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Abstract

English

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.

HE findings presented in this dissertation is based on large-scale quantitative
Texperiments 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’.

HE 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.

HE thermal deformation related to the feeder combinations are investigated, and
Tit 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.

Aeries of different spot feeders with insulating or exothermic sleeves materials are
investigated for three different modulus castings; 8 mm, 12mm, 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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HE 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.

UMERICAL simulation of casting processes and the prediction of porosities are
N 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.

INALLY, it is shown how multiple feeders can influence each other’s performance
Feven 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

orbedring af efterfoderteknologier til energibesparelser i jernstgberier er ikke kun

titlen pa projekter bag denne afhandling, det er ogsé en god idé som kan forbedre
udbyttet ved stgbning og reducere produktionsomkostningerne, og derigennem styrke
stgberiernes konkurrenceevne. Den tilgang der er til at lgse efterfedningsproblemer i
dag er for en stor andel baseret pa metoder udviklet for mere end 50 &r siden. Denne
afhandling adresserer state-of-the-art som det det bliver brugt ude i stgberierne, og
giver et overblik over de grundleggende teknikker til efterfgdning af stebejern.

ESULTATERNE praesenteret 1 denne afhandling er baseret pé stor-skala kvantitative
R eksperimenter med duplikater for statistisk reprzesentation. Fokus er som naevnt i
titlen: “ Punktefterfodning af duktilt stobejern med eksotermiske og isolerende ram-up
sleeves i vertikalt delte forme”.

NVENDELSEN af punktefterfodere (ram-up sleeves) bliver undersggt og viser at

denne nye tilgang kan bruges til succesfuldt at efterfgde isolerede sektioner

i duktilt stgbejern (EN-GJS-500-7). Efterfodereffektiviteten bliver testet med et

hgj-silicium (Si) duktilt stgbejern (EN-GJS-450-10), og greensen for de undersggte

efterfoderkombinationer bliver dokumenteret, visende at de eksotermiske efterfgder-

kombinationer klarede opgaven succesfuldt, mens de isolerende efterfgderkombinationer
var utilstrackkelige.

DET bliver vist at eksotermiske efterfodere ikke indvirker pa mikrostrukturen
af stgbningerne via en sammenligning af en raekke farveaetsede prover fra hhv.
stgbningerne, samt fra de eksotermiske og isolerende efterfgdere.

EN termiske deformation forbundet med efterfsderkombinationerne bliver
Dunders@gt, og det viser sig at de temperaturegradienter skabt af efterfgderne
kunne genkendes via deformationen pa den plane bagside af stgbningen. Den
eutektoide fasetransformation bliver identificeret som den styrende faktor, og den
primeere forskel mellem de to legeringer er at den pealitisk-ferritiske EN-GJS-500-7
legering har et dobbelt sa langt transformationsinterval som den helt ferritiske
EN-GJS-450-10 legering. Viden om deformationsstgrrelsen og -afvigelsen kan bruges til
at reducere bearbejdningstilleegget, og deraf fglgende reducere udgiften til smeltning
og slitage af udstyr.

N serie forskellige punktefterfgdere med isolerende eller eksotermiske sleeve ma-

terialer bliver undersggt for tre forskellige stgbemoduluer; 8 mm, 12mm, and
15mm. Det bliver bevist at den ngdvendige efterfgdermodul ikke skalerer linezert med
emnemodulen. Ydermere bliver det vist at horisontale punktefterfgdere kan efterfade
imod tyngdekraften ved at optimere samspillet mellem de kraefter der skabes af det
stgrknende emne og selve efterfgderen.
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NDERS@GELSEN Undersggelsen af modulforholdet mellem stgbeemnet og
Uefterf@deren leder til formuleringen af et seset af drivkreefter for efterfgdning,
ledsaget af et tryktab forarsagtet af den stgrknende emne og timingen kreevet af
efterfedningskravet. Det bliver vist at samspillet af interne kraefter kan drive en hel
efterfgdningsproces, men ogsé at processvinduet for optimal funktion kan veere meget
sneaevert.

UMERISK simulering af stgbeprocesser og forudsigelsen af porgsiteter bliver
N adresseret, og det bliver fundet at nogle stgbninger og legeringer kan simuleres
troveerdigt med hensyn til porgsiteter. Dog bliver det ogsa fundet at for hgj-silicium
(Si) legeringen EN-GJS-500-14 kunne simuleringssetuppet ikke levere forudsigelser der
svarede til dem der er fundet i porgsitetsanalysen.

LUTTELIGT bliver det vist hvordan flere efterfadere kan pavirke hinanden — endda
S pa tveers af stgrknede sektioner, og at to efterfgdere der kan bibeholde kontakt
via smelte er i stand til at sendre temperaturgradienterne for en stgbning samt
stgrkneretningen.

FHANDLINGEN giver en ny tilgang til efterfgdning af isolerede sektioner, en ny
karakterisering af de underliggende efterfgdningskreefter og ny viden om termiske
deformationseffekters forarsaget og styret af efterfgdning.
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Ratio between height and width of the gen-
eric casting

Permeability of the porous region being fed
Equilibrium partition coefficient

Spring constant

Thermal conductivity [W/mKk]|

Coverage factor

Thermal conductivity of the mould
Nucleation rate depend on Si content
Capillary flow length

Length

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

Modulus of the section [mm]
Exponent

Modulus of the casting, or section of the
casting

Casting modulus, volume criterion

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

Feeder modulus, volume criterion
Geometric modulus

Modulus of the pre-feeder neck [mm)]
True modulus

Modulus Extension Factor

Linear scale factor

Total number of graphite particles

Inoculation efficiency constant

Pamb
Pemp

Pgas

Pmush
Pshr

Xxxiil

Number of data used for evaluating the vari-
ance

Input multiplicity
Output multiplicity
Number of eutectic cells per mm?

Uncertainty level

Pressure induced by surface tension on the
pore

Ambient pressure applied on the mould

Expansion pressure due to phase transform-
ations

Gas evolution
Sum of local pressure in the mushy zone

Negative pressure from resistance to shrink-
age induced flow

Metallostatic pressure

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

Number of data averaged
Isotherm velocity

Radius of the capillary

Reference

Radius of the pore

Outer radius of the austenite shell
Radius of the graphite nodule

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

Aspect ratio between the x and y directions.
Reynolds Number

The thickness of the solidified layer at a
given time ¢

Estimated standard deviation
Variance

Shrinkage time |%)]
Temperature [°C|

Time [s]

Initial temperature of an infinite mould
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yshr Temperature at which austenite shrinkage

starts

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

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

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

Tec  Eutectic temperature

Trpr  Temperature at the maximum recalescence
during the eutectic solidification

Tewt  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]

Trgy  Temperature at the maximum undercooling
during the eutectic solidification

Tk Temperature at the start of eutectic solidi-

fication

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

Tk Temperature at which the material is fully

solidified
Ty Melting point of the pure component [°C]

TGresp Temperature at which graphite expansion

starts

T; Temperature at the metal-mould interface

Tra  Temperature at the liquidus arrest

Triq  The liquidus temperature of the alloy

Ty Temperature at the liquidus line intersection
[°Cl

Tmaz Maximum temperature reached during the
recalescence—the eutectic arrest

Tmin  Minimum temperature reached during ini-
tial undercooling

T Melting point of the metal

Tso1

tsol

Tstart
ls
Ts
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yorf
Ve

XXXV

The solidus temperature of the alloy

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

Initial superheated temperature of the melt
Solidification time [s]

Temperature at the end of solidification as
indicated by the linear displacement ana-
lysis

Expanded uncertainty

Flow velocity of the metal feeding through
the solidifying dendrite structure

Variance (GUM)

Uncertainty in three dimensions
Liquid velocity in the mushy zone
Uncertainty component

Volume

Velocity [m/s]

Volume of off-eutectic

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

Total volume of the feeder
Volume of melt available for feeding
Mass fraction of C

Mass fraction of C in the austenite surround-
ing the graphite nodule

Mass fraction of C in the off-eutectic austen-
ite

Mass fraction of C in the austenite
Eutectic carbon composition

Mass fraction of C in the graphtie

Mass fraction of C in the liquid

Weight percent of Si

Eutectic silicon composition

Spatial dimensions [m].

Critical spatial distance



Mo<

Dir
Dist
FR
GC

Proportional modulus factor describing the
ration between the feeder modulus and the
casting modulus.

Outliers

Angle of the valley direction

Height at the centre of the disc casting
Sum of Driving Forces

Direction of the valley of the disc casting
Distance of the valley

Feeding Requirement, Casting

Graphite Expansion, Casting

GF

Graphite Expansion, Feeder

P-Value Determines the appropriateness of reject-

PL
Por
SC
SF
SV
VvC
VF
Vol

XXXV

ing the null hypothesis in a hypothesis test.
Pressure Loss Factor

Indication of porosities

Shell Compression, Casting

Shell Compression, Feeder

Side view of the sectioned disc casting
Volume Contraction, Casting

Volume Contraction, Feeder

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, IT, ITI, 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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1.3.1 Research Hypotheses
References

I TRODUCES the reader to the background of the project and research.
The project description for the research that constitute the dissertation

is described, and the overall project objectives are detailed.

Keywords: .... Introduction, Background, Project Overview.

Chapter findings reported in:......... Not reported directly.

1.1 Casting Research

ASTING 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)
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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 (HPDCQ)
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



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

HE project aims at reducing the consumption of
Telectrical 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 COy emission of 195000
tonnes annually, assuming an average EU27 COq
emission of 650 %iwn electricity. The Danish COs
emission is slightly lower at 412 %iwn 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

HE feeder technology, which is used in most

foundries today was developed in the first half
of the 20*" 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



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.



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.



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



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

10

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 1t 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.



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.

References

[1] Lars Gierke. Instrumentarium zur Planung
und Umsetzung von Zulieferer-Hersteller-
Netzwerken. Peter Lang GmbH, Eurpéischer
Verlag der Wissenschaften, Frankfurt am
Main, 1999. 1SBN: 3-631-34507-0.

Doru Michael Stefanescu. “Introduction to
the Science and Engineering of Cast Iron”.
In: Presented at the Metallurgy, Solidifica-
tion, and Modelling of Cast Iron Castings,
Jonkoping, Sweden, 2013.

2]

13l
4]

DisA Industries A/S, Internal Report. . Data.
Worldwide Casting Tonnage Slowed by Re-

cesston. http://wwuw.afsinc.org/content.

cfm?ItemNumber=7613. Data.

David Joop. “Fabrication of Hybrid HPDC-
Structures with Perforated Sheet Metal In-
serts”. In: Presented at the International
MAGMASOFT User Meeting , Potsdam, Ger-
many, 2014.

Jakob Olofsson. Simulation of
Microstructure-based ~ Mechanical —Beha-
viour of Cast Components. School of
Engineering, Jonkdping University, 2014.
ISBN: 978-91-87289-04-0.

David Bue Pedersen. Additive Manufactur-
ing Multi Material Processing and Part Qual-

ity Control. DTU Mechanical Engineering,
2012. 1SBN: 978-87-7475-384-1.

[5]

[6]

7]

11

18]

191

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Sand Casting With PolyJet and FDM
Patterns. http : / / www . stratasys .
com/solutions - applications/digital -
manufacturing / tooling / sand - casting.
Production.

Additive Manufacturing for Metal Casting.
http://www.voxeljet.de/en/services/.
Production.

Additive Manufacturing for Metal Casting.
http://www . exone . com/ Services /3D -
Printing-Services. Production.

Additive Manufacturing for Investment Cast-
ing. http://envisiontec.com/castable-
materials/. Production.

COs-emission per kWh. http://wuw.ens.
dk/info/tal-kort/statistik-nogletal/
nogletal/danske-nogletal. Data.

Kim Vedel Pedersen. FElforsyning - Opgaver
og cases. Dansk Energi, 2010. 1SBN: 978-87-
91326-07-3.

Foundry Practice by Foseco Ltd. “The Ap-
plication of Compressor Core Technology for
Feeding Systems in a Mass Iron Automotive
Foundry”. In: 248 (2008), pp. 1-3.

Foundry Practice by Foseco Ltd. “An
Advanced Breaker Core System with En-
hanced Knock Off Properties for High Pres-
sure Moulding Applications”. In: 244 (2006),
pp. 1-7.

Jorg Daier et al. Manual of Casting Defects—
Incidence and Avoidance of Defects Attrib-
utable to Moulding Sands. 3rd ed. S&B In-
dustrial Materials GmbH, 2011.

Application Manual: DISAMATIC MK2, Sand
moulding System. Manual. 1995.

AFS Molding Methods & Materials Division.
Mold & Core Test Handbook. 4th ed. Amer-
ican Foundry Society, 2014.

Stephen I. Karsay. “Risering Methods for
Gray and Ductile Iron Castings”. In: Int.
Cast Met. J. 5.4 (1980), pp. 45-51.

Petr Kotas. Integrated Modeling of Process,
Structures and Performance in Cast Parts.
DTU Mechanical Engineering, 2011. ISBN:
978-87-90416-54-6.

N Chvorinov. “Solving Feeders and Sink-
heads”. In: Proceedings of the 30th Interna-
tional Foundry Congress. 1963.


http://www.afsinc.org/content.cfm?ItemNumber=7613
http://www.afsinc.org/content.cfm?ItemNumber=7613
http://www.stratasys.com/solutions-applications/digital-manufacturing/tooling/sand-casting
http://www.stratasys.com/solutions-applications/digital-manufacturing/tooling/sand-casting
http://www.stratasys.com/solutions-applications/digital-manufacturing/tooling/sand-casting
http://www.voxeljet.de/en/services/
http://www.exone.com/Services/3D-Printing-Services
http://www.exone.com/Services/3D-Printing-Services
http://envisiontec.com/castable-materials/
http://envisiontec.com/castable-materials/
http://www.ens.dk/info/tal-kort/statistik-nogletal/nogletal/danske-nogletal
http://www.ens.dk/info/tal-kort/statistik-nogletal/nogletal/danske-nogletal
http://www.ens.dk/info/tal-kort/statistik-nogletal/nogletal/danske-nogletal

22]

23]

[24]

PN Hansen, PR Sahm and E Flender. “How
to Select and Use Criterion Functions in
Solidification Simulation”. In: Transactions
of the American Foundrymen’s Society. 101
(1993), pp. 443-446.

John R. Brown. “FosEco Ferrous Foundry-
man’s Handbook”. In: FOSECO International
Ltd., 2000. Chap. 19, pp. 296-310.

John Campbell. Casting Practice - The 10
Rules of Casting. Linacre House, Jordan Hill,

12

[25]

Oxford OX2 8DP, 30 Corporate Drive, Bur-
lington, MA 01803: Elsevier Butterworth-
Heinemann, 2004. 1sBN: 0 7506 4791 4.

John Campbell. Castings, 2nd Ed. Linacre
House, Jordan Hill, Oxford OX2 8DP, 30
Corporate Drive, Burlington, MA 01803: El-
sevier Butterworth-Heinemann, 2003. ISBN:
0 7506 4790 6.



Feeding Review

2.1 Introduction .. ... ... .......... 13 2.4 Five Feeding Mechanisms . . . . ... .. 30
2.1.1 What is Feeding? . . ... ... ... 14 2.4.1 Liquid Feeding . . ... ... ... ... 31
2.1.2  Other Functions of Feeders . . . . . . 14 2.4.2 Mass Feeding . . . . ........... 31

2.2 Porosity Defect Formation . . ... ... 14 2.4.3 Interdendritic Feeding . . . . . .. .. 32
2.2.1  Shrinkage Porosities . . . .. ... .. 15 2.44 Burst Feeding . . . ... ........ 39

2.3 Seven Rules of Feeding . ... ... ... 19 2.4.5 Solid Feeding . . . . . ... ...... 33
2.3.1 Do Not Feed (Unless Necessary) .. 19 55 Advanced Feeding Methods . . ... .. 34
2.3.2 Heat-Transfer (Modulus) . . ... .. 20 251 Ram-Up Sleeves 34
2.3.3 Mass—Transfer (Volume) ........ 21 2.5.2 Simulation and Optimisation . ... 34
234 Junction . .. ... ... ... L. 21 . 1 .

2.5.3 Advanced Solidification . . . . . . .. 34
235 FeedPath ................ 23 2.6 S 34
2.3.6 Pressure Gradient . .. ........ 28 R P WINALY e e e 35
2.3.7 Pressure . . ... ... ... ...... 29 CICTENCES v

HIS chapter presents a review of the requirements that must be fulfilled

to successfully produce cast iron castings. The chapter deals with the

seven feeding rules in logical order, and step by step describe the basis of
the different requirements and how they can be accommodated.
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2.1 Introduction While a basic understanding of feeding, metallurgy,

or casting was not at hand at the time, our ancest-

AAE stated in section 1.1, on page 3, metal casting  ors have unwittingly fought against porosities and
is one of the oldest methods of manufacturing — )

knowr} to man. Cast iron, as the first composite ( CEVI;IUCmOII;;?Ct(:‘(?’ C?r Zflfiltle(CI)r:)SaEgC(’;I;)],qulil;?rlgz«tanva?:)e,

material manufactured, was first made more than 1 ,p¢hanum (La), Lamellar Graphite Iron (LGI), Modulus

2500 years ago as reported by Stefanescu [28, 29].  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].
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or planar)
G. Pore growth stops

(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.
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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
A\I 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,