not be of a more general nature, only that further
investigations are required to conclude that it is so.

Hypothesis 1: Spot feeders can (effectively) feed se-
cluded sections located away from the parting line in
vertically parted moulds

1.1 Spot feeders can feed secluded sections reliably.

(a) All examined feeder combinations man-
aged to successfully feed the boss sec-
tion for the less demanding low Si α-alloy
(EN-GJS-500-7).

(b) The exothermic feeder combination man-
aged to successfully feed the boss section
for the more demanding high Si β-alloy
(EN-GJS-450-10).

(c) The other feeder combinations were un-
successful in feeding the boss section for
β-alloy.

(d) It is proposed that the reduced feeding
efficiency of the insulating centre feeder
is related to an early shell-forming inside
the feeder, without an atmospheric vent,
causing the solidification contraction to

build up a negative pressure in the feeder,
impeding optimal feeding.

Hypothesis 2: The location and amount of porosities
can successfully be predicted via numerical simulation
when spot feeding SGI

2.1 Numerical simulation can be used to predict
porosities in SGI casting in relation to spot
feeding, for some castings and alloys.

(a) The porosity results for the disc castings
were found to be reliable and useful in
predicting the amount and location of the
porosities.

2.2 For other alloys and geometries the numerical
simulations can be set up to provide a partial
prediction, but with significant limitations.

(b) The simulation setup had trouble predict-
ing a large enough amount of porosities
for the block castings.

(c) The simulation setup had trouble predict-
ing the location of the porosities in the
block castings.

(d) It was not possible to find a single com-
mon simulation setup that satisfied both
the prediction of amount and location of
porosities.

(e) The feeding effectivity factor, which is not
supposed to be used in cast iron, was the
only means to significantly influence the
location of the porosities. This indicates
that the alloy behaves similarly to eg steel
or aluminium.

(f) The feeding effectivity factor was also the
only parameter that showed a significant
influence on diversifying the porosities pre-
diction for each of the three modulus cast-
ings.

(g) It is proposed that the porosity prediction
issues relate more to the simulation of the
alloy properties, rather than the feeding
algorithm itself.

(h) The mesh cell size matter with regards to
the size of the predicted porosities.

Hypothesis 3: Exothermic sleeve materials do not
significantly influence the casting microstructure

3.1 No significant differences in microstructure
were observed for the insulating and exothermic
feeders, except what ensued of the modulus dif-
ferences.
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3.2 A prolonged solidification time locally influ-
ence solidification and segregation. The pro-
longed solidification reduces Si segregation and
increase the yield of the local graphite precip-
itation potential.

Hypothesis 4: Thermal deformation is significantly
influenced by spot feeders and can (to some degree)
be controlled by choice of feeders

4.1 The thermal influence of a feeder can signi-
ficantly change the dimensional accuracy of a
casting.

(a) Thermal deformation differences can be
attributed to differences in feeder config-
uration.

(b) The α- and β-alloys were considered stat-
istically identical with respect to average
deformation (𝑓𝑣).

(c) The modulus of the centre feeder dis-
played a significant influence of the casting
deformation.

i. For the α-alloy a high modulus centre
feeder lead to greater deformation
(𝑓𝑣). The feeders with smaller modu-
lus displayed less deformation.

ii. For the β-alloy varying the module for
the centre feeder caused no significant
difference in 𝑓𝑣.

iii. The β-alloy with the low moduli
centre feeders was found to have the
best reproducibility of all casting com-
binations.

(d) No statistical evidence was found that
proved that the top feeder alone could
significantly influence the thermal deform-
ation.

i. No statistical difference was found
between the two top feeder moduli
examined—neither for the α- nor β-
alloys.

(e) Castings without both feeders showed sig-
nificantly more thermal deformation than
castings with one or two feeders. Feeders
reduce surface shrinkage due to solid feed-
ing and stabilise the thermal gradients of
the casting.

(f) The high Si β-alloy displayed much less
variance, leading to a better manufactur-

ing precision and greater potential for pro-
duction optimisation.

i. the α- and β-alloy was considered stat-
istically identical with respect to av-
erage deformation (𝑓𝑣),

ii. the high Si β-alloy displayed much less
variance, leading to a better manufac-
turing precision and greater potential
for production optimisation.

(g) Risk of internal porosities can be detected
by identifying micro-sinks on the casting
surface.

4.2 Casting deformations are governed by thermal
gradients and eutectoid phase transformations.

(a) The casting deformation valley is caused
by small thermal gradients during solidi-
fication and cooling.

(b) The thermal gradients during solidifica-
tion control the Si segregation, which in
turn influence the pearlite formation at
the eutectoid phase transformation.

(c) The subsequent formation of pearlite, fol-
lowing the austenite to ferrite phase trans-
formation, prolong the overall transform-
ation and increase the deformation vari-
ation.

(d) The order of solidification and the order
of eutectoid phase transformations are not
necessarily the same. The thin-walled
section solidifies first, while the rim of
the casting undergoes the eutectoid phase
transformation first.

(e) The fully ferritic alloy and the pearlitic-
ferritic alloy showed insignificant differ-
ences in average deformation.

(f) The pearlitic-ferritic alloy showed signific-
antly greater deformation variance, com-
pared with the high Si β-alloy.

(g) If sufficient care was taken to control the
production parameters, the variation in
deformation is small enough for the pat-
tern itself to be altered in order to com-
pensate for some of the deformation. This
would make possible a reduction in ma-
chining allowance, reducing the melt re-
quirement.

4.3 The casting deformations observed in this work
cannot be predicted by the current numerical
simulation models.
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Hypothesis 5: The side feeder modulus necessary to
feed SGI is not a linear function of the casting module,
and traditional methods overestimate the feeder size

5.1 Application of a single horizontal spot feeder.
(a) The optimum feeder modulus does not

scale linearly with casting modulus.
(b) The optimum feeder is dependent on alloy,

modulus, casting geometry, cooling rate,
sleeve material, and melt quality.

(c) Less is more. For some combinations, a
smaller feeder will clearly outperform a
larger modulus feeder.

(d) Larger modulus castings require relatively
smaller modulus feeders.

(e) A horizontal spot feeder can successfully
be applied to both the upper and lower
part of a casting or section.

(f) It is possible in special cases to success-
fully feed a casting or section against the
pull of gravity.

(g) The feeder performance may vary between
feeder locations. Hence, a different feeder
may be a better choice if the feeder loca-
tion is moved.

Hypothesis 6: Multiple smaller feeders can, for elong-
ated sections, provide better feeding of a single casting
section than a single large feeder

6.1 Application of a multiple thermally connected
feeders.
(a) Feeders can be thermally connected across

thin-walled sections that prevent a direct
liquid connection.

(b) The centre feeder influences the thickness
of the upper part of the thin-walled sec-
tion, hence it is a thermal influence and
not a ferrostatic influence.

(c) The application of multiple feeders yield
synergy effects.

(d) Two feeders connected via a liquid con-
nection can change the inherent thermal
gradients of the casting via convection
effects.

(e) Combinations of multiple feeders can im-
prove feeding. Though an incorrect applic-
ation, it can also increase the prevalence
and size of the porosities.

Hypothesis 7: The feed material movement in spot
feeding can be described by the sum of driving forces

7.1 Identification of driving forces for feeding and
the understanding of feeding regimes.

(a) Each casting has its own feeding regime,
which describes all things influencing the
feeding application; alloy, casting geo-
metry, feeder sleeve, pouring temperature,
melt purity, mould stability, cooling rate,
and more. Even small changes can signi-
ficantly change the feeding regime from
successful to unsuccessful.

(b) The transport of the feed material is gov-
erned by external forces like gravity and
the internal forces like volume contraction,
shell compression, and graphite expansion
for the major part.

(c) It is proposed that feeding forces are con-
sidered to explain the movement of the
melt, for horizontal as well as vertical feed-
ers.

(d) Three stages of feeding are proposed to
explain the progression of feeding during
the casting solidification; initial feeding,
expansion feeding, and directional feeding.

(e) It is proposed that melt cohesiveness,
and subsequent melt purity and the local
melt temperature play an important role
regarding the location of ruptures and
subsequently the formation of porosities.
Note that these ruptures are wanted as
long as their location and timing can be
controlled.

(f) It is proposed that the pressure loss caused
by solidification overpower the feeding
forces as the casting solidify.

(g) It is proposed that the feeding require-
ment governs the three stages of feeding
and through local solidification and se-
gregational differences make the transition
between stages fluent.

15.2.1 Feeding Guidelines

One of the aims of the work is to improve casting
yield and reduce energy costs by improving feeder
technologies for cast iron foundries. However, the
above findings can only have effect if they are im-
plemented and used.
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This is a short simplified guide towards imple-
menting better feeding practices in the foundries,
and how to optimise feeder solutions for specific
castings.

Ensure a stable process: It is important to be
able to reproduce the castings with a high level
of accuracy. If different process parameters
vary too much, the outcome will be castings
that behave differently. A 5 % scrap rate sig-
nifies a process variation for which 5 % of the
castings has exceeded the threshold for that
particular casting. This can be solved by better
process control, reducing the process variations,
or the casting design (gating, feeders, cores,
etc.) can be changed to encompass a larger
safety margin towards these process variations.
Note that the variation may be contributed to
several correlated process variables. The smal-
ler the controllable process variation, the less
safety margin is required, and the better the
yield that can potentially be achieved.

Identify the optimisation objective: Casting
effects are all related to some degree, hence
optimising and solving all issues at once can
easily complicate the problem beyond what
can be handled and analysed. Focus on one
issue at the time. What yield the best overall
improvement? Reduced feeder size, reduced
scrap rate, or reduced machining allowance.
As the effects are linked, solving one issue may
solve other as well. If possible determine an
acceptable scrap rate and use this to determine
a target safety factor.

Understand the casting’s thermal history:
Do numerical simulations of the casting, pos-
sibly varying different casting parameters to
learnt their influence on the particular casting.
If the castings are already in production
then analyse the current defects and try to
locate the origin (this is easier say than done).
Many foundries have access to CMM or optical
3D-scanners. Use these to identify variations
between sound and unsound castings.

Test multiple feeder combinations: If using
ram-up sleeves it is very easy to cast castings
with several different feeder combinations.
However, also for traditional geometrical
feeder and parting line feeders with sleeves, it
can be valuable to investigate the influence

of different feeders. Investigate a range of
feeders, and possibly also feeders that are
considered outside the range that would
typically be chosen. Analyse the trial castings
for porosities and dimensional accuracy, and
select configuration that provides the best yield
with a reasonable safety factor. Estimating the
safety factor can be very difficult and will rely
on empirical knowledge, potentially supported
by numerical simulations.

Prioritise to solve the problem: Castings
have delivery dates and there is seldom if
ever, time to optimise existing castings. If
a delivery is upcoming it may be necessary
to produce with high scrap rate to ensure
that the contracted castings can be delivered
in time. That is the nature of the foundry
industry. When the deadline has been met,
then it is important to prioritise to solve the
known problems. Problem analysis, tests,
simulations, and pattern changes require time.
Hence, if it is not prioritised the problem will
never be solved. The importance is determined
by the severity of the problem and the number
of castings produced. To aid the prioritisation
calculate the cost of the existing scrap rate vs
an improved scrap rate an estimate the time it
will take before the one time cost of optimising
the casting will have repaid itself.

15.3 Impact

Only time can show the impact of the disserta-
tion findings will be. Some of the findings can

be implemented immediately, though it is expected
that the foundries will implement the applications
and methods slowly in the beginning. If and when
the foundries have tested spot feeders with suc-
cess, they are likely to turn to this solution again
for other troublesome castings, and hopefully, with
time these methods will be an implemented part of
casting design.

It is assessed that the methods will become more
and more relevant as castings become more complex
and the requirements increase. It is also important
to remember that the driving force behind the imple-
mentation is reduced production cost, primarily by
reduced energy consumption, hence the foundries
should implement these solutions to reduce pro-
duction cost. However, this also means that the
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driving factor is related to the cost of electricity
and changeover required for each foundry.

The impact of the feeding forces will hopefully be
a new mindset and a new approach to understanding
spot feeding. When these forces can be modelled
and implemented into numerical simulation soft-
ware, then it will be possible truly optimise the
feeding applications. This ability to simulate and
optimise, is, however, not expected in the near fu-
ture, as it requires completely new and complicated
features to be added to the numerical simulation
algorithms.

15.3.1 Energy Savings

It is assessed that the impact of the dissertation
findings in total, within a foreseeable future, can re-
duce the energy consumption for cast iron foundries
in EU27 with 300 GWh per annum.

The annual cast iron tonnage for EU was 13.5 Mt
in 2005. Assuming a casting yield of 50 % and a
total melting energy yield of 50 %, the yearly energy
consumption is 32 238 GWh, with a melting energy
of 1194 kWh⁄kg.

Improvements of numerical simulations are as-

sessed to yield 25 GWh per annum. New imple-
mentations of horizontal spot feeders are assessed
to potentially yield savings for 60 GWh each year.
The estimation is based on new approaches to solv-
ing feeding problems and making use of the ability
to feed up-hill by optimising the internal feeding
forces. The greatest impact is estimated to come
from an increased application of ram-up sleeves to
solve and improve feeding problems with existing
and new castings. This is assessed to contribute an
annual saving of 145 GWh. Finally, it is estimated
that reduced machining allowance and reduced tool
wear can save 70 GWh per annum. The impact
here will be greatest for high volume castings like
eg break discs.
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16.1 Technology Roadmap

Having concluded on the findings constituting
the dissertation, the next step is to consider

where these findings lead us. The reported findings
can influence the application of feeders, as well as
the construction and design of castings with respect
to feeding. However, the dissertation also leaves
questions unanswered; to be investigated further
before the reported findings can be utilised in full.

The next sections point to a few important tasks
to address to further the science and technology of
feeding and casting in general. However, part of the
technology roadmap also addresses the industry and
how the most mature parts can be implemented.

16.2 Spot Feeding

It was shown that spot feeders as ram-up sleeves
can feed secluded sections successfully. Addition-

ally, the feeding forces driving the feeding of hori-
zontally mounted spot feeders was elaborated. The
study showed that the driving forces governing feed-
ing are complex processes that is difficult to predict
with the modelling and numerical simulations solu-
tions available.

Coordinate Measurement Machine (CMM), Future Pro-
cess for Casting (FPC)
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16.2.1 Applied Investigation in Production

As a consequence further investigations are required
to expand the understanding of these feeding ef-
fects. Fortunately, ram-up sleeves by definition can
easily be changed, hence a wide range of feeder
solutions can be tested without extensive altering
of the pattern. Thus, it is suggested that foundries,
possibly as a joint research project, will investigate
the application of ram-up sleeves to improve their
yield on difficult castings, or possibly the be able to
manufacture them at all.

Hopefully, a successful investigation of how spot
feeders can be applied to their own castings will
encourage the foundries to extend the use to other
castings as well. Together this will generate know-
ledge about the possibilities and limitations of spot
feeder until these become a common tool in the
foundry engineer’s toolbox that is used as natural
part of the casting design—when it is the best solu-
tion.

It requires a lot of different castings and different
solution to build an empirical knowledge for spot
feeding similar to that of traditional gravity driven
feeders.

16.2.2 Pressurised Feeding

An essential part of successful feeding, and espe-
cially regarding feeding yield, is the feeding forces.
Previous investigations have addressed active feed-
ing in different ways. The application of these active
feeding methods is, to the author’s knowledge, lim-
ited to large hand moulded castings.

For high volume production, such as vertical
moulding lines, the active feeding methods have
not caught on. Thus, it is proposed that passive-
active spot feeder may provide a solution. Passive-
active means a feeder that supplies pressure but
function as a discreet solution that does not require
external power or control during operation. The
idea is to develop a controlled pressure on the melt
in the feeder, at the time when it is needed. Both
parts may present difficulties, as safe and disposable
pressure system in itself will require a considerable
development. Ensuring that the pressure does not
develop too early may be equally difficult, and the
solution has to be cheap enough to be a disposable
one-use application.

However, if a solution like this could be developed,
it would revolutionise the feeding possibilities. The
cost, in turn, would determine if it would also re-
volutionise the industry.

16.2.3 Active Pattern

An alternative to ram-up sleeves could be active
patterns. The term active pattern is here used
to describe patterns with inserted parts that can
change shape during moulding. This could eg be a
spot feeder away from the parting line on vertically
parted moulds. The idea is that the geometry, that
would normally not be mouldable due to negative
draft constrictions, is inflated during moulding. The
geometry is then deflated before demoulding, to
avoid the draft issues. In addition to spot feeder,
other geometries could also be created. This would
limit the restrictions the foundry engineers face
when determining the best orientation for complex
castings. In addition, this may help avoid cores
that previously could not be avoided due to the
orientation restrictions.

Active patterns do exist today, though their ap-
plication is limited and often only involve simple
geometries. However, as casting geometries increase
in complexity, the additional degree of freedom may
be a competitive advantage.

16.3 Thermal Deformation

It has been shown that foundries that control their
process parameters can produce castings with a

very high repeatability. The machining allowance
chosen for the different surfaces of different castings
should correlate to the process repeatability the
foundry is capable of achieving. This is not to say
that there should be no safety factor, only that the
safety factor should be chosen deliberately based
on the actual casting deformation variation.

Numerical simulations cannot yet predict thermal
casting deformation with enough accuracy to adjust
for the fraction of a mm that the correction should
be. However, simulations and casting analysis can
provide some answers, and the final detailing of the
pattern compensation may very well be achieved by
an iterative process where the test castings are made
at the foundry, measured with a 3D optical scanner
or a CMM, and these measurements subsequently
are used to correct the shape of the pattern.

In terms of casting and solidification research, it
would be of interest to pursue the origin of these
thermal deformations further, to eventually be able
to make better predictions, models, and numerical
simulations.
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16.4 Feeding Forces

It is also proposed that focus is given to obtaining
a better understanding of the non-gravitational

feeding forces. This dissertation has shown the
complexity of the feeding forces, even for a simple
casting geometry with a single feeder. To truly
benefit from the possibilities of using these forces to
aid the feeding of the casting in an optimal way it
is necessary to achieve two things: (1) to measure
quantify the magnitude and timing of the different
forces, and (2) to model the phenomena so that
it can be applied to numerical simulations. The
complexity and multitude of factors require the
application of process optimisation tools to be used
to identify the optimal solution. The findings of
the dissertation have shown that this is not just a
question of choosing a large enough feeder.

16.4.1 Pouring Temperature

A more practical application of some of the findings
may be to control the pouring temperature to en-
sure the optimal thermal gradient in the casting at
the end of filling. These findings have shown that
even small changes to the thermal gradients may
influence the direction of solidification for the entire
solidification process.

One approach could be to have two sources of
melt, held at different temperatures. The initial
melt is poured from the hottest source to avoid
cold runs and to have the hottest melt be cooled by
the mould. As pouring continues the melt source
is shifted to the colder source, which in turn will
fill the final part of the mould. In principle, this
should achieve some of the same advantages as the
Cosworth process benefits from [25].

As it may be expensive and difficult to install
two separate sources of melt, which can be kept
at different temperatures, a similar effect can pos-
sibly also be achieved with a single pouring station.
Basically, the idea is to divide the melt flow as it
leaves the basin. One flow is insulated to retain
the heat, and other is allowed to cool as much as
necessary. Hence, by the time the two streams of
melt are poured into the mould, they may very well
have the required temperature difference to ensure
the thermal gradient in the casting that was needed.

16.4.2 Active Cooling

Another similar approach to improve the thermal

gradients of the castings, with respect to improving
the feeding yield, could be to actively cool the mould
and thus also the castings as they are transported
along the cooling line by the Automatic Mould Con-
veyor (AMC) [17]. The cooling should be initiated
immediately after the filling of the mould, as the
cooling effect must affect the melt temperature be-
fore the solidification of the casting progresses too
far.

The cooling effect is limited by the insulating
effect of the sand mould, which also causes latency
to the system because of the time required to trans-
fer the heat through the mould. Additionally, the
system would require being designed in a manner
that itself do not require a large amount of energy
or upkeep to ensure a great enough cooling power
to have a useful effect.

The extracted heat can, for some foundries be
deployed to the local heating system, or it could
potentially be used to internally for heating or to
preheat the metal scraps before melting, to reduce
the required energy for melting. Another advantage
would be the reduced cooling time of the castings.
This could either be used to increase the cycle time
resulting in an increased production capacity be-
cause the castings reach the safe shake-out temper-
ature faster, or it could be used to reduce the length
of cooling line which would free out additional space
in the foundry production floor.

An active cooling system provides an additional
process parameter to use for optimising the per-
formance of the foundry, but also for optimising the
casting layout of the castings and to influence the
microstructure formation of the casting during solid-
ification and cooling. The latter though is strongly
dependent on the cooling power that can be applied
to the system. However, a similar process, Future
Process for Casting (FPC), has been developed and
is today in use at Volvo AB’s foundry in Skövde, as
described by Diószegi [153].

A fast cooling of cast iron, assuming it is not rapid
enough to reach the meta-stable phase diagram and
solidify as white cast iron, will increase the pearlite
content. However, many castings and alloys today
are made to be close to fully ferritic to ensure a high
elongation. This material requirement, however,
may also be possible with an active cooling system,
if the system is constructed to take advantage of
this. Most cooling systems based on the flow of a
liquid to transport the heat away has the advantage
that they can be reversed. Hence, if the system is
constructed in sections, and the different sections
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can be coupled, the heat can be moved from one
part of the mould to another, or from one end of
the cooling line to another, or even from one cooling
line to another. The latter could potentially be used
if pearlitic castings were produced on one line, while
fully ferritic castings were produced on another line,
hence the transfer of heat from the pearlitic to the
ferritic line would benefit the microstructure of both
castings.

Finally, with a better understanding of the
thermal deformations caused by the eutectoid phase
transformations, this technology may also be used to
reduce the deformation of the castings by changing
the cooling rate during the phase transformation.

16.5 Casting Production Statistics

Awider approach to casting production improve-
ments in the foundries, as well as a solid base

for casting research, can be achieved by improved
traceability of the castings if this traceability is
subsequently linked to all the recorded process con-
ditions. The problem has three stages: (1) to se-
quentially mark the casting, (2) to record and store
all the relevant process data, and (3) to statistically
find the influence of the significant process variables,
including identifying which variables are most vital.

A method for sequential part marking of casting
on vertically parted moulding lines was proposed
by Vedel-Smith and Lenau [154], and at least one
foundry do use part marking for all their casting
[155].

To decide which process parameters to record,
where to record them, and how often to record
them, can in itself be difficult. However, many
factors influence to a greater or lesser degree the
properties of the final casting. However, if the
significant process parameter is recorded, these can
provide a unique opportunity to improve process
stability and casting quality.

Correlation of effect is the key to finding the
hidden causes for casting defects. This may re-
quire a long time of continued data recording to
establish a database with sufficient data to find the
underlying causal effects for different casting defects.
In foundries with many active patterns, this may
take even longer. However, building a database
of traceable data may be an invaluable source for
the foundry to discover process variations and to
determine the acceptable process parameters.

The direct outcome of this would hopefully be
an increased yield and a significant reduction in
scrap percentage. Another aspect would be the aid
such a statistical database could provide in terms
of process optimisation and during the development
of new castings.

16.5.1 Casting Research

With respect to casting research, the access to re-
latively complete and traceable process data can
possibly provide a whole new pillar for foundry and
casting research. The possibilities can potentially
change the pace of improvement and discoveries
simply because of the availability of complete pro-
cess data on a large scale. This availability of ‘big
data’, in turn, may be a solid foundation for the
development of numerical simulation models, which
again will improve the foundry engineers work con-
ditions.
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Color Etching 
 
USE PROTECTIVE CLOTHING, EYE PROTECTORS AND GLOVES 
PICRIC ACID IS UNHEALTHY AND MUST HANDLED CAREFULLY   
  
Preparation of etching solution  
It is suitable to prepare an amount 5 times the recipe.  
Store the solution in a bottle marked with your name and the date. 
The solution is prepared in a big beaker (e.g. the coffee pot)   
  
Recipe 
10 g Sodium hydroxide (NaOH)  
40 g Potassium hydroxide (KOH) 
10 g Picric acid 
50 ml Distilled water 
 
At preparation: 
Use protective clothing, eye protectors and gloves 

• Pour the distilled water into the beaker 
• Weigh the chemicals 

o Put a beaker on the weighing machine 
o Never pour the chemicals back into their containers. It is better to use 

smaller amounts during the weighing   
o Do not use the same spoon for different chemicals (unless it is washed 

in between)   
o Never use unwashed tools 

• Do not pour all the chemicals into the water at the same time, only small 
amounts. Because of heat evolution – stir thoroughly all the time. 

o Stir until the chemicals are dissolved – this may take some time 
o Start with NaOH 
o Then KOH 
o Picric acid is last 

 
Etching procedure 
The sample must be cut, ground,  polished and possibly also mounted before etching  
Cover the working area with paper towels all the way from the hot plate to the water 
tap – reduces problems with dripping 

• Pour the etching solution into the beaker 
o When re-using previously heated solution: Use one bottle for already 

heated solution and another for newly mixed solution. Mix the old 
solution with the new one and then after 2-3 times through it away. 
Remaining or old solution is poured into the container used for that 
purpose. Sometimes it is appropriate to add more distilled water into 
the solution, especially if the solution has been boiling.   

• Heat the solution to 109°C 
o Place the thermocouple almost on the bottom of the beaker 

• During etching – hold the sample upside down with the sample surface at the 
same level as the thermocouple  – hold it with a tong or the magnetic device, 
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avoid contact with the bottom of the beaker (may introduce scratches on the 
sample) 

o Keep the sample in the solution for approximately 2 minutes the first 
time  

 
• After etching – rinse in water as quickly as possible – then use ethanol 

o Examine the result in the microscope 
o These steps should be done as quick as possible to avoid that the 

sample loses to much heat before eventually further etching.   
• If etched too long and too much – re-polish and etch ones again   

 
There are no general rule for how long time it takes before etching is complete. It 
depends on factors such as sample size, whether being mounted or not, and how stable 
the temperature is. It is therefore a good way to etch for short times, investigate the 
result and if necessary continue the etching procedure, or stop if the result is good 
enough. Skill comes with experience and after practicing, one gets a feeling for how 
long times should be used. The pictures below shows how the sample can look like 
when the etching is enough.   
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PICRIC ACID is toxic at inhalation, 
skin contact and consuming and 

explosive at stroke, friction, fire or 
another cause of ignition. 

 
Use it very carefully and wash the 
spoon or other equipments when 
being in contact with picric acid. 

 
Never let it be dry! 
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ABSTRACT 
 
In vertically parted molds it is traditionally difficult to 

feed heavy sections that cannot be reached by traditional 

side/top feeders or other conventional methods.  This 

project aims at quantifying the effects of using molded-in 

ram-up spot feeders as a means of feeding isolated 

sections in castings made in vertically parted molds and it 

gives directions towards the effectiveness of this 

technology. 

 

The casting examined is a disc-shaped casting with an 

inner boss and an outer ring, separated by a thin walled 

section.  Thus, both boss and ring are prone to porosities. 

 

The experimental work analyzes the effect of different 

exothermic and insulating spot feeders and their 

interaction with traditional parting line feeders, with 

respect to porosities and surface shrinkage.  Experiments 

were performed using EN-GJS-500-7 and  

EN-GJS-450-10 alloys. 

 

The experiment shows that the geometry cannot be cast 

successfully without the use of both a top and a spot 

feeder.  Leaving out one or both feeders, results in 

porosities and surface shrinkage.  For EN-GJS-500-7, any 

combination, with both feeders present, produced sound 

castings.  For the more demanding EN-GJS-450-10 the 

exothermic spot feeder produced sound castings.  All 

other combinations displayed some degree of porosities. 

 

Keywords:  Spot feeding, porosities, surface shrinkage, 

ductile iron, sleeves, ram-up sleeves, vertically parted 

molds, porosity 

 

INTRODUCTION 
 
As the price of energy is rising, and will continue to rise 

in coming years, melt reduction has become a significant 

parameter with which to improve a foundry’s business.  It 

has been shown that great savings in raw materials energy 

and money can be achieved by optimizing feeding 

methods
1
.  Proper feeding of the castings gives an 

improved yield, which in return saves energy for melting, 

and thus money. 

 

While there still may be room for further optimization of 

traditional feeders, the larger gains are achieved by new 

approaches to the feeding challenge.  New opportunities 

present themselves to the designer of the cast layout, 

enabling otherwise difficult castings to be produced with 

a profit. 

 

Spot feeders, on vertically parted molds, enable feeding of 

areas located away from the parting line of the mold, 

much like the feeder placement known from horizontally 

parted molds.  The spot feeders are sleeves of insulating 

or exothermic material or a combination material.  They 

provide melt and heat for the chosen area, thus changing 

the overall thermal gradients of the casting and the local 

direction of solidification. 

 

This paper is the result of an ongoing project, involving 

several companies, working towards characterizing, 

quantifying and understanding the effect of various feeder 

applications. 

 

RAM-UP SLEEVES 
The spot feeder is molded into the sand mold using the 

ram-up sleeve system.  The sleeve is made of exothermic, 

insulating or a combined exothermic-insulating material.  

Traditionally sleeves are inserted into the molded sand on 

vertically parted molds.  The ram-up sleeves, though, are 

mounted onto a specially designed pin which holds the 

sleeve in place while the mold is compacted.  The pin is 

placed on the pattern at the location where the feeder is to 

be located (Fig. 1). 

 

The ram-up sleeves have a collapsible steel neck, which 

enable them to collapse and compact the sand around the 

feeder neck while protecting the sleeve itself during the 

molding operation. 

 

The solution with the ram-up pin enables the feeder to be 

placed away from the parting line, making it possible to  
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Fig. 1.  These are photos of A) pattern plate with 
gating system (green), top feeder geometry (red), the 
casting geometry and pin with Ram-Up Sleeve (at the 
center) and B) molded in Ram-Up Sleeve spot feeder 
(center), 10 PPI foam filter and top feeder sleeve. 

 

apply spot feeders on vertically parted molds.  The only 

major restriction is that the ram-up pin and sleeve must be 

aligned with the direction of mold compression. 

 

EXPERIMENTAL SETUP 
 
THE CASTING GEOMETRY 
The test geometry used for this experiment consists of a 

disc with an inner boss and an outer ring, separated by a 

thin plate like section.  The geometry is designed to 

display casting problems similar to those found on  

disc-brakes, fly-wheels and other castings with higher 

modulus sections, isolated from feeding by in between 

low modulus sections (Fig. 2).  The casting’s design 

dimensions can be found in Table 1 alongside the 

calculated modulus and feed modulus for the different 

sections of the casting. 

 

                                                              Equation 1 

 

where Mc is the modulus of the casting section in question 

calculated as volume divided by cooling area
2
. 

 
Table 1.  Casting Geometry Dimensions and Modulus 

(mm) (Section Overview Found in Fig. 3) 

 

 III IV V VI VII 
Height 25 55 50 55 25 
Thickness 20 10 30 10 20 

Modulus 6 5 9 5 6 
Feed Modulus 7 6 11 6 7 

 
Fig. 2.  This is a feeding modulus for casting 
geometry.  The out ring and inner boss show higher 
modulus than the section in between. The highest 
modulus is found in the feeders with the center feeder 
as the greater. 

The downsprue, runner and gating design are all of 

conventional design.  A foam filter (10 pores per inch 

[PPI]) was placed at the bottom of the downsprue to 

reduce turbulence and capture inclusions in the melt 

 (Fig. 1). 

The poured weight is approx. 8 kg (18 lb) and the casting 

itself weighs 4 kg (9 lb). 

  

A

B
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ALLOYS 
Two different cast irons were used in the experiment.  

The first alloy was a traditional EN-GJS-500-7
3
 (α), 

which is a commonly used cast iron with little shrinkage.  

The other alloy was an EN-GJS-450-10
3
 (β) with high 

silicon content, displaying close to fully ferritic structure 

with better elongation and machinability.  The alloys 

chemical compositions are shown in Table 2. 
 

Table 2.  Alloy Compositions [wt%] 

 
 C Si Mn P S Mg Cu 

EN-GJS- 
500-7 (α) 

3.67 2.73 0.50 0.015 0.005 0.049 0.025 

EN-GJS- 
450-10 (β) 

3.35 3.48 0.34 0.017 0.003 0.046 0.010 

 

The lower carbon content makes the alloy more prone to 

shrinkage and porosity defects. 

 

Both alloys are near eutectic and are, as such, expected to 

solidify in a similar manner.  Thus, the main difference 

between the alloys can be contributed to the higher C 

content and thus greater graphite expansion of the  

EN-GJS-500-7 alloy. 

 

FEEDER SLEEVES 
The experiment made it possible to vary the thermal (or 

true) modulus (Mt) without changing the geometric 

modulus (Mg). 

   
 

 
          Equation 2 

Thus, the results are free from changes in hydrostatic 

pressure caused by a larger liquid volume, but retain the 

effects related to solidification time. 

The sleeve material provides a Modulus Extension 

Factor
2
 (MEF) which is material specific.  The MEF is an 

addition to the geometric modulus.  The MEF is 

determined by the material properties and the geometry—

i.e. thickness—of the sleeve walls. 

All feeders have the same geometric modulus.  Thus, they 

cannot be meaningfully compared based on this figure 

alone.  Instead the different feeder sleeves are compared 

using the thermal modulus
2
. 

                                                           Equation 3 

Feeder Placement 
The casting is designed with two feeders—1) a top feeder 

placed on top of the outer ring at the mold parting line, 

and 2) a center feeder placed away from the parting line 

using a Ram-Up Sleeve.  The top feeders used here were 

made from either insulating (Mt 9 mm [.035 in.]) or 

exothermic and insulating (Mt 10 mm [0.39 in.]) material.  

The center feeder sleeves were made from exothermic (Mt 

12 mm [0.47 in.]); insulating (Mt 11 mm [0.43 in.]) or a 

mixture of exothermic/insulating (Mt 11 mm [.043 in.]) 

materials. 

Feeder Combinations 
The trials were comprised of 18 combinations of feeders 

and cast-alloys.  However, this paper only presents data 

from 8 of those trials.  The 8 triplicate casting groups are 

systematically numbered from α1-5 for the  

EN-GJS-500-7 alloy, and β1-3 for the EN-GJS-450-10 

alloy.  Each triplicate copy is denoted A, B or C.  

The feeder combinations examined are show in Table 3.  

The combinations are designed to give insight into the 

effect of the different feeder types, as well as the absence 

of the one or both feeders.  Castings α1-5 were cast with 

EN-GJS-500-7 alloy, whereas β1-3 were cast with the 

EN-GJS-450-10 alloy. 

 
 

Table 3.  Feeder Combinations 

 

 α1 α2 α3 α4 α5 β1 β2 β3 

Top E/I Ins E/I - - E/I Ins E/I 

Center Exo Ins - E/I - Exo Ins - 
Exo stands for exothermic,  

Ins stands for insulating and 

E/I stands for exothermic-insulating 

 
CASTING CONDITIONS 
The trials were made under production conditions at 

Vald.Birn Iron Foundry A/S in Holstebro, Denmark.  The 

experimental castings were cast using a vertical molding 

line—DISAMATIC 2013.  The castings were made 

during two separate trials in June 2011 and January 2012. 

Both experiments used the same vertical molding line 

with identical machine settings for each trial.  All molds 

were green sand molds.  

 

All castings were made using a heated pouring station, 

keeping the melt temperature constant between the first 

and the last poured casting.  The castings were cast in 

three sequences; 1
st
 and 2

nd
 in June 2011 with the  

EN-GJS-500-7 alloy.  First sequence was cast at 

1,401±5C (2,554±10F).  Second sequence was cast within 

an hour of the first sequence, and was cast at 1,408±5C 

(2,566±10F).  The 3
rd

 and final sequence was cast in 

January 2012 with the EN-GJS-450-10 alloy at 1,392±5C 

(2,538±10F).  The chemical composition shown in Table 

2 was determined with optical emission spectroscopy.  

The pouring times for all castings were approx. 3.5 s. 

 

The castings were separated from the production at the 

shake-out station to preserve the gating systems intact. 

Afterwards the castings were shot blast. 

 

LIQUID PENETRANT TEST 
All castings were sectioned through the vertical centerline 

to allow for thorough examination for macro and micro 

porosities as close to the center as possible. A 5 to 10 mm 

(0.2 to 0.4 in.) thick slice was cut from each casting, and 
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the center surface of the slice was then ground to achieve 

a smooth surface (Fig. 3).  The slices were then etched 

with oxalic acid dihydrate—approx. 25 g (.06 lb) and  

500 ml (17 oz) water per casting—at room temperature 

for 24 h.  The etching was done to remove material that 

the grinding might have smeared over the surface, 

potentially blocking porosities, thus obscuring the results. 

 

 

 

Fig. 3.  Left—The nine non-overlapping areas examined for porosities are shown on casting α1A before the liquid 
penetrant test.  Right—These are the results of liquid penetrant test for casting β2C.  Area III is classified with a SP1 
defect and area IX is classified with a CP3 defect.

 
 

I

III

IV

II

V

VI

VII

VIIIIX

α1A β2C
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The etched castings were rinsed carefully, then spayed 

with dye penetrant, allowed to rest for 5-10 min., rinsed 

again and finally sprayed with the liquid penetrant 

developer.  All castings were photo-documented within 

20 min. of the liquid penetrant development.  The liquid 

penetrant tests were performed according to European 

Standard EN 1371-1:2011.  The visual evaluation and 

classification of the porosities also conferred with the 

descriptions in the standard. 

The casting slices were each divided into nine non-

overlapping areas, as seen in Fig. 3.  Each area was 

evaluated for size and type of porosities.  Also the feeders 

and feeder necks were evaluated.  Porosities are expected 

in the feeders and do not influence the quality of the 

casting.  Likewise, porosities in the feeder neck do not 

influence the casting quality, but porosities here indicate 

that the feeder is close to the limit of its abilities.  

Thought should then be given to the possibility of 

choosing a feeder with a higher modulus. 

 
SURFACE DEFORMATION MEASUREMENTS 
Insufficient feeding can cause not only porosities, but also 

surface shrinkage.  To be able to evaluate the different 

feeder combinations influence on surface shrinkage and 

geometric stability, the plane surface of all castings were 

measured using a Coordinate Measuring Machine 

(CMM).  The CMM maps the back surface of the castings 

with a probe, using a pre-programmed measuring layout.  

A probe with a head diameter of 3 mm (0.19 in.) was used 

to ensure a suitable mechanical filter against the 

roughness of the surface itself.  The program ensures 

identical and comparable measurements between all 

castings.  The 3D-coordinate map is then used to evaluate 

the flatness of the casting.  The flatness value (fV) is given 

as a simple measure of the largest difference in height 

measured across the surface.  A perfectly flat surface is 

equivalent to an fV of 0.00 mm. 

 

The fV in itself gives no definite proof of surface 

shrinkage.  Castings can, for various reasons, warp as part 

of solidification and cooling.  However, surface shrinkage 

will normally exist as a local depression of the surface. 

 

NUMERICAL SIMULATION 
All feeder combinations have been simulated and 

examined using a commercial numerical simulation 

software—MAGMASOFT 5.2.  The simulation setups 

were configured to mirror the conditions present during 

the three casting sequences, as best as possible. 

The simulations were used to evaluate the amount and 

location of the porosities and provide the opportunity to 

see where porosities have a higher probability of forming.  

Also, porosities located away from the centerline can be 

identified.  Moreover, it is possible to see how porosities 

develop during solidification, as well as disappear again 

due to graphite expansion when the casting cools.  This is 

done by analyzing the porosities during solidification in 

addition to the fully solidified casting. 

 

RESULTS 
 

The castings were evaluated according to several 

parameters—porosities, porosity location and surface 

deformation—to properly identify if they would qualify 

as sound or unsound.  As it is not the intent of the present 

paper to set standards for evaluating sound castings, the 

defect types are listed for the different areas.  The 

acceptable amount, size and placement of casting defects 

are very dependent on application. 

 
POROSITIES 
Reviewing the nine areas for all eight feeder and alloy 

combinations, all defects were classified as either non-

linear isolated indications (SP) or non-linear clustered 

indications (CP) in accordance to EN 1371-1:2011 (C, D). 

Areas II, IV and VI displayed no defect indication for any 

of the 24 castings.  Area II is the feeder neck of the top 

feeder, and concludes that the top feeder is feeding 

sufficiently for all castings.  Areas IV and VI are the thin 

walled sections in between the boss and the outer ring.  

For casting β3C, an SP1 defect was identified for area 

VII—the bottom ring.  For all other of the 24 castings 

area VII was defect free.  Therefore, with focus on the 

areas III, V and VIII, it is possible to analyze the different 

feeders’ ability to sufficiently feed the casting. 

 
Reference Castings 
In order to quantify the effect of the different feeders, 

reference castings without the feeders were needed.  

Casting groups α3 and β3 were cast without the center 

feeder.  Casting group α4 was cast without the top feeder, 

and casting group α5 was cast without either of the 

feeders.   

 

Casting group α3 displays SP1 or CP1 defects in area V.  

Casting group α4 displays SP1 defects in area III.  

Castings α5A and C display SP1 and CP1 defects in area 

III and V, while casting α5B displays a SP1 defect in area 

III.  None of the reference castings are without defects.  

These nine castings are all cast as EN-GJS-500-7 iron. 

 

Casting group β3 is without center feeder—like casting 

group α3—but as EN-GJS-450-10 iron.  All three castings 

have defects classified as SP1, CP2 or CP3 in areas III 

and V.  Again all reference castings contain defects. 
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Fig. 4.  The photo shows the flatness of castings α4A and β1A.  The halved castings are viewed from the top and the 
side.  All four representations adhere to the same scale. 0.00 is the mean value and the color scale covers ± 0.50 mm. 
(Note:  the warp-effect for both castings are large enough to obscure the effect of surface shrinkage.)

α4

α4

β1

β1
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EN-GJS-500-7 Castings 
Casting groups α1 and α2 are cast as EN-GJS-500-7 iron 

with a fairly high graphite precipitation. For the three 

areas in focus, for all six castings, only the feeder neck—

area VIII—for casting α2B displayed an SP1 defect. 

EN-GJS-450-10 Castings 
Casting groups β1, and β2 were equipped with the same 

feeders as casting groups α1 and α2 respectively, but cast 

with a different alloy. For the three areas in focus casting 

group α1 displays no defects. Casting β2A displays an 

SP1 defect in area VIII. Casting β2B displays an SP2 

defect in area V and an SP1 defect in area VIII. Finally, 

casting β2C displays an SP1 defect in area III. 

 

The results of the liquid penetrant test are summarized in 

Table 4. 

 
SURFACE DEFORMATION 
Of the 24 castings, 20 have a flatness value between 0.33 

and 0.53 mm (0.01 and 0.02 in.) with a maximum 

difference between castings α1B and α2B of 0.2 mm 

(0.008 in.).  Casting group α5 has a far greater fV ranging 

from 0.82 to 0.97 mm (0.03 to 0.04 in.).  Casting groups 

α3 and α4 have comparable flatness values even though 

they lack either the top or the center feeder.  The absence 

of both feeders about doubles the height difference 

measured across the surface, compared to all the other 

castings (Fig. 5). 

As shown in Fig. 5, there is some difference in flatness 

related to the combination of feeders used.  The 

exothermic feeders of casting group α1 have an fV approx. 

25% larger than the purely insulating feeders used for 

casting group α2.  The same effect is not seen for the  

EN-GJS-450-10 alloy where fV varies between 0.39 and 

0.41 mm (0.015 and 0.016 in.). 

The flatness value, though, cannot directly be linked to 

surface shrinkage.  The variation in height difference 

across the back surface of the casting can also be related 

to a warping caused by thermal stresses that occur during 

cooling (Fig. 4).  All castings show warping.  It is 

impossible from the data at hand to conclude how large a 

part of the surface un-flatness that is shrinkage related.  In 

some castings—like α4A—a low area is located close to 

the boss, while others—like β1A—show a low area 

covering the larger part of the middle section of the 

casting.  

 
Fig. 5.  This graph indicates the Flatness Value (fV) as 
an average for each casting group, with 95% 
confidence T interval marked by the error bars. 

Another feature observed for all castings are ripples that 

radiate from the center boss towards the outer ring.  The 

ripples are differences in height, and the height 

differences between ripple peak and valley are in most 

cases less than 0.1 mm (0.004 in.).  Nevertheless, the 

ripples are present for all castings and do vary slightly 

with respect to amplitude and wavelength. 

 
SIMULATIONS 
Porosity Analysis 
Analyses of the porosity formation during solidification 

show that the main difference between the two alloys is 

indeed the better recuperation of the EN-GJS-500-7 alloy.  

This was expected as the EN-GJS-500-7 has a higher C 

content, and thus a greater graphite expansion, compared 

to the EN-GJS-450-10. 

 

The simulations show a few areas with possibility for 

minor porosities.  The feeders with exothermic sleeves 

show areas with intensive porosity formation, indicated 

by the red and yellow colors in Fig. 6, α1.  The feeders 

with insulating sleeves display areas with potential 

porosity formation, but on a different level than the 

feeders with exothermic sleeves, indicated by blue in  

Fig. 6, α2. 

The changes in alloy also resulted in change to the size 

and location of the porosities.  The EN-GJS-450-10 

showed increased tendency for porosities compared to the 

EN-GJS-500-7, using the same graphite expansion factor.  

The EN-GJS-500-7 is simulated with a graphite 

precipitation factor of 8.  Simulating several different 

graphite precipitation factors with the EN-GJS-450-10 

and comparing these to the results of the liquid penetrant 

test, the best matching graphite expansion factor is 

between 6 and 7 (Fig. 6, β1 and β2. 
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Fig. 6.  These are porosity simulations for casting groups α1, α2, β1 and β2.  The 3D model is sectioned through the 
vertical centerline, exactly as the real castings were.  The simulations of α1 and α2 apply a graphite precipitation 
factor of 8, and the simulations of β1 and β2 apply a factor of 6. 

 

Examining the thermal gradients produced by the 

different types of feeder sleeves, it is clear that the 

exothermic and exothermic-insulating sleeves have a 

significantly higher modulus than the insulating sleeves 

(Fig. 7). 

 
Fig. 7.  The simulation of thermal gradients at the 
center cross-section of the casting includes feeder 
sleeves.  By comparing exothermic and exothermic-
insulating sleeves on β1 (left) with insulating sleeves 
on β2 (right), both simulations show at 85% solidified. 

 

 
DISCUSSION 
 
POROSITIES 
EN-GJS-500-7 
The casting porosity analysis shows almost no defects for 

casting groups α1, α2 and β1.  The one defect identified in 

these nine castings is found in α2B area VIII and 

classified SP1.  It is a very small non-linear porosity in 

the feeder neck of the center feeder.  Thus, all nine 

castings are sound for all categories according to the  

EN 1371-1:2011. 

Compared to the casting groups α3, α4 and α5, which 

were cast with the same alloy as above, but cast without 

one or both feeders, all of these nine castings display SP1 

or CP1 defects in one or more areas.  Casting group α3 

directly shows the effect of not using a spot feeder.  The 

α3A and B display SP1 defects at area V, while α3C 

displays a CP1 defect in the same area.  As the design of 

the casting was made to provoke these types of defects, 

this is not surprising, but it proves that both the 

exothermic and the insulating spot feeders provide the 

conditions needed to produce defect free castings.  The 

spot feeders supply melt, heat and pressure sufficient for 

the boss to be porosity free.  

Casting group α4—center feeder and no top feeder—

displays no defects in area V, but SP1 defects in area III.  

This corresponds with the intension of the casting design.  

Likewise, casting group α5 displays SP1 or CP1 defects 

in area III and V, respectively.  The only exception is 

α5B, area V, which is defect free. 

α1 GP8 α2 GP8 β1 GP6 β2 GP6

β1 GP6 β2 GP6
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Table 4.  Summation of Results Comparing Feeder Sleeve Material (and Modulus) with Type and Size of Both Alloys 
(Exo = exothermic; Ins = insulating and E/I = exothermic-insulating) 

 

 
 
EN-GJS-450-10 
The more shrinkage prone, high silicon alloy 

EN-GJS-450-10 displays more severe porosities than the 

EN-GJS-500-7.  Only casting group β1 is defect free.  

Casting group β1 applies an exothermic/insulating top 

feeder sleeve and an exothermic center feeder sleeve.  

Casting group β2 displays defects, though to a varying 

degree.  Casting β2A displays an SP1 defect in area 

VIII—the center feeder, feeder neck—and the casting 

itself is thus without defects.  This defect is similar to the 

same area of casting α2B, which is cast with the exact 

same feeder configuration.  The difference is that while 

α2B displayed the only defect of the whole casting group, 

β2A is the only casting of the group that is not flawed 

with defects inside the critical areas.  Thus, the  

EN-GJS-450-10 has shown that there is a functional 

difference between the insulating and exothermic feeders, 

where the extended Mt of the exothermic feeder sleeve 

made all the difference. 

Finally, as a reference to casting group α3, casting group 

β3 tests the effect of an absent center feeder with the  

EN-GJS-450-10 alloy.  As with casting group α3, the 

affected area is area V.  The severity of the defects is just 

greater than with the EN-GJS-500-7 alloy. 

Potential Process Errors 
 

Porosities may as well be located 5 mm (0.2 in.) away 

from the centerline of the casting, as it may be exactly 

where the cut was made.  Therefore, it is certain that the 

porosities that are found are there, whereas other 

porosities may be located just below the surface escaping 

detection. 

 

The test has been conducted with ground and etched 

castings to minimize the effects of machining on the 

castings.  It is unlikely that any significant defects were 

obscured from the liquid penetrant test by this. 

 

Potentially some minor defects may have escaped 

detection due the choice of photo documenting the 

castings, rather than evaluating them in quick succession 

of the penetrant development.  Direct evaluation of the 

castings would have allowed use of a 3x magnification 

during examination in accordance with EN 1371-1:2011.  

Even though it cannot be ruled out completely that more 

defects may have been found, all of these would have 

been microscopic and probably well outside the detection 

capabilities of both x-ray and ultrasound.  On the other 

hand the digitalization of the liquid penetrant tests 

allowed for different digital filters to be used for 

processing the images, enhancing different features of the 

images and therefore ensuring that all parts of the images 

were given the optimum display conditions.  Moreover, 

A B C A B C A B C A B C A B C A B C A B C A B C

III SP1 SP1 SP1 SP1 SP1 SP1 SP1

V CP1 CP1 SP1 CP1 CP1 SP2 CP2 SP1 CP3

VIII SP1 SP1 SP1

N/A
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the digitalization enables continued analysis and allows 

for several people to review and classify the results. 

Finally, the dye on the sides of the casting that was not 

efficiently rinsed away during the rinsing process slowly 

dissipates into the area of interest.  Throughout the 

analysis these false positives have been omitted from the 

results, but it is possible that small porosities that would 

normally have been identified have been obscured by the 

coloring from the edges.  As the porosities are most likely 

to form at the center of a section, away from the edges, it 

is less likely that this phenomenon has influenced the 

results.  Albeit, the sections are small and the edge-

penetrant may very well reach parts of the casting, it can 

be expected to have porosities. 

 
Porosity Simulation 
The analysis of the porosity formation during 

solidification showed that the centerline is the most likely 

place to find porosities for this casting geometry. Though 

porosities can be located off center, the simulation also 

shows that these have a size that is unlikely to show up on 

either x-ray or ultrasound analyses.  Especially the bottom 

part of the outer ring may be prone to these off-center 

porosities.  The simulations show good correspondence 

with the size and location of the porosities found in the 

liquid penetrant test. 

 

The analysis of the thermal gradients related to the 

different feeder sleeves show that the exothermic sleeves 

not only retain the temperature of the melt for an extended 

period, it raises the temperature inside the feeder, thereby 

making the thermal gradient steeper than that produced by 

the insulating feeder sleeves. 

 

SURFACE DEFORMATION 
The deformation of the back surface of the casting is 

expected to have two origins:  the shrinkage of the surface 

due to decreasing volume during solidification and 

cooling and the warping of the casting due to thermal 

stresses deforming the casting during solidification and 

cooling. 

 
Reproducibility 
The measurements show great reproducibility between the 

different casting groups as can be seen in Fig. 5.  The 

95% confidence interval is overlapping for casting groups 

α2, α3, β1, β2 and β3.  Casting groups α1 and α4 are 

slightly higher than aforementioned groups, but overlap 

with each other.  The final group—α5—clearly 

differentiates itself from the other groups.  Casting group 

α5 displays clear signs of surface shrinkage at the back 

surface of the boss, which adds additional height 

difference to the already warping surface.  Remember that 

group α5 is the one cast without either of the feeders. 

 
Feeder Interaction 
Comparing the surface shrinkage at the boss for casting 

group α5 with the other groups, casting groups α3 and β3 

show interesting results.  Neither group α3 nor group β3 

displays any great surface shrinkage near the boss.  This 

is interesting because these two groups, like casting group 

α5, were cast without the center feeder.  However, the 

presence of the top feeder seems to be sufficient to avoid 

gross surface shrinkage at the center boss, despite the 

thermal division caused by the thin walled low modulus 

section separating the two.  Instead the top feeder 

manages to influence the solidification at the center boss.  

The influence can come from change to the thermal 

gradients of the casting or by increased ferrostatic 

pressure.  The authors expect the ferrostatic pressure as 

the prime influence, albeit, more tests are required to 

conclude as to which amount the effect can be 

contributed—change to thermal gradients or ferrostatic 

pressure. 

It must be noted, though, that the feeding is still not 

sufficient to a degree that the center feeder can be 

avoided.  Group α3 displays larger and more severe 

internal porosities at the boss, thus the reduced surface 

shrinkage does not ensure a sound casting. 

 
Ripples 
The surface flatness measurements showed a ripple-like 

effect radiating as circular waves from the boss at the 

center outward towards the outer ring.  All 50 casting 

parts of the experiment display this feature. 

 

As many of the ripple peaks and valleys consist of 

multiple measurement points, it is highly unlikely that the 

measurements are coincidental.  Moreover, the ripples 

seem to have fairly the same wavelength depending on 

feeder combination.  Some groups like α1, α2 and α3 

display shorter wavelengths, while group α4 displays 

longer ripple wavelengths. 

While the ripples appear to be consistent and linked, the 

graded color scale used to illustrate the surface flatness 

also obscure the accuracy of the ripple.  The stepwise 

colors make it impossible to determine the exact height of 

a given point.  Therefore, two points with the same green 

color may have a height difference of as much as  

0.125 mm [0.005 in.], while at the same time two other 

points—having different colors—may be as little as  

0.001 mm [0.00004 in.]apart. 

 

New, more detailed measurements, must be made before 

conclusions can be drawn, though present results suggest 

a clear interdependency between modulus and 

deformation.  It seems likely that the ripples are a result of 

the inner boss, outer ring construction.  Determining how 

different geometries behave during these sinusoidal 

contractions may help improve dimension stability and a 

give better understanding of how feeder potentially can 

help change or avoid these features. 
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CONCLUSION 
 

The experimental castings were made with great 

reproducibility and show that the ram-up spot feeders 

provide sufficient feeding to successfully cast a casting 

that is otherwise deemed unsound. 

 

The casting geometry was cast without the center feeder 

as a reference.  This showed porosities at the center boss 

for all three castings of each alloy.  For the EN-GJS-500-

7 alloy with a standard ductile iron graphite precipitation, 

any combination of two feeders proved to produce sound, 

defect free castings.  With the more shrinkage prone  

EN-GJS-450-10 alloy, only the feeder combination with 

the high Mt exothermic and exothermic/insulating feeders 

proved sufficient.  The combination with solely insulating 

sleeves produced only one of the three castings that 

displayed no defects in the critical areas. 

 

It was found that the top feeder did influence the 

solidification in the boss area, even though the boss was 

isolated from the top feeder by the thin walled section in 

between.  Moreover it was also found that the feeder 

modulus affected the flatness value of the casting’s back 

surface and that the deviation with each casting group was 

insignificant compared to the overall warp of the casting. 
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Abstract

Feeding and microstructure of a test casting rigged with different feeder combinations
was studied. Castings were examined and classified by soundness and microstructure.
Subsequently the casting macro- and microstructure was analyzed to study how differ-
ences in solidification and segregation influence the soundness of different sections of the
castings. Moreover, the microstructural changes due to variations in thermal gradients
are classified, and the variations in the mushy zone described.

The paper discusses how solidification and segregation influence porosity and microstruc-
ture of ductile iron castings. The goal is to enable metallurgists and foundry engineers to
more directly target mushy zone development to prolong the possibility to feed through
this section. Keeping smaller section open for an extended period will make it possible
to use fewer or smaller feeders, with reduced energy consumption and cheaper products
as a result.

Introduction

Energy for melting is a significant expense and represents approx. one quarter of the pro-
duction cost for cast iron foundries. New applications for ductile iron (DI) increase the
requirements for improved mechanical properties, and some of these alloys show signifi-
cant problems with shrinkage and porosities. Larger modulus feeders and better designs
are required to successfully cast sound castings. The changes in alloy composition also
entail a different behavior of the primary and secondary graphite expansion making it
difficult to feed secluded sections of the casting.

This paper is the result of an ongoing project, involving several companies, working
towards characterizing, quantifying and understanding the effect and functioning of var-
ious feeder applications.

On vertically parted molds it can be difficult to place feeders freely. Traditional feeders
are geometrically restrained to the upper half of the parting line. Spot feeders, on ver-
tically parted molds, enable feeding of secluded sections located away from the parting
line. The spot feeders can be insulation, exothermic or a combination, and provide heat
and melt to a given section.
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Experimental Setup

Casting Geometry

The test geometry used for the experiments consist of a disc with an inner boss and an
outer ring, separated by a thin plate like section. The geometry is designed to display the
same problems as found in disc brakes, flywheels and other castings with combinations
of small and large modulus sections. The casting layout and feeder location is seen in
Fig. 1. For more details please refer to [1].

16
0

10

51
64

20
30

22
0

50

Figure 1: Overview of casting geometry and feeder placement. The dotted lines indicate
the top feeder, and the dashed lines indicate the centre feeder. Measurements are in mm.

All feeders used where sleeved and had the same geometric modulus (Mg), calculated
as Mg = V

S
, where V is the volume of the feeder and S is the cooling surface. By

changing the sleeve material, the thermal (or true) modulus (Mt) was increased without
changing the geometry—thus keeping the ferrostatic pressure constant. The modulus of
the feeders change because of the thermal properties of the chosen sleeve material. This
multiply the size of the geometric modulus with a Modulus Extension Factor (MEF)
specific for each sleeve material. Thus, the true modulus becomes Mt = MEF×Mg.

Alloys and Combinations

Two different alloys for three different feeder combinations were cast in triplicates. The
alloys were a pearlitic-ferritic EN-GJS-500-7 and a fully ferritic EN-GJS-450-10 [2]. Both
alloys were spheroidal graphite irons (SGI), and their chemical composition is shown in
Tab. 1(a). The combination of alloy, sleeve material and feeder modulus can be seen in
Tab. 1(b). The castings are identified by alloy (� or �), feeder combination (1, 2 or 3)
and triplicate copy (A, B or C). E.g. �3A is EN-GJS-450-10 fully ferritic alloy cast with
a combined material feeder sleeve for the top feeder, and no center feeder.
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3 2 1

I III IV V VI VII IX
w ø32 20 10 30 10 20 ø40
h 40 30 55 50 55 30 60
MC 7 6 5 9 5 6 8

Table A: Dimension and Mg in mm

Figure 2: Overview of sectioned casting ( 2A). Etched with 1% Nital for 600 s. The
casting is divided into 9 non-overlapping areas (Roman numerals) for quantification and
analysis of porosities. 6 sections (Arabic numerals) of 10 x 10 mm were cut and color
etched. The inserted table (Table A) shows the dimensions and geometric modulus (Mg)
of the different areas. All measurements are in mm.

Table 1: Alloy compositions and feeder combinations used.

(a) Alloy compositions in wt%. α is the
EN-GJS-500-7 pearlitic-ferritic alloy, and β
is the EN-GJS-450-10 fully ferritic alloy.

CE C Si Mn P S Mg Cu

4.6 3.69 2.75 0.50 0.015 0.005 0.044 0.25
4.5 3.35 3.48 0.34 0.017 0.003 0.046 0.10

(b) Sleeve materials: Exothermic (Exo), insulating (Ins)
or combined (E/I). Parenthesis shows the true modulus
(Mt) in mm.

1 2 3 1 2 3

Top E/I (10) Ins (9) E/I (10) E/I (10) Ins (9) E/I (10)
Center Exo (12) Ins (11) - Exo (12) Ins (11) -

Production

1 and 2 was cast at (1401± 5) ◦C, 3 was cast at (1408± 5) ◦C and the -series was
cast at (1392± 5) ◦C. The poured weight was 8 kg with a pouring time of 3.5 s and a
casting weigh of 4 kg. All castings were made on the same vertical molding line. For
more details please refer to [1].

Methods

Liquid Penetrant Test

The porosities in the sectioned castings were examined using liquid penetrant testing
and classified accordig to the European Standard EN 1370-1:2011 [3]. The analysis of
each casting was divided into 9 areas as seen on Fig. 1, and was evaluated for size and
type of porosities. The process in fully described here [1].

115
319



Deformation Measurements

The deformation of the reverse side of the castings is in this paper described by its
flatness value (fv). In simple terms the fv is the difference between the highest and
lowest point on the surface. The fv was measured using a Ziess OMC 850 mechanical
Coordinate Measuring Machine (CMM) with a resolution of 0.2 μm. The measurements
were made using a 3mm prob which acted as a mechanical filter with respect to the
surface roughness. For more detail see [1].

Etchings

Macro Etching All analyzed discs were sectioned using a cold saw, after which the sec-
tioned piece was ground plane. The newly ground surface was etched for 600 s in a 20 ◦C
1% Nital solution—99mL Ethyl alcohol and 1mL Nitric acid (HNO3). After etching the
sectioned casting was cleaned in ethanol and left to dry in a hot air oven at 110 ◦C for
1800 s. The macro etched castings were analyzed using a magnifying glass—see Fig. 1.

Color Etching The cut out sections (1-6) from castings �1, �2 and �1 was color etched
with a picric acid—50ml Distilled water, 10 g Sodium hydroxide (NaOH), 40 g Potassium
hydroxide (KOH) and 10 g Picric Acid (C6H3N3O7). After mixing the mounted and
polished pieces were etched at 105 ◦C. Most pieces required an etching time around
330 s, but some required more. Each piece was analyzed in an optical microscope after
etching, and then etching again if the etching was not fully developed.

Results

Porosities

For all 18 castings areas II, IV, VI and VII display no sign of porosities in any of the
casting. Area II is the feeder neck of the top feeder, and areas IV and VI are the thin
walled sections between the outer ring and the center boss. Area VII is the ring section
at the bottom of the casting. Areas I and IX are the feeders and are excluded from the
porosity analysis. Thus, the analysis focus on the remaining three areas—III, V and
VIII—and the results are shown in Tab. 2.

All 6 castings that used the exothermic sleeves (�1 and �1) displayed no porosities in the
areas analyzed. Of the three castings with insulating sleeves and the EN-GJS-500-7 alloy,
the �2B showed the smallest category of non-linear isolated porosities (SP1). The same
feeder configuration with the fully ferritic EN-GJS-450-10 alloy showed SP1 porosities
in 2 of 3 feeder necks (VIII), a single more severe SP2 porosity at the boss (V) and a
single SP1 porosity at the upper ring (III). The reference castings without center feeder
all displayed porosity defects at the boss (V).

Casting Flatness

All 18 castings have a flatness value (fv) between 0.33 and 0.50mm. The results are
shown in Tab. 2, displaying each casting configuration as separate bar graphs. The
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Table 2: Feeder types and modules are shown in red, orange and yellow boxes. Soundness
of individual castings is shown in the bottom section. Green means no porosities. SP
indicate non-linear isolated porosities and CP indicate non-linear clustered porosities.
The suffix indicate severity—higher is more severe [3]. The graph show the fv of the
different casting groups.

EN-GJS-500-7 EN-GJS-450-10
1 2 3 1 2 3

Top Feeder: Material E/I Ins E/I E/I Ins E/I
Mt 10 mm 9 mm 10 mm 10 mm 9 mm 10 mm

Center Feeder: Material Exo Ins N/A Exo Ins N/A
Mt 12 mm 11 mm 12 mm 11 mm

A B C A B C A B C A B C A B C A B C

Areas of the III SP1

castings examined V CP1 CP1 SP1 SP2 CP2 SP1 CP3

for porosities VIII SP1 SP1 SP1

α1 α2 α3 β1 β2 β3
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0.448
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0.233

0.449

0.324

0.448

0.350

0.434

0.377

0.457

0.281

bar ends show the highest and lowest value measured. × mark the arithmetic mean of
the population, and — mark the median value. The error bars mark a 95% confidence
interval assuming a Gaussian distribution. Using an outliers factor of 3, no outliers were
found. There was a greater variation in the pearlitic-ferritic -alloy, compared to the fully
ferritic -alloy, but only 1 and 2 can be identified as statistically different. All other
groups have overlapping confidence intervals and cannot be concluded to be different.

Etchings

Macro Etchings The macro etching had little or no effect on the fully ferritic -alloy.
The lack of reaction showed that these castings contained very little or no pearlite. The
analysis of the pearlitic-ferritic -alloy showed evenly distributed pearlite in all areas of
the castings. Dendrite structures were visible to the naked eye in areas I, II, III, V, VIII
and IX. Areas IV, VI and VII do not have visible dendritic structures. All -castings
showed clear signs of directional dendrite growth across areas I, II and III. The dendrites
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in areas V, VIII and IX did not show a clear direction of solidification. �2A after etching
with Nital can be seen in Fig. 1.

Color Etchings Comparing the microstructures of the �- and �-alloys it was seen that
the �-alloy display a greater nodule count. All three castings displayed good nodularity
in all of the etched sections. The thin walled section (3) showed directional solidification
from the edge and towards the center of the section. Dendrites were found in sections
3, 4, 5 and 6 for all three castings. Dendrites were not identified in etchings of section 1
and 2.

(a) α1C section 3, 2.5× mag. (b) α6C section 3, 2.5× mag. (c) β13C section 3, 2.5× mag.

(d) α1C section 6, 2.5× mag. (e) α6C section 6, 2.5× mag. (f) β13C section 6, 2.5× mag.

Figure 3: Color etchings: Si segregation gives a blue tint. Brown areas are low Si regions.

�1C and �1C with the exothermic sleeves contained a large fraction of low Si eutectic
segregation in section 6. �2C with the insulating sleeves, showed a large fraction of low Si
eutectic segregation in sections 3, 4 and 5. Furthermore, sections 4 and 5 for castings �1C
and �1C showed alignment of the graphite nodules according to the dendritic structure,
while the same section for �2C was less orderly and displayed a larger fraction of non-
linearized nodules. For section 6 none of the three castings showed a high degree of
linearized nodules.

Discussion

Porosities and Deformation

First of all the results show that the test casting could not be cast porosity free without
the center feeder. All six castings from �3 and �3 displayed porosities at the boss (V).
The porosity analysis also showed that the �-alloy was more prone to porosities, as also
the �2 configuration displayed porosities in the boss (V), the top ring (III) and on two
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occasions at the feeder neck (VIII) close to the boss. In comparison the �2 castings that
had the same feeder configuration showed only a single porosity defect, namely at the
feeder neck (VIII). Porosities in the feeder neck do not deem the casting itself unsound,
but it indicates that the given feeder is close to the limit of how much it can feed. For
both the �- and the �-alloy the feeder configuration using exothermic sleeves showed no
sign of porosities at the examined areas.

There were no direct correlation between the flatness value fv of the castings and the
porosities. Comparing the two alloys it was shown that the pearlitic-ferritic �-alloy dis-
played a greater variance than the fully ferritic �-alloy. The higher Si content of the
�-alloy increase the austenite to ferrite transformation temperature [4], which result in
an earlier graphite expansion, which again occur at a time where the casting has regained
less strength compared with the low Si �-alloy. The pattern plate was measured to have
a fv of 16.4 μm—approx. 20-30 times smaller than the flatness measured on the castings
and is thus concluded to have no significant influence on the results.

Solidification and Microstructure

The greater nodule count in the �-alloy cannot be contributed to the difference in al-
loying elements. Increased Mn content can increase the nodule count, but the �-alloy
have a lower Mn content than the �-alloy, and should thus have a lower nodule count.
However, the two alloys were cast at different dates and the inoculation procedure may
have changed in between. The castings with the exothermic sleeves (�1C and �1C) both
showed a large fraction of low Si eutectic solidifying in between the nodules at the boss
(6). The insulating sleeves showed the opposite effect, having low Si eutectic at the feeder
neck and in the feeder it self. Before making final conclusions in this matter, further
color etchings should be made. The etchings are very sensitive with respect to etching
time, and the lack of brown areas in section 6 of �6C may be due to under etching.
Assuming the etchings are reliable, the phenomena may be explained by the delayed
graphite expansion of the exothermic feeders. The boss section (V) will have expanded
and pushed out a portion of the low Si eutectic, after which the graphite expansion in
the feeder (IX) will push back the last to freeze melt—the low Si eutectic.

The greater tendency to shrink found in the �-alloy may be, in part, related to an
improved inoculation procedure, as has previously been shown in gray cast iron [5].
While under-inoculation will result in a decreased graphite expansion, over-inoculation
can advance the occurrence of the graphite expansion resulting in a decreased expansion
later in the process. Another phenomena that influence the movement of the last to
freeze melt through the mushy zone is the thermal center. The movement of the thermal
center during solidification—a so called migrating hot spot—has been shown to play a
significant role in the development and location of porosities [5, 6]. A migrating hot spot
can also be part of the explanation for the different locations of the last to freeze melt,
as the not only the different Mt of the different feeders will influence the development
and movement of the global and local hot spots, the differences in sleeve material will
likewise also influence the migration of the hot spots.
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Conclusions

The results showed that the high Si �-alloy was more prone to porosities than the low Si
�-alloy, and that the exothermic feeder sleeves could feed both alloys while the insulating
sleeves was insuficient for the �-alloy. The measurement of the castings showed that the
two alloys had close to the same average fv, but that the �-alloy displayed a smaller
variance. This is suspected to be related to the elevated austinite to ferrite transitions
temperature controlled by the Si content. Finally, the color etchings indicated that the
low Si segregation of the last to freeze melt were located differently in the castings with
exothermic feeders, as compared to the castings with insulating feeders. It is suspected
that this is related to the shift in graphite expansion due to the changed Mt and the
effect of the migrating hot spot.
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[6] Lennart Elmquist and Attila Diószegi. Shrinkage Porosity and its Relation to So-
lidification Structure of Grey Cast Iron Parts. International Journal of Cast Metals
Research, 23(1):44–50, 2010.

120
324



Thermal Distortion of Disc-Shaped
Ductile Iron Castings

in Vertically Parted Moulds

Published
Journal of Materials Processing Technology

SupplementIII

“Great scientific discoveries have been made
by men seeking to verify quite erroneous

theories about the nature of things.”

—Aldous Huxley
Wordsworth in the Tropics



Supplement III

Thermal Distortion of Disc-Shaped Ductile Iron Castings in Vertically Parted Moulds

N.K. Vedel-Smith Technical University of Denmark, Department of Mechanical Engineering
J. Rasmussen Technical University of Denmark, Department of Mechanical Engineering
N.S. Tiedje Technical University of Denmark, Department of Mechanical Engineering

Vedel-Smith was the main author. Tiedje contributed with review and evaluation. Vedel-Smith and Rasmussen performed
the experimental part.

Additional material available online at http://dx.doi.org/10.1016/j.jmatprotec.2014.11.025

Published
Journal of Materials Processing Technology

http://dx.doi.org/10.1016/j.jmatprotec.2014.11.025


Journal of Materials Processing Technology 217 (2015) 262–271

Contents lists available at ScienceDirect

Journal  of  Materials  Processing  Technology

jo ur nal home p ag e: www.elsev ier .com/ locate / jmatprotec

Thermal  distortion  of  disc-shaped  ductile  iron  castings  in  vertically
parted  moulds

N.K.  Vedel-Smith ∗,  J.  Rasmussen,  N.S.  Tiedje
Technical University of Denmark, Department of Mechanical Engineering, Produktionstorvet, Building 427A, DK-2800 Kgs Lyngby, Denmark

a  r  t  i  c  l e  i  n  f  o

Article history:
Received 26 March 2014
Received in revised form 15 October 2014
Accepted 11 November 2014
Available online 20 November 2014

Keywords:
Dimensional accuracy
SG iron
Feeder and riser
Machining allowance
Si content
Thermal gradient

a  b  s  t  r  a  c  t

A  disc-shaped  casting  with  an  inner  boss  and  an  outer  rim,  separated  by  a thin  walled  section,  was  exam-
ined.  This  measurable  deformation  varied  with  the  feeding  modulus.  The  influence  of  alloy  composition,
particularly  Si  content,  was  examined  with  a  pearlitic  ductile  iron  (EN-GJS-500-7)  and  a  fully  ferritic
ductile  iron  (EN-GJS-450-10).

The  experiment  showed  that  both  the  alloy  composition  and  choice  of feeder  influenced  the  degree
of  deformation  measured  in the  finished  casting.  It  was found  that  the  deformation  of the pearlitic  alloy
was  influenced  controllably  by  changing  the  feeder  modulus,  whereas  the  deformation  of the  fully  ferritic
alloy  was  less  affected  by  a change  in thermal  gradient.  Both  alloys  underwent  comparable  deformations
with  respect  to  size,  shape,  and  location.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Working with grey cast iron and steel, Jackson (1963) showed
why casting precision was more than just a distance between a
finite number of working faces, but more importantly also a con-
cern with regards to eliminating excess machining and grinding.
Jackson’s paper also discussed the influence of alloy composition,
casting geometry, and thermal gradients on the dimensional varia-
tion of the castings. Demonstrating that free linear contraction was
inversely related to the section modulus, Mkumbo et al. (2002) also
reported a correlation between the modulus and shape of the cast-
ing and modelled how flanges affected this. Likewise, Motoyama
et al. (2013) examined the effect of flanges and showed how resid-
ual stress and distortion develop during solidification and cooling
of the casting, and that these were affected by the casting geometry
and the strength of the sand mould.

The idea of counteracting distortion by modifying the pattern
geometry was suggested by Kang et al. (2011) who also proposed

Abbreviations: ADI, austempered ductile iron; CEV, carbon equivalent value;
CMM, coordinate measuring machine; Mg , geometric modulus; LGI, Lamellar
graphite iron; MP,  measurement position; MEF, modulus extension factor; PPI, pores
per inch; SGI, spheroidal graphite iron; TC, thermo couple; Mt , thermal modulus.

∗ Corresponding author. Tel.: +45 45 25 47 14; fax: +45 45 93 01 90.
E-mail addresses: nikvs@mek.dtu.dk (N.K. Vedel-Smith), nsti@mek.dtu.dk

(N.S. Tiedje).

machining allowance as a parameter for distortion reduction.
This requires precise measurements and an understanding of the
casting’s dimensional change and surface finish. As part of their
development of an improved model for a sand surface element,
Chang and Dantzig (2004) described how the green sand mould
itself was  deformed by the contraction of the casting, and how
that left the casting unconstrained by the mould. Subsequently,
Nwaogu et al. (2013) described how to characterise the surface of
ductile iron castings, and provide some guidance as to which types
and sizes of surface roughness can be expected with and without
coating.

Mkumbo et al. (2002) showed that ductile iron, even with a
higher CEV, displayed greater contraction than grey iron, and vari-
ations in dimensional change between pearlitic and ferritic alloys
were demonstrated by Sosa et al. (2004). They worked with ADI to
show that a ferritic microstructure displayed greater dimensional
stability than a pearlitic microstructure, and that a ferritic-pearlitic
structure was even more prone to dimensional change.

Distortion of castings made under production conditions were
investigated to quantify the reproducibility of large scale manufac-
turing facilities.

This paper presents a detailed analysis of the changes in ther-
mal  distortion of a disc-shaped casting, examined with respect to a
number of different spot feeder and top feeder combinations, tested
for both a ferritic-pearlitic and a fully ferritic alloy, and correlated
to the cooling curves and austenite to ferrite phase transformation
at various measurement positions (MP) in the casting.

http://dx.doi.org/10.1016/j.jmatprotec.2014.11.025
0924-0136/© 2014 Elsevier B.V. All rights reserved.
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Table  1
Casting geometry in mm and moduli in mm.

Section T.Rim U.Sec Boss L.Sec B.Rim

Height 27.5 55 55 55 27.5
Thickness 20 10 30 10 20

Modulus 6 5 9 5 6
Feed modulus 7 6 11 6 7

Table 2
Material and modulus for the feeders used as top and centre feeder respectively.

Feeder Top Centre

1 2 1 2 3 1s 2s 3s

Material Ins E/I Ins E/I Exo Ins E/I Exo
Modulus [mm] 9 10 11 11 12 9 10 11

2. Methods

2.1. Casting geometry

The casting design was circular with a diameter of 220 mm,  with
an outer rim and an inner boss. See Figs. 1 and 2. The circular design
provided a casting that was mirrored thermally about a vertical
plane through its centre, so that any distortions that were not sym-
metrical must originate from the thermal imbalance in the casting
caused by the feeders and the filling. See Table 1 for the dimensions
and moduli of the different casting sections.

2.2. Feeder placement and modulus

One feeder was mounted at the mould parting line, at the top
of the casting. See Fig. 1. The second feeder was mounted onto the
centre boss, and placed slightly above the centre to provide better
ferro-static pressure for feeding. Ram-up sleeve feeders were used
for the centre feeder.

In the experiment, different sleeve materials were used for
the feeders—insulating (1), exothermic-insulating (2), or purely
exothermic (3). Using sleeves made from different materials (1,2,3)
it was possible to change the modulus of the feeder while main-
taining a constant geometric size and ferro-static pressure. It was
also possible to remove the feeder altogether, but this change also
entailed a change in ferro-static pressure. An overview of the feeder
moduli is given in Table 2.

Distinction was made between the geometric modulus (Mg) of
the feeder and the thermal (or true) modulus (Mt) of the feeder. This
distinction was required because the sleeves covering the melt in
the feeders changed the basic modulus relation Mg = V/A, with the
addition of the Modulus Extension Factor (MEF). As described by
Brown (2000), the modulus equation for the feeders could thus be
stated as Mt = MEF  × Mg, allowing changes to the thermal modulus
while keeping the geometric modulus and the ferro-static pressure
constant.

2.3. Alloys and feeder combinations

The 16 different combinations were distinguished by four
parameters; (1) alloy, (2) top feeder (or parting line feeder), (3)
centre feeder (or boss feeder), and (4) size variations for the centre
feeder. This gave 36 possible combinations, of which 16 were cast
as part of the experiment. See the combinations in Table 4. Each
of the combinations were cast in triplicate for statistical analysis.
Additionally two castings were fitted with 11 thermo couples (TC)
to measure the temperature of the different areas of the casting dur-
ing solidification (TC-castings). The four parameters are elaborated
below:

Table 3
Alloy compositions for  ̨ (EN-GJS-500-7),  ̌ (EN-GJS-450-10), and � (Temperature
Measurements) [wt%].

Alloy C Si Mn P S Mg Cu

 ̨ 3.67 2.73 0.50 0.015 0.005 0.049 0.025
ˇ  3.35 3.48 0.34 0.017 0.003 0.046 0.010
�  3.20 3.71 0.27 0.044 0.028 0.048 0.081

Table 4
The 16 combinations sorted by alloy, top feeder, centre feeder. (x) indicate Mt in
mm.

Alloy Top Feeder Centre Feeder Size

 ̨ 0 (0) 0 (0)
 ̨ 0 (0) 2 (11)

 ̨ 1 (9) 1 (11)
 ̨ 1 (9) 2 (11)
 ̨ 1 (9) 3 (12)

 ̨ 2 (10) 0 (0)
 ̨ 2 (10) 1 (11)

˛ 2 (10) 2 (11)
˛ 2 (10) 3 (12)

ˇ 1 (9) 1 (11)
ˇ 1 (9) 2 (10) s (Small)

ˇ  2 (10) 0 (0)
 ̌ 2 (10) 1 (9) s (Small)

ˇ  2 (10) 3 (12)
ˇ 2 (10) 3 (11) s (Small)

�  2 (10) 3 (12)

(1) The castings were made using three different alloys—one
pearlitic EN-GJS-500-7 (labelled  ̨ in Table 4) and one purely
ferritic EN-GJS-450-10 (labelled  ̌ in Table 4), both as defined
by EN 1563:2012-3 (2012). The alloy used for the TC-castings
was made to be a fully ferritic alloy (labelled �). See alloy com-
position in Table 3.

(2) The top feeders were all identical in size and were only varied
by using either insulating (labelled 1 in Table 4) or exothermic-
insulating material (labelled 2 in Table 4) for the sleeve. In one
experiment this feeder was removed altogether, indicated as 0
in Table 4.

(3) The centre feeders had the same basic options as the top feeder
(0,1,2), but could also be purely exothermic (3). The geomet-
ric moduli of the top and centre feeders are different, thus the
number-designation indicates sleeve material and not moduli
as is shown in Table 2.

(4) Additional information regarding the centre feeder configura-
tion. When appended with an s for small, it indicates that the
feeders’ geometric modulus was reduced to the same size as
that of the top feeder, which in turn also reduced the thermal
modulus compared to the other centre feeders using the same
sleeve material.

2.4. Production

The castings were produced on a vertically parted moulding
machine—Disamatic 230A—as part of a production run in an oper-
ating foundry.

The poured weight was approximately 8 kg and the castings
themselves weighed 4 kg. The pouring time was approximately
3.5 s and the three series were poured at; (1) 1401 ± 5 ◦C, (2) at
1408 ± 5 ◦C, and (3) at 1392 ± 5 ◦C.

The castings solidified and cooled in the mould for approxi-
mately 1 h and were then separated from the other goods at the
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Fig. 1. Overview of casting geometry and feeder placement. The dotted lines indicate the top feeder, and the dashed lines indicate the centre feeder. Measurements are in
mm.  No. 1–11 indicate the measurement position (MP) of the thermo couples (TC) for the temperature measurements. All TCs were placed at the centre of the section as
indicated with grey dots on the draft on the right.

Fig. 2. Production overview; (a) the pattern with a ram-up sleeve mounted at the centre, (b) the mould with a top feeder sleeve mounted at the top, a ram-up sleeve moulded
in  at the centre, and a 10 PPI foam filter mounted at the bottom of the down sprue, (c) casting  ̨ 23 (A) after shot blasting, and (d) numerical simulation of the feeding modulus
of  the different sections of the casting.

shake-out station. The castings then cooled in air to room temper-
ature, after which they were cleaned by shot blasting.

The TC-castings were produced on a vertically parted moulding
machine—Disamatic 2110—at a small scale research facility.

The poured weight and pouring time were identical to the pro-
cess parameters for the other castings. The pouring temperature
was 1385 ± 5 ◦C.

TCs 1–9 were type K and were placed inside the casting. TCs 10
and 11 were type N and were placed in the mould. See Fig. 1. TCs
1–9 were mounted through the mould perpendicular to the reverse
side of the casting. TCs 10 and 11 were mounted vertically parallel
to the mould parting line. The data were sampled at 100 Hz.

2.5. Numerical simulation

Numerical simulations were made using the a commercial sim-
ulation software—Magmasoft v5.2.0. The simulations were setup to
resemble the casting conditions in the best possible way. Another
commercial simulation software—JMatPro—was used to calculate
the thermo-physical properties of the  ̨ and ˇ-alloys. These ther-
mal  datasets were used in the numerical casting simulation. The
simulations with the �-alloy used the ˇ-alloy dataset, albeit with
�-alloy composition.

The simulations were used to (1) visually evaluate the ther-
mal  gradients of the casting during filling and solidification, and
(2) export TC-measurement data at the 11 measurement positions
(MP) of the trial TCs for comparison of the simulation and the trial

measurements. The simulations were made using finite volume
method with an equidistant mesh.

2.6. Cooling curves

The cooling curves from the trial measurements were plotted
and analysed using the second derivative of the cooling curve to
identify the start and end points of the austenite to ferrite phase
transformation, as seen in Fig. 8a. The same procedure was followed
for the simulated cooling curves, albeit sixth degree polynomial fits
were used to describe the simulated cooling curves when derived.
The latter was necessary due to time steps of the simulated data.

The derived cooling curves were smoothed using a gaussian
distribution filter.

2.7. Colour etching

Sections were cut from the vertical centre line of selected cast-
ings. The cut pieces were resin mounted, polished, and colour
etched with a picric acid solution—50 ml  Distilled water, 10 g
Sodium hydroxide (NaOH), 40 g Potassium hydroxide (KOH) and
10 g Picric Acid (C6H3N3O7). The picric acid was  kept at 105 ◦C
during the etching. Most pieces required an etching time around
330 s, but some required more. Each piece was  analysed in an opti-
cal microscope after etching, and then etching again if the etching
was not fully developed, as described by Vedel-Smith and Tiedje
(2014).
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Fig. 3. Overview of the individual points measured by the automated measurement
program used for all castings—here showing  ̨ 23A. The measurements were made
on the flat reverse side of the casting, on the half closest to the down sprue.

2.8. Surface deformation measurements

The reverse, plane side of each casting was  measured with
a mechanical Coordinate Measuring Machine (CMM)—Ziess OMC
850—with a resolution of 0.1 �m.  A probe with a diameter of 3 mm
was used, acting as a mechanical filter with respect to the rough-
ness of the surface itself. This corresponded to the measurements
presented by Nwaogu et al. (2013) which provided guidelines to
typical surface roughness characteristics and sizes for cast iron
castings in green sand moulds. This mechanical filter ensured that
the measurements displayed the deformation of the casting and
not random dimples in the surface caused by its general surface
roughness.

All castings were measured using an automated measurement
program. The multi-point measurements were arranged in a polar
grid as shown in Fig. 3. The same program was used for all castings,
thus securing identical and repeatable measuring conditions.

The castings had previously been sectioned through the vertical
centreline to investigate porosity formation at different locations
in the castings, as described by Vedel-Smith et al. (2013). Thus
only the half part of the casting closest to the down sprue was
measured—the part from 06:00 to 12:00 h when viewed from the
reverse side, with the top feeder located at 12:00 h and the in-gate
at 06:00 h. See Fig. 3.

The resulting 3D-coordinate map  can be represented as a topo-
graphic image of the reverse side of the casting showing the
differences in height across the surface.

The characteristics of the topographic maps were separated into
six parameters that together describe the surface of each of the cast-
ings. (1) SV—the curvature of the casting was analysed as viewed
from the side at 09:00 h towards the centre, assigning values of high
(H), mean (M), and low (L) to the top, centre, and lower part of the
casting. Likewise, (2) Cen—the centre area at the boss was  analysed
and assigned a H-, M-,  or L-value. (3) Dir—the valley (or low area)
of the casting was described by its clockwise location relative to
the centre of the casting. (4) Ang—the width of the valley was indi-
cated by the angle it covers seen from the centre of the casting. (5)
Vol—the volume (or indent) of the valley was graded from 1 to 3
(3 being the largest) indicating how large the valley was. And, (6)
Dist—the distance the valley reaches from the centre towards the
rim was indicated as x/3.

Quantification of the casting deformation was  made using the
difference between the highest and lowest measured point—called

the flatness value (fv). A perfectly flat surface has an fv of
0.00 mm—as the reverse plane side of the casting was  designed to
be.

3. Results

3.1. Surface deformation measurements

3.1.1. Deformation topography
The first comparison between the different castings was the

topographic analysis that revealed the size and location of the
deformation. A topographic map  generated from the 3D coordi-
nate measurements is shown in Fig. 4a–d. Fig. 4a and c shows a
view perpendicular to the reverse side surface (half circle) for a
casting from alloy  ̨ and  ̌ respectively. Fig. 4b and d have the same
castings viewed from the side (crescent), as viewed from 09:00 h
and towards the centre. The variation in height is indicated by the
colour—red is high (peaks), green is the mean, and blue is low (val-
leys). In the side view the same colour scheme applies, though it is
more easily seen by the crescent shape of the topographic image.
The vertical line indicates the mean value for the measurement. The
view perpendicular to the reverse side gives an overview of both
height and location, and the colours convey the magnitude.

In the side view the colour scheme is the same, though the main
information is conveyed by the thickness of the crescent shape
itself—a perfectly flat plane would be a vertical line. The crescent
shape itself gives indications of the difference between the max-
imum and minimum of the deformation. A thin crescent (or part
of the crescent) indicates a unidirectional deformation along the
vertical axis with little deformation along the horizontal axis. A
thickened crescent shape indicates a greater distortion along the
horizontal axis. The more curved the crescent appears to be, the
greater the deformation along the vertical axis.

All castings deformed in the same manner, displaying the high-
est values at 12:00 and 06:00 h, indicating the main deformation is
along the vertical axis. While the two peaks that make out the high
points are clearly defined for all castings, the location of the valley
is described in detail in Table 5.

Table 5 shows that the variation between castings made with
the same feeder configuration was  generally small. While the size,
angle, and distance of the valley may  vary from group to group,
the direction of the valley from the centre outwards was always
between 09:00 and 11:00 h.

3.1.2. Statistical representation of fv
The flatness values (fv) are presented here as box plot graphs.

See Fig. 5 and 6. × indicates the average of the group, — indicate
the median of the group, the bars indicate the spread from min. to
max. measured value, the whiskers (or error bars) indicate a 95%
confidence interval assuming a Gaussian distribution. Outliers are
defined as >3 × � and indicated as * but is only found in Fig. 6a.

The bars are coloured blue for casting sequence (1), grey for
sequence (2), and red for sequence (3). Thus the blue and grey are
pearlitic and the red are ferritic. Each bar represents a casting group.
Group  ̨ 13 consist of one casting, groups  ̨ 11,  ̨ 12, and  ̌ 23s each
consist of two  castings. The remaining 11 groups all consist of three
castings. An overview of all casting groups displayed in the order in
which they were cast is given in Fig. 5, excluding the TC-castings.

Influence of alloy. The analysis of the flatness, fv, showed that
the flatness of the ferritic ˇ-alloy displayed a narrower confidence
interval and little variance between the groups of castings. The
castings made with the pearlitic ˛-alloy had both the highest and
lowest values measured. The average fv of all the castings cast with
two feeders was 0.417 mm.  Compared to this, the average fv of the

 ̨ group alone with both feeders was  0.413 mm with a standard
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Fig. 4. Measured casting topography amplified 100 times. Scale in mm.  Sub-figures
(a) and (b) are the same casting,  ̨ 23 (B), viewed perpendicular and perpendicular to
the  measured surface. Sub-figures (c) and (d) are the same, but for casting  ̌ 21s (B).
The black horizontal line on (a) and (c) indicates the mean of the measured values
(0.0000 on the scale) for the respective casting. (b) Shows a mean (M) centre area,
and (d) shows a low (L) centre area. (e) Show the thermal gradients at 50% solidified
for   ̨ 23. The black box frame the area viewed in (b) and (d). (For interpretation of
the  references to color in text near the reference citation, the reader is referred to
the web  version of this article.)

Table 5
Topography Overview; where fv is the flatness value measured, SV is a low, mean,
high  evaluation (L,M,H) of the central area of the crescent, Por indicates porosities
(Y = yes—porosities were found, N = no—porosities were not found) in the boss as
examined by Vedel-Smith et al. (2013), Cen is a low, mean, high evaluation (L,M,H) of
the  boss area at the centre, Dir is an hours indication of the direction of the valley, Ang
is  an angle degree width indication for the valley, Vol is a 1–3 scale volume indication
for  the valley, and Dist is a x/3 indication of the distance the valley reaches from the
centre.

Grp Id fv SV Por Cen Dir Ang Vol Dist

˛23
A 0.486 M N M 10:30 75◦ 2 2/3
B  0.502 H N M 11:00 65◦ 2 1/3
C  0.479 M N M 10:30 75◦ 2 2/3

˛22
A  0.359 M N M 10:00 75◦ 1 2/3
B  0.337 M N M 10:00 65◦ 1 2/3
C  0.364 M N M 10:00 75◦ 2 2/3

˛21
A  0.367 M N M 10:30 75◦ 1 2/3
B  0.316 M N M 10:30 65◦ 1 2/3
C  0.424 L N M 10:00 90◦ 2 3/3

˛13
A
B  0.520 M N M 09:00 75◦ 3 3/3
C

˛12
A  0.375 M N M 09:30 65◦ 1 2/3
B  0.428 L N M 09:30 75◦ 2 3/3
C

˛11
A
B  0.335 M N M 10:00 65◦ 1 2/3
C  0.350 M N M 10:30 50◦ 1 2/3

˛20
A  0.406 M Y L 09:30 65◦ 2 2/3
B  0.371 L Y L 10:00 65◦ 2 2/3
C  0.383 M Y L 09:30 65◦ 2 2/3

˛02
A  0.505 M N L 11:00 65◦ 2 1/3
B  0.530 M N L 11:00 65◦ 2 2/3
C  0.505 M N L 11:00 65◦ 2 1/3

˛00
A  0.915 L Y L 09:30 75◦ 3 3/3
B  0.969 L N L 09:30 75◦ 3 3/3
C  0.820 L Y L 09:30 75◦ 3 3/3

ˇ23
A  0.415 M N M 10:00 65◦ 2 2/3
B  0.388 H N M 10:30 50◦ 1 1/3
C  0.395 M N M 10:30 65◦ 1 1/3

ˇ11
A  0.412 M N L 10:30 65◦ 2 2/3
B  0.409 M Y L 10:30 65◦ 2 2/3
C  0.396 M N L 10:30 75◦ 2 2/3

ˇ23s
A  0.452 L Y L 10:00 75◦ 2 2/3
B
C  0.487 L N L 09:30 75◦ 2 2/3

ˇ12s
A  0.430 M Y L 10:00 65◦ 2 2/3
B  0.437 M Y L 10:00 75◦ 2 2/3
C  0.424 M Y L 10:00 65◦ 2 2/3

ˇ21s
A  0.396 M Y L 10:30 65◦ 2 2/3
B  0.423 L Y L 10:00 65◦ 2 3/3
C  0.403 M Y L 10:30 65◦ 2 2/3

ˇ20
A  0.358 M Y L 09:30 65◦ 1 2/3
B  0.398 M Y L 10:00 65◦ 1 2/3
C  0.351 M Y L 09:30 65◦ 1 2/3

deviation (�) of 0.069 mm.  See Fig. 6a. For the  ̌ group it was
0.423 mm with a standard deviation of 0.032 mm.  The average flat-
ness of the ˛-castings was  smaller; it was closer to the overall
average, but the variation was greater. The ferritic ˇ-alloy was more
consistent in its deformation regardless of feeder configurations.

Sorting the groups according to alloy, including all casting
groups and only including the groups with two  feeders (wF) as
shown in Fig. 6a, it was clear that the ferritic ˇ-alloy displayed only
half as wide a confidence interval as the ˛-alloy, meaning that it had
twice as good manufacturing precision as the pearlitic ˛-alloy. The
graph shows that all fv were above 0.31 mm and that both alloys
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Fig. 5. Flatness values (fv) for each separate casting group, sorted by order of casting. Group  ̨ 13 consist of one casting, groups  ̨ 11,  ̨ 12, and  ̌ 23s consist of two castings.
The  remaining 11 groups all consist of three castings.

displayed little variation in minimum measured fv. The bars show
that the pearlitic ˛-alloy group included values almost twice the
size of the ferritic ˇ-alloy. Comparing with Fig. 5 it was clear that
group  ̨ 00 was the main source of the variation.

Influence of top and centre feeder. Sorting the castings produced
with two feeders according to the type of centre feeder, as shown
in Fig. 6b, a statistical difference in fv was found between the
castings made with high modulus (12) centre feeder and the two
groups of lower modulus (11) feeders, with a difference in fv of
approximately 0.15 mm.  The same comparison for the ferritic ˇ-
alloy showed that the two group averages were only 0.014 mm
apart. It is worth noting that the deviation of the high modulus
feeder group was more than twice the range of the low modulus
group.

Rearranging the groups to be sorted by type of top feeder, show
that the average of all groups were just above 0.4 mm,  and that all
four groups may  be considered statistically inseparable. See Fig. 6c.
Again, as with the centre feeders, the pearlitic ˛-alloy castings
displayed greater variance. For the pearlitic ˛-alloy the exothermic-
insulating top feeder resulted in a marginally better confidence
interval compared to the insulating top feeder. For the ferritic
ˇ-alloy the insulating top feeder resulted in the best confidence
interval.

3.2. Microstructure analysis

Previous studies have shown that the ˛- and ˇ-alloys have simi-
lar microstructures but that the ferritic ˇ-alloy had a greater nodule
count compared to the pearlitic ˛-alloy, as reported by Vedel-Smith
and Tiedje (2014). The greater nodule count for the ˇ-alloy was
despite the higher Mn  content of the ˛-alloy.

Fig. 7a shows the microstructure of the thin walled section for
the ˛-alloy with the graphite nodules surrounded by the ferrite
shell, and in between pearlite. In comparison the ˇ-alloy from the
same section, Fig. 7b, also display graphite nodules surrounded by
ferrite. However, very little pearlite was found in the last to freeze
eutectic of the latter.

The microstructures at the higher modulus boss section showed
larger graphite nodules in the pearlitic ˛-alloy (Fig. 7c), compared
to the ferritic ˇ-alloy (Fig. 7d). As with the thin walled section,
pearlite was found at the edge of the ferrite in the last to freeze
eutectic, as seen in Fig. 7c.

No significant difference was found between the micro-
structures of the castings made with the exothermal feeder
sleeves compared to the casting made with the insulating feeder
sleeves.

3.3. Thermal analysis

Fig. 8a shows that the difference between cooling curves for
two castings made under similar conditions was small. The two
castings solidify and cool in an identical fashion. The austenite to
ferrite phase transformation was shifted 40 s, but the difference in
the duration of the phase transformation was  only 4 s. The duration
of the phase transformation were within a 10 s timeframe for six of
the nine MPs. The largest measured difference was 25 s at MP 9.

The cooling and solidification times and temperatures were sim-
ilar for both the measured and simulated results. In the trial castings
and for the simulations it was found that the thin walled section
(MP  2–7) solidified before the rim (MP  8 and 9). However, after
solidification this changed so that the rim cooled faster than the thin
walled section. Thus, the rim was the first section of the casting to
go through the austenite to ferrite phase transformation followed
by the thin walled section, and ending with the boss (MP  1). Fig. 8b
shows how long time it took before the MP was  half way through
the austenite to ferrite phase transformation (full lines at the top).
The duration of the phase transformation is also shown (dashed
lines at the bottom). For the trial castings the rim right below the
top feeder also cooled faster than the thin walled section. All three
simulations showed a greater effect of the heat from the top feeder
on the top part of the rim (MP  8) and on the top most part of the
thin walled section (MP  3).

The top feeder was also found to influence the duration of the
phase transformation for the upper part of the thin walled section
(MP  2–4) for the numerical simulations. All three alloy simulations
showed a prolonged phase transformation duration at MP  2 and
4, while the centre point between the two displayed a decreased
duration of the phase transformation. See Fig. 8b. In comparison the
trial measurements did not show a similar effect. The simulations
showed increased duration of the phase transformation at MP  2
and 4, and decreased duration close to the feeders at MP  1 and 3,
although the duration at MP  8 was unaffected when compared to
MP 9. The duration of the phase transformation was longest at the
boss (MP  1). The thin walled measurements (MP  2–7) was  slightly
shorter and all within an 18 s timeframe. Finally the fastest phase
transformation was found for the rim (MP  8 and 9). Measurements
and simulations showed that the eutectoid transformation begins
at the rim and travels through the thin walled section to the boss
at the centre.

The duration of the phase transformation for the trial measure-
ments (A and B) only varied by 80 s from MP  1 to 9 in an almost
linear fashion. The duration of the phase transformation of the high
Si alloys (ˇ,�) simulations varied by 130 s with peaks at MP  2 and 4.

332



268 N.K. Vedel-Smith et al. / Journal of Materials Processing Technology 217 (2015) 262–271

Fig. 6. Flatness values (fv) for sorted groups. (a) Flatness values (fv) for all ˛-castings, all ˇ-castings, all castings, and all castings with two feeders (wF). (b) Flatness values
(fv) for each alloy (˛,ˇ) and sorted by centre feeder. (c) Flatness values (fv) for each alloy (˛,ˇ) and sorted by top feeder. (For interpretation of the references to color in text
near  the reference citation, the reader is referred to the web  version of this article.)

The pearlitic low Si alloy (˛) varied by 200 s and also showed peaks
at MP  2 and 4. The duration of the phase transformation for the
pearlitic-ferritic alloy (˛) was found to be approximately twice as
long as for both the trial measurements and the high Si alloy sim-
ulations. This prolonged duration was related to two-step phase
transformation that was found for all MPs  for the pearlitic-ferritic
˛-alloy.

The temperature distribution in the casting during the solidifi-
cation and cooling from 0% to 100% solidified was analysed. It was
found that there was a non-uniform temperature distribution in
the casting. This was particularly clear in the thin section of the
plate, and is illustrated in Fig. 4e. The figure shows two colder
areas located at approximately 02:00 h and 10:00 h respectively.
Those two areas remained 5–10 ◦C colder than the rest of the thin-
walled section until 85% of the entire casting was solidified. The
local solid-fraction was at this point 100% and the local tempera-
ture approximately 1050 ◦C. Since this temperature variation was
observed during eutectic solidification, where that solidification
interval was small, it means that there was a large local variation
in solid fraction and strength of the casting.

Likewise it was found that the inside of the rim and outside
of the boss, where the geometry retains the heat so that circular
hotspots are formed, solidification was markedly slower than for
the remaining casting. In these hotspots, heat was retained on the
front side of the casting, while on the reverse, flat, side cooling was
more efficient. As a result the temperature gradient from one side
of the casting was in the order of 10 ◦C over a distance of 10 mm.  It
was also found from the simulations that this picture was  common
for all three alloys.

4. Discussion

4.1. Surface deformation measurements

4.1.1. Deformation topography
The topography of all 40 castings were found to be similar. Cast-

ing group  ̨ 00 displayed a far greater distortion than the other 14
groups, but as shown in Table 5 the  ̨ 00 displayed the same valley
direction and angle, though the volume and distance of the val-
leys were more pronounced in the other 13 casting groups. All 40
castings displayed a valley with a centreline located between 09:00
and 11:00 h, with an angular width between 50◦ and 90◦. Almost
3/4 of the castings featured a valley reaching 2/3 of the distance
from the centre to the edge of the rim. The last 1/4 was divided into
two small groups either reaching all the way  to the edge of the rim
(3/3), or only reaching a small distance outwards from the centre
(1/3). A similar pattern was found for the depth of the valleys. See
Fig. 6a.

Within each group of castings it was  seen that the direction of
the valley varied not more than 30 min. For six of the groups the
valley ran in the same direction in all three castings. The total vari-
ation in the direction of the valley was within 1 h and 30 min. This
indicated that the direction of the valley was indeed influenced
by the feeder combination, and that it could be controlled by the
choice of feeder modulus. Likewise, there was an indication that
for the pearlitic ˛-alloy a high modulus centre feeder resulted in a
more pronounced (larger) valley. This was in good agreement with
the fv measurements. On the other hand no correlation between
the range and the volume of the valley was found; meaning that a
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Fig. 7. Microstructures from castings  ̨ 23 (C) (a and c) and  ̌ 23 (C) (b and d). Both castings were made with an insulating-exothermic top feeder and an exothermal centre
feeder.  Microstructures (a) and (b) were from the thin walled section at the vertical centre line just below the upper rim. Microstructures (c) and (d) were from the centre
of  the boss section. (a) ˛-alloy, microstructure from thin walled section [×10]. (b) ˇ-alloy, microstructure from thin walled section [×10]. (c) ˛-alloy, microstructure from
centre  of boss section [×10]. (d) ˇ-alloy, microstructure from centre of boss section [×10]

change in area did not entail a change in valley depth. Hence the
volume of the valley was not constant.

The consistency of the castings, especially within each casting
group, showed high reproducibility and indicated that produc-
tion conditions were uniform. If the distortion had been variable,
an effective adaptation to the pattern would be impossible, or in
the best case have a limited effect. The consistency that has been
demonstrated here may  lead to an adaptation that not only reduces
the machining allowance considerably, but also counters the inher-
ent distortion so that the cooled casting becomes much more flat
than at present. Changing the pattern, however, requires either
a sufficiently good optimisation simulation or an iterative trial
and error development of the casting pattern. This is because the
added and removed padding in various areas of the pattern also
changes the thermal gradients and the strength of the sections,
thus slightly affecting the distortion of the casting. Additionally the
casting deformation must be viewed as an interval not an exact
value, since variation will always occur—especially over time. A
narrow confidence interval for the casting deformation indicates a
stable production and thus accordingly allow for a greater casting
optimisation with smaller tolerances.

Though the analysis of the casting’s topography showed consis-
tency in the distortion between the different castings, it must also
be noted that the graphical representation of the measured results
was less well defined than the 0.1 �m resolution of the CMM.  The
colour scale was discontinuous and comprises only nine colours
from orange to blue as seen in Fig. 4.

As the geometric modulus (Mg) of the casting was  identical in all
directions from the centre outward, the placement, range, size, and

direction of the valley must be the product of the filling conditions
and the thermal influence provided by the feeders. Alternatively
it could be an inaccuracy in the pattern itself. The flatness of the
entire 400 by 500 mm pattern was  measured and found to have a fv
of 16.4 �m—approximately 20–30 times smaller than deformations
measured on the casting. Thus, pattern distortion was  negligible.

Porosities. None of the 17 castings that were given the mean
height indication (M)  at the boss contained internal porosities. For
the 23 castings designated low (L), 16 had internal porosities. Four
of the seven that were designated (L), but displayed no porosities
were castings without the top feeder. The three remaining castings
were all in casting groups where other castings displayed porosi-
ties, and can thus be said to be prone to porosities. In these cases,
the porosities may  be present, but located away from where the
casting was sectioned. The porosities in the boss were all classified
as small non-linear isolated porosities (SP) or non-linear clustered
(CP) porosities as defined by EN 1371-1:2011 (2011).

4.1.2. Solidification and deformation sequence
The following mechanisms are proposed for solidification and

deformation of the castings. The reverse, plane side of the casting
was more uniformly cooled; it formed a solid shell that contracted
uniformly during and immediately after solidification. On the front
there were areas on the inside of the rim and along the outside of
the boss that remained hot so that the strength was  reduced locally.

The casting was initially pulled backwards as it solidified and
cooled. As the hot areas on the front of the casting gained strength
additional stresses build up around the now relatively strong thin
walled section. At the point where the eutectoid transformation
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Fig. 8. Results of the thermal analysis. (a) Cooling curves from the trial castings.
Comparison of MP  1 and 9 for the two castings. The dashed lines show the second
derivative of the cooling curves. The vertical lines show how the beginning and end
of  the austenite to ferrite phase transformation has been identified. (b) The full lines
show the mean time of the austenite to ferrite phase transformation for all 9 MPs
inside the casting. The dashed lines show the duration of the phase transformation
for each MP. The black lines marked with + display the average of the experimental
measurements. The three other curves were obtained via numerical simulation.

began, the temperature distribution in the casting had changed so
that the rim now became the coldest part of the casting. As the
transformation took place from the rim through the thin walled
section to the boss, further stresses build up, adding to the defor-
mation. The shape of the reverse, plane side was  affected by the
following four mechanisms.

(1) Backwards deformation: The two sides were not equally
stable. The hotspots created at the corners of the boss and rim
remained hot for an extended period, thus postponing contraction
and recovery of strength. This effect is illustrated by the feeding
modulus in Fig. 2d, showing the location of the last melt to solidify.
The reverse plane side on the other hand was planar and cooled
faster without less pronounced hotspots, and thus contract sooner
and regain strength sooner than the front.

(2) Location of the valley: The cold spot was pushed upward
due to the bottom filling that heated the lower part of the mould
more than the upper part. Because the rim had a greater modulus
then the thin walled section, the upper half of the thin walled sec-
tion was initially the coldest area of the casting. Again with the
reverse planar side being colder than the front side. As the last
volume of the mould to be filled was directly at the centre, the
largest melt flow during filling was at the vertical centre line. This
heated the vertical centre line more than the sides of the casting,

creating a hotspot here, pushing the cold spot at the upper part of
the thin walled section towards the sides. Afterwards this centre
line hotspot was  maintained by the top feeder. A hot top feeder
will eventually counter the heating effect of the in-gate, albeit the
shift of the hotspot from below the boss to above the boss was only
fully in effect at the end of solidification. Thus the coldest area was
where the valley would form. Reversing the argument, a valley at
the centre thus indicate that this area was cold during solidifica-
tion. This is supported by the correlation between low areas at the
centre (Cen) and the porosities found inside the boss (Por) shown
in Table 5.

(3) Silicon (Si) content: A significant difference between the two
alloys was  the Si content. Si is a graphitizer and suppresses the for-
mation of pearlite. Although increased Si content leads to greater
graphite expansion, and thus a potential for greater deformation,
the main effect of Si was to increase the temperature for the trans-
formation from austenite to ferrite, as described in Ductile Iron Data
(1990). The higher temperature means that all parts of the casting
had recovered less strength to withstand the graphite expansion.
The higher temperature of the metal at the time of the transition
made it softer and less likely to have build up unreleased stresses.
The greater influence of Si, though, comes from the its ability to
suppress the formation of pearlite. The combined austenite to fer-
rite and pearlite phase transformation was  shown to significantly
increase the total duration of the transformation by comprising two
consecutive phase transformations in the ˛-alloy.

(4) Inoculation: The ˇ-alloy castings had a finer microstructure
when compared to the ˛-alloy castings, as described by Vedel-
Smith and Tiedje (2014). Elmquist et al. (2011) reported that
over-inoculation could advance the effect of the primary graphite
expansion, but would in turn also lessen the effect of the secondary
graphite expansion. For LGI this follows that over-inoculation could
have cause increased shrinkage but also decreased deformation
variation because the main graphite expansion occurred at a higher
temperature and more uniformly. For SGI, however, Chen et al.
(1997) reported that the increased nodule count ease the depo-
sition of graphite excreted from the austenite and inhibit the
formation of pearlite. Additionally better inoculation reduce the
amount of undercooling during solidification limiting the forma-
tion of cementite and prompt a more uniform solidification.

4.1.3. Statistical comparison of fv
The variation in flatness within each group of castings was very

small compared to the total variation in the experiments. This
showed that the experimental conditions were stable and uniform.
The only group that was  markedly different was   ̨ 00 which exhib-
ited a distortion that was  twice as large as that of the other 14
groups. See Fig. 5. The castings in group  ̨ 00 were significantly dif-
ferent from all other castings. Applying at least one feeder to the
casting, regardless of whether it was  applied to the top or the cen-
tre boss or both, reduced fv in comparison to the castings without
feeders. There was  no statistically significant difference between
the groups of castings to which feeders were applied.

As  ̨ 00 displayed the inherent deformation of the casting geom-
etry itself, influenced only by the heated area at the in-gate, it was
concluded that both feeders, together or separately, minimise the
deformation of the casting by changing the cooling conditions to
create a temperature field that reduces thermal stress by allowing
castings to maintain a more uniform temperature gradient during
cooling.

Influence of alloy. Both materials were near-eutectic in compo-
sition. However, there were significant differences in how they
responded to cooling. Most significantly, the high Si-alloy was less
likely to form pearlite at the solid state transformation when cooled
from 900 to 600 ◦C. It is known that this transformation is accompa-
nied by a change in specific volume. The size of the volume change

335



N.K. Vedel-Smith et al. / Journal of Materials Processing Technology 217 (2015) 262–271 271

depends on the pearlite content in the finished casting, as described
in Ductile Iron Data (1990), so that the higher the pearlite content,
the larger the volume change, even though the austenite to ferrite
phase transformation would by itself cause a volume change.

Since the high Si ˇ-alloy was a fully ferritic alloy, it would be
less subject to deformation due to the reduced graphite expan-
sion a the time of the solid state phase transformation. On the
other hand, pearlite formed in the low Si ˛-alloy. The amount of
pearlite will depend on local cooling conditions so that the pearlite
content would vary between groups of castings and also between
specific locations within the individual casting. As a result it was
seen that the high Si ˇ-alloy castings that are pearlite free were
more consistent in their dimensions.

This means that in this alloy, it is easier to compensate for ther-
mal  deformation by modifying the pattern.

In terms of production, the correction should be aimed at the
average deformation measured, adding a machining allowance
to ensure that the confidence 95 % (or possibly 99 %) interval is
covered. By adapting the tolerances required based on the repro-
ducibility demonstrated in this paper, any traditional machining
allowance as described by Angus (1976) and defined by EN ISO
8062-3:2007 (2007), specifying machining allowance for castings,
can be minimised considerably. This will only be feasible if suffi-
cient process control is achieved.

Influence of top and centre feeder. The feeders, besides fulfill-
ing their primary job of feeding, alter the thermal gradients of the
casting. Vedel-Smith et al. (2013) showed that both top and centre
feeders were required to produce sound, porosity free castings. In
terms of the deformation of the casting, it was not the actual feeding
of melt to the casting that influence the final result, but the change
in the thermal gradients of the casting. Thus, deformation could be
changed and countered by increasing or decreasing the Mt of the
feeder, providing Mt and the melt volume were still sufficient to
provide adequate feeding.

5. Conclusions

1. Alloy—moderately high Si content reduced deformation.
(a) the  ̨ and  ̌ alloy was considered statistically identical with

respect to average deformation (fv),
(b) the high Si  ̌ alloy displayed much less variance, leading to

a better manufacturing precision and greater potential for
production optimisation.

2. Moduli of the centre feeder.
(a) For the ˛-alloy high modulus centre feeder lead to greater

deformation (fv). The feeders with smaller modulus displayed
less deformation.

(b) For the ˇ-alloy varying the module for the centre feeder
caused no significant difference in fv.

(c) The ˇ-alloy with the low moduli centre feeders was found to
have the best reproducibility of all casting combinations.

3. Modulus of the top feeder.
(a) No statistical difference was found between the two  top

feeder moduli examined—neither for ˛- nor ˇ-alloys.
4. Porosity tendency indicated by micro-surface shrinkage at the

boss.
(a) Micro-surface shrinkage was a viable indication of internal

porosities for the bulk boss section.

5. Pattern adaptation for production optimisation.
(a) If sufficient care was taken to control the production param-

eters, the variation in deformation is small enough for the
pattern itself to be altered in order to compensate for some
of the deformation. This would make possible a reduction in
machining allowance, reducing the melt requirement.
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A test pattern, with three different moduli castings was developed to investigate methods to 
optimise feeding of high silicon ductile cast irons. Different feeder types, modulus, and locations 
were investigated using both an insulating and an exothermal sleeve material. Porosities were 
analysed and classified using X-ray imaging and ultrasound analysis. The effect of the different 
feeder configurations were classified in reference to defect location, sleeve material, and feeder 
type, modulus, and location. 
 The analysis showed that exothermal feeder sleeves with the right configurations can feed up-
hill against gravity. This effect may contribute to the thermal expansion created by the exothermal 
reaction. It was also found that the optimum feeder size does not scale linearly with the casting 
modulus but that larger casting modulus requires relatively smaller modulus feeders. The thermal 
gradient created by the feeders made with the insulating sleeve material was not sufficient to 
significantly improve feeding. 
 
Keywords: ductile iron, spot feeding, risering, solidification, high silicon, ram-up sleeves. 

 

Introduction 

Feeding complex castings with different moduli sections is a challenge for the foundries, as customers require improved 

yield, less machining, and sound castings. Optimisation of cast components is an essential driver for many industries in 

order to improve their products. Thus the foundries are met with an ever growing requirement to improve methods and 

increase yield. The location and orientation of the casting is determined by casting geometry, location of cores and 

feeders. However, new designs with great variation between thin and thick walled sections, and highly complex designs 

limit the use of traditional feeders. 

In vertically parted moulds geometrical feeders are normally located at the top of the casting on the parting plane. 

All feeders require an unbroken feeding path from the feeder to the section that must be fed. This makes it difficult, if 

not impossible, to feed heavy sections that are disconnected from the feeding path by a low modulus section. 

Additionally, the feeder requires a driving force to move the melt from the feeder into the casting. Traditionally this 

driving force is gravity, but other forces also act on the melt during solidification. E.g. solutions like the William wedge 

and similar geometries are a part of almost all feeder designs to ensure that the feeder is kept open to the atmosphere 

(punctured) and thus prevent the negative pressure gradient retaining the melt inside the feeder. Other natural forces 

working on the melt can be the contraction and expansion of the melt itself as different sections of the casting goes 

through the different stages of solidification at different intervals depending on the modulus, cooling rate, and alloy 

composition. The movement, deformation, expansion, and the reduction in strength of the green sand mould also 

influence these factors. 

Descriptions and guidelines to the application and effect of feeders that make use of these naturally occurring 

driving forces to move the melt from a feeder located at the bottom of the casting into a section at a higher elevation are 

sparse at best. The study presented in this paper represents an experimental design comprising 9 different feeder 

configuration tested on a scalable casting geometry in three different sizes of casting moduli—8 mm, 10 mm and 15 

mm. The study quantified the effect of different modulus spot feeders for different modulus castings. The trial was 

made with different insulating and exothermic ram-up sleeves together with high silicon ductile iron castings. 

 

Experimental Procedure 

Casting Geometry and Pre-feeder Design 

The casting geometry was designed to be parametric in order to represent different moduli sections with the same 

geometry (see Figure 1). The casting itself was a rectangular cuboid. A square footprint was chosen because the square 

design allow for a high geometrical modulus and was better suited than a round design for ultrasound and x-ray 

analysis. The height of the casting was chosen as 3 times the width and depth of the casting. The basic idea with the 

design was to have one uniform section that would create a significant amount of shrinkage by itself. The height of the 

casting should be great enough that a feeder at the top and a feeder at the bottom would influence the casting differently 

due to the difference in ferrostatic pressure. For steel bars cast in a horizontal orientation the maximum feeding distance 

between two feeders was reported as varying between 1-4 times the thickness of the bar
1
. Though the trial castings are 
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cast vertically and in SGI, it was chosen to uphold as great a distance between the two feeders on the casting as 

possible. The height of the bar was governed by the pattern size and allowed for a bar length of 3 times the thickness 

(a). In turn this allowed for a feeder distance of approximately 2.5 times the thickness (a). 

 

     
 

Fig.1: Schematic of the parametric casting design (a), and pattern layout (b). Measurements in mm. 

 

A pre-feeder was placed on top of the casting—designed to compensate for the liquid shrinkage that occur as the casting 

cools from the pouring temperature to the solidus temperature, so that the variations in pouring temperature on total 

shrinkage are eliminated. The design had to ensure an identical amount of shrinkage in all castings, regardless of 

pouring temperature. If not done properly it would afterwards be impossible to prove that changes in porosities in the 

castings were related to changes in feeder configurations and not attributable to a smaller or greater liquid shrinkage 

caused by varying pouring temperatures. 

The size of the pre-feeder neck was determined so that it closes and blocks feeding at the point in time where 

solidification begins in the casting itself. Based on Chvorinov’s modulus law
2
 equation (1) was derived: 

 

               (1) 

 

where Dneck was the diameter of the pre-feeder neck, Mneck was the modulus of the pre-feeder neck, and Mcasting was the 

modulus of the casting. H was the enthalpy of the system, cp was the heat capacity, Tstart was the pouring temperature 

and Teut was the eutectic temperature for the given alloy. Equation (1) gives the diameter of the pre-feeder neck. 

However, the equation does not take into account the heat flux from the casting and pre-feeder but assume 

unidirectional solidification. To determine the optimum pre-feeder neck height, which would reduce the amount of 

liquid shrinkage as much as possible while still allowing for a timely solidification of the neck, numerical simulations of 

the different pre-feeder neck geometries were used (see Figure 2). 

 

 

Fig.2: (a) Parametric study of varying pre-feeder neck lengths from 0.5a to 1.5a, and (b) a graph showing the 

temperature at the centre of the casting (Closing temperature) as a function of the pouring temperature for three 

different moduli castings and five different pre-feeder neck lengths. The dashed line indicates the eutectic temperature 

of the alloy. 

a b 

a b 
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The solidification times obtained from the numerical simulation of the different parametrical geometries, at different 

pouring temperatures, were plotted in Figure 2(b). The graph shows that the yellow line representing the shortest pre-

feeder neck was below the eutectic temperature line. This means that the solidification of the casting had begun before 

the neck had closed off. All other pre-feeder neck lengths closed off before the casting centre reaches the eutectic 

temperature. Hence the pre-feeder neck length of 0.75a was chosen because that length allowed for the best prevention 

of liquid shrinkage and for the most uniform performance across all casting temperatures. Additionally, this analysis 

was repeated for another alloy with a different eutectic temperature to make sure the design would function with 

different alloy compositions. 

 

Feeder Placement, Modulus, and Combinations 

The trial setup consisted of 6 different feeder geometries, using either an insulating or an exothermic sleeve material, 

and applying feeders to two different locations on the casting—at the top near the pre-feeder neck (upper) and at the 

bottom near the ingate (lower). The possibility of placing feeders either at the top or bottom of the casting, or at both 

locations simultaneously, enabled an analysis of the feeders’ performance in relation to the pressure height of the 

location. The feeders themselves were mounted horizontally, which minimises the feeders own influence on the 

ferrostatic pressure. The driving force for moving the melt from the spot feeder into the casting required other forces 

than gravity to act on the liquid in order to feed the casting. The horizontal orientation also minimised the difference 

between the upper and lower spot feeder location. 

The different spot feeders were mounted onto the three different modulus castings as shown in Table 1. The first 

group (0) was a control group without any spot feeders. Groups 1 and 2 had only feeders at the upper location, groups 3 

and 4 only at the lower location. The remaining groups (5-9) all had feeders at both the upper and the lower location. 

All combinations were cast in 2-3 duplicates to ensure repeatability. 

 

Table 1: Trial combination overview. Numbers before the letter indicate melt volume [cm
3
], letters indicate I for 

insulating and E for exothermic, and numbers after the letters indicate feeder modulus [mm]. 

 
 # 0 1 2 3 4 5 6 7 8 9  Feeder Types 

 Dup. 3 3 3 2 3 2 2 2 2 2  Ins Exo 

M08 U  28I08 28E10   28I08 07I05 28E10 08E08 07E06  07I05 07E06 

L    08E08 28E10 28E10 08E08 28E10 07E06 28E10  08I06 08E08 

M10 U  22I10 22E12   22I10 08I06 22E12 28E10 08E08  28I08 28E10 

L    28E10 22E12 22E12 28E10 22E12 08E08 22E12  22I10 22E12 

M15 U  121I16 121E19   121I16 22I10 121E19 82E15 22E12   82E15 

L    82E15 121E19 121E19 82E15 121E19 22E12 121E19  121I16 121E19 

 

The spot feeders used in the study were so called ram-up sleeves which are mounted on a pin on the pattern before the 

moulding process begins. After the moulding process the ram-up sleeves are located inside the green sand mould as 

described by Vedel-Smith et.al.
3
 Figure 3 show the spot feeders from group 6 mounted on the pattern, ready for 

moulding. 

 

 

Fig.3: Spot feeders from group 6 mounted on the pattern, ready for moulding. Insulating spot feeders on the top. 

Exothermic spot feeders at the bottom. 
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Production, Alloy and Thermal Measurements 

The castings were produced on a vertically parted moulding machine—Disamatic 240B—as part of a production run in 

an operating foundry. The mould size was 775 x 600 x 300 mm. The poured weight of the casting without any spot 

feeders was approx. 16 kg—whereof the M08 weights ~1.1 kg, M10 ~3.7 kg, and M15 ~7.3 kg. The pouring time was 

around 6 s. The castings were made with an EN-GJS-500-14
4
 alloy and four alloy composition analyses were made 

during the duration of the trails. See Table 2. 

 

Table 2: Alloy composition [wt%] and casting temperature [°C] variation during the trials. 

 
 CE C Si Mn P S Mg Cr Ni Mo Cu Sn Temp [°C] 

I 4.60 3.31 3.91 0.31 0.015 0.003 0.051 0.047 0.021 0.001 0.09 0.004 1,398 (±5) 

II 4.57 3.31 3.81 0.31 0.015 0.003 0.045 0.046 0.023 0.001 0.09 0.005 1,387 (±5) 

III 4.54 3.35 3.61 0.25 0.015 0.004 0.042 0.051 0.026 0.001 0.06 0.005 1,380 (±5) 

IV 4.54 3.34 3.64 0.25 0.015 0.004 0.039 0.050 0.025 0.001 0.06 0.005 1,361 (±5) 

Avg 4.56 3.33 3.74 0.28 0.015 0.004 0.044 0.049 0.024 0.001 0.08 0.005 1,382 (±5) 

 

Four temperature measurements were made in one of the castings—4A—which was cast immediately before the series 

II castings listed in Table 2 were made. Three thermo couples were placed at the centre of each parametric casting, and 

a single thermo couple was placed at the lower spot feeder of the M15 parametric casting (see Figure 4). All thermo 

couples were K-type and the data were recorded at a sampling rate of 1 Hz with a stand-alone 4-channel thermo couple 

data logger. 

The castings solidified and cooled in the mould for approx. 1½ hours, and were thereafter removed manually from 

the moulds at the shake-out station. This ensured that all spot feeders remained attached to the castings. When the 

castings had air cooled to room temperature they were cleaned by shot blasting. 

 

Ultrasound Analysis and X-ray Analysis 

All castings were analysed with ultrasound by the same, experienced operator using a Karl Deutsch Digital-Echograph. 

The location and size of the porosities were painted on the castings. This gave a detailed picture of the size, location, 

and direction of the porosities. All castings were photo documented for later analysis. 

Following the ultrasound analysis selected groups of castings were analysed using x-ray imaging. The x-ray imaging 

focussed on confirming the results obtained by the ultrasound analysis, but also on documenting the porosities located 

in areas not suitable for ultrasound analysis—the pre-feeder neck and the spot feeders. Several images were taken of 

each of the castings and then assembled into an overview, allowing for a more holistic analysis of the x-ray imaging 

results. 

 

Results 

Ultrasound Analysis 

The findings from the ultrasound analysis were classified with respect to porosity size (0-4 where 0 is no porosities and 

4 is large porosities), porosity location (top, middle, bottom), and if porosities at different locations were connected or 

disconnected. Additionally it was also registered when the porosities had an opening out unto the surface of the casting 

(bold). See Table 3. 

 

Table 3: Results of the ultrasound analysis 

 

 # 0 1 2 3 4 5 6 7 8 9  Nomenclature 

  A B C A B C A B C A B A B C A B A B A B A B A B  0 No porosity 

M8 

T 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 0 2 4 4 4 3  1 Micro Porosities 

M 2 2 2 2 2 0 0 0 0 2 2 2 2 2 2 2 0 0 2 2 4 4 4 4  2 Small Porosities 

B 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0  3 Medium Porosit. 

M10 

T 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  4 Large Porosities 

M 2 2 2 1 0 1 2 2 0 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2    

B 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0    

M15 

T 4 4 4 4 4 4 4 4 4 0 0 0 4 4 4 4 0 0 2 2 1 0 0 0   Connected 

M 0 4 2 0 2 1 0 0 0 1 3 2 4 4 0 2 2 1 0 0 0 0 1 0   Disconnected 

B 0 0 0 0 0 0 0 0 0 0 0 2 4 4 0 0 0 0 0 0 0 0 0 0   Puncture at neck 
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The quantified results of the ultrasound analysis indicated that many of the different castings, especially the two 

smallest modulus castings, displayed the same amount of porosity as the reference casting groups (0) without any spot 

feeders. This was partly true, however it should be noted that the large porosity (4) indication has no upper limit, 

meaning that the same indication can cover great differences (see Figure 4). 

 

 

Fig.4: Porosity markings from the ultrasound analysis of casting groups 5A and 5B. 

 

Additionally, some of the reference castings without spot feeder displayed clear signs of surface shrinkage, indicating 

that some of the shrinkage for these castings have occurred in location that have not been covered by this analysis. 

Surface shrinkage was not observed in any of the castings with spot feeders. 

 

X-Ray Imaging and Analysis 

The x-ray images are greyscale images produced by irradiating the casting from one side, and recording the radiation 

that reaches the sensor at the opposite side. This gives an image that in greyscale contrast show areas with little material 

in between (light), and areas with a lot of material in between (dark). Porosities show up because they are holes in the 

bulk material, and thus areas with porosities absorb less radiation, resulting in a brighter area of the image. However, 

the radiation does scatter and diffuse, rendering the images a little fuzzy at the edges. Because of this effect there was a 

limit to the difference between the size of the casting and the size of the porosity that could be imaged. This made it 

difficult to obtain good images of the defects in the M15 castings (see Figure 5). 

 

 

Fig.5: X-ray images of casting 6A, 7A, 8B, and 9B—all that largest casting with a modulus of 15 mm. 

343



10th International Symposium on the Science and Processing of Cast Iron – SPCI10 

 

Thermal Measurements and Cooling Curves 

The cooling curves showed that the three parametric castings solidified and cooled in a comparable manner, confirming 

that the parametric design provide the intended comparison between the different moduli castings (see Figure 6). The 

maximum temperature measured was 1,325 ±5 °C indicating that the gating filling of the mould has lowered the 

temperature of the melt by 62 ±10 °C from the pouring temperature of 1,387 ±5 °C. However, the specified temperature 

limit of 1.300 °C for the K-type thermo couples for short duration readings should be taken into consideration
5
. 

The cooling curves showed that in the bottom part of the M15 casting ended solidification approx. 320 s before the 

centre of the casting, albeit 400 s later the curves met again. This was caused by the thermal influence of the spot 

feeder, and the area between the two curves indicates the energy that the spot feeder provides transferred to the casting. 

 

 

Fig.6: Thermal measurement of the casting, cooling, and solidification of casting group 4A. 

 

 

Discussion 

Examining Table 3 it was seen that most of the castings, regardless of modulus size and spot feeder combinations, had a 

large (size 4) porosity at the top and a small (size 2) porosity at the middle. As mentioned in the results section the large 

porosity characteristic was open ended, and covered many gradually increasing porosities. However, the consistent 

results show the stability of the model and the production conditions. Thus, the most interesting castings were the ones 

that differentiate from the stable and repeatable porosities formed in the other castings. 

Castings 8B-M15 and 9B-M15 were classified as porosity free and the castings with the same spot feeder 

configuration—8A-M15 and 9A-M15—only displayed micro (size 1) porosities. 7A-M15 and 7B-M15 were classified 

with small porosities at the top, but no porosities at the middle. Finally, 3A-M15 and 3B-M15 only displayed porosities 

at the middle of the casting—ranging from micro (size 1) to medium (size 3) porosities. 

The smaller castings—M08 and M15—did not show the same effect for these feeder configurations even though the 

modulus of the spot feeders were scaled according to the changes in casting modulus. This indicated that the 

solidification of the three different modulus castings was different as well. These changes in solidification can be 

caused by the slower solidification of the large modulus castings, which provide the longer time for the graphite nodules 

to grow and inhibit pearlite formation which would have reduced the effect of the graphite expansion. However, the 

high Si content of the alloy greatly limits pearlite formation already, and none of the three castings are small enough to 

be considered thin walled sections. Hence other factors were needed to fully explain the solidification differences 

between the different modulus castings. 

Additionally several of the castings had ‘punctures’ at the bottom of the pre-feeder neck, opening into a large 

porosity in the casting. This effect seemed to have been dominant for the smaller modulus castings, but it also seemed 

to be unrelated to the amount of porosities recorded and the effectiveness of the spot feeders. 

The most likely explanation was that the large modulus castings had a greater tendency to form a solid shell early 

during solidification, so that the low pressure that occurred inside the casting towards the end of solidification had 

enough force to move the melt from the spot feeders and into the casting itself. 

Some melt may have been provided by the pre-feeder regardless of the intention that this should not happen. The x-

ray images showed that the pre-feeders contained porosities. It was not possible to determine how much of the 

porosities in the pre-feeders that was a result of feeding and how much were related to the liquid shrinkage that the pre-

feeders were designed to handle. However, it was noted that most pre-feeders displayed the some amount of porosities. 
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No correlation was found between the amount of porosities in the pre-feeder and the amount of porosities in the casting 

itself. 

However, the negative pressure gradient from the casting itself could completely explain the results shown in Table 

3. If group 3 and 4 were compared for the M15 castings it was noted that the first displayed a few and small porosities

whereas the latter displayed more and larger porosities. However, it was the latter—group 4—that had the largest spot

feeder. If the main driving force for feeding from the spot feeder into the casting was the negative pressure in the

casting, then the larger spot feeder should have produced a porosity free casting. Instead it was seen that the smaller

spot feeder reduced the porosities in the casting significantly compared to the large one.

To explain this phenomenon other forces than a negative pressure caused by shrinkage of the material in the casting 

must be taken into account. The graphite expansion was assumed to be the same for both configurations as they were 

cast with the same alloy, and only minor differences would occur as an effect of the small changes in solidification 

between the two spot feeder configurations. However, the timing of the graphite expansion, and particularly in relation 

to the timing of the negative pressure inside the casting, seemed to reach an optimum for this configuration. Thus, the 

two different forces come to act together, rather than against each other. If so, this could be seen as a special case of 

John Campbell’s feeding rule no. 6 regarding the pressure gradient requirement
6
. 

External forces can also have occurred and gas development from exothermic feeder sleeves was a known concern. 

However, if gas development from the exothermic material was a significant driving force for the movement of the 

melt, then group 4 and 5 should have displayed fewer porosities than what was recorded. 

Finally, examining the results of the M15 casting groups 3, 6, 8, and 9, in comparison with the other five groups, it 

was shown that a feeder located at the lower part of a casting section can feed the section with equal efficiency 

compared the same feeder located at the upper part of the casting section. This showed that the horizontally oriented 

spot feeders with exothermic sleeve material depend little upon the gravity as a driving force for feeding. 

Conclusions 

1. The optimum feeder size did not scale linearly with casting modulus. Larger casting modules required relatively

smaller modulus feeders.

2. The timing of the negative pressure from solidification shrinkage combined with the timing of the graphite

expansion seemed to be important in order to achieve the best possible feeding conditions. Similarly a larger feeder

may shift the time enough for the effects to counteract each other and thus cancel most of the feeding effect if not

directly developing more shrinkage.

3. The location for horizontally oriented spot feeders was relatively unaffected by the difference between the high and

low location. The spot feeders that functioned at one location also functioned at the other location. The spot feeders

that did not function at one location did not function at the other location either. In special cases it was possible to

feed against gravity.
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