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Energy efficient material normalisation with
vibratrory stress relief

An efficient way to reduce residual stress for optimal machining

INTRODUCTION

In the following it is investigated how the man-
ufacturing industry can apply an alternative to
heat treatment to control residual stress in
metals, as this affect the productivity and the
energy consumption in the metal industry. It is
suggested to use vibrations to release the re-
sidual stress as this may be faster and more en-
ergy efficient than thermal methods. The tech-
nique, Vibratory Stress Relief (VSR), is tested
on 13 different types of components to meas-
ure the energy consumption for comparison
with traditional Thermal Stress Relief (TSR). By
replacing TSR with VSR, energy savings in the
range from 72 % to 100 % are obtained in the
test cases. The material parameters of selected
components are analysed to compare the re-
sult of both thermal and vibratory stress relief.

PROBLEM: UNCONTROLLED RESIDUAL
STRESS REDUCES RELIABILITY AND IN-
CREASES COST

Residual stresses are important as they influ-
ence fatigue and fracture strength, corrosion
resistance and the dimensional stability of
parts (Totten 2002). With uncontrolled resid-
ual stresses, the service life may be reduced or
parts scrapped during machining due to exces-
sive distortions. All are factors that increase
cost and limit the product reliability. The scope
of this whitepaper is to present methods for re-
sidual stress relief, compare the energy con-
sumption of these methods and to answer the
question:

How can residual stresses be con-
trolled effectively in an environ-
mental friendly way?

The answer is sought trough the following,
starting with an introduction to residual
stresses.

An introduction to residual stresses
Residual stress is the state of compression,
tension and shear that exist inside materials
when they are without external loadings and
have uniform temperature. This is an inevita-
ble result of the processes any metal under-
goes through its production. Processes like
casting, forging, heat treatment and rolling, all
lead to residual stress.

Materials with residual stress are said to be in
equilibrium, as all material in tension is bal-
anced by areas in compression. During ma-
chining, some material is removed and the bal-
ance between the material in tension and com-
pression changes. This distorts the component
as the stresses they find a new state of equilib-
rium. This is problematic when high dimen-
sionally accuracy is required of the finished
products.

Traditionally this is overcome by use of anneal-
ing heat treatment also known as Thermal
Stress Relief (TSR), or by additional roughing
processes which are time consuming. TSR in-
volves heating the components to high tem-
peratures over several hours, and cannot be
applied on all alloys. Examples of problematic
alloys are austenitic stainless steel which loses
its corrosion resistance if heat treated, and
there are age hardened (precipitation hard-
ened) alloys that lose their strength character-
istics if heat treated. For these materials VSR is
an effective solution (Mordfin, for Testing, and
on Mechanical Testing 1988). The TSR process
is energy demanding and time consuming. Fur-
ther, the process is limited by
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the furnace size, which means large compo-
nents typically cannot be heat treated. Small
components can be treated relatively effec-
tively by lumping them together in batches.
This increases energy efficiency but also in-
creases lead time.

SOLUTION: REDUCE RESIDUAL STRESS

In the following two methods for relieving re-
sidual stress are presented, starting with the
traditional heat treatment.

Thermal stress relief - Annealing

The traditional method to overcome this chal-
lenge is to use an annealing heat treatment
specially designed to release the residual
stress. TSR is a well-known technology that has
been applied in industry for decades. It is
proven to work well for common steels and
cast-irons (Brooks, n.d.; Davis and Committee
1996). TSR is performed by raising the temper-

ature to approximately T, = TT’”, where T,,, [K]

is the absolute melting temperature of the ma-
terial. At the T, temperature the macroscopic
stresses are completely released, however
some microscopic stress may remain as result
of dislocations and varying thermal expansion
rates of the different phases of the microstruc-
ture. The time needed at T, is influenced by
the component size (Totten 2002). Typically,
steel and cast-iron components are held at 620
°C for 3 hours followed by a controlled cooling
over several hours.

The heat treatment is performed in furnaces of
different types, mainly gas fired (80 %) or elec-
trically heated (10 %) (Lawrence Berkeley
National Laboratory 2007). Electrical furnaces
are expected to have a high efficiency as the
only energy loss occur as heat conduction
through the side of the furnace. This can be
limited with proper use of insulation materials.
Gas fired furnaces rely on combustion which
results in exhaust gases that must leave the
furnace, or heater. The hot exhaust gasses re-
sult in an substantial energy loss from the fur-
nace. The thermal efficiency, 1, that is the frac-
tion of the supplied energy that goes into the
workpiece, of this type of furnace is reported

to be 30 % (Schifo and Radia 2004). The energy
efficiency can be improved to 39 % if the ex-
haust gas is used to preheat the air intake
(Schifo and Radia 2004). These numbers for ef-
ficiency does only concern heating of the work-
pieces, and does not consider the heat loss
during the holding time, hence the efficiency
for a complete heat treatment is expected to
be lower. Through this report energy consump-
tion per part for TSR, Qrsr [MJ], is estimated
from the parts mass, m [kg], and heat capacity,
C [J/ (kg K)]. Assuming a temperature increase,
AT [K], of 600 °C. The calculations are done for
gas fired furnaces, as these are most common.
To provide conservative results the better re-
ported efficiency 17 of 39 % is used. Thus, the
energy requirement for each component is cal-
culated as:

AT mC
Ui

Qrsg =

An alternative method for stress release is pre-
sented in the following, which holds the poten-
tial to omit some of the challenges of TSR and
reduce the energy consumption considerably.

Vibratory Stress Relief (VSR)

The use of vibrations for reliving stresses has
been applied with varying success. The tech-
nology and its underlaying process are not
completely understood. However, the technol-
ogy has been demonstrated to work well in dif-
ferent cases, for example for securing the di-
mensional stability of Maglev rails (Walker
2011), and for several larger structures of
welded steel, (Mordfin, for Testing, and on
Mechanical Testing 1988). Research indicates
that dimensional stability of such components
can be achieved, even without complete stress
release (Mordfin, for Testing, and on
Mechanical Testing 1988). This means that the
need for partial or complete stress release is
influenced by tolerances and how much mate-
rial is removed with machining.

Throughout this project the VSR treatments
are performed according to instructions pro-
vided by the equipment supplier VSR Systems
and Service, USA. In general, these corre-
spond to the practice provided by (Mordfin,
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for Testing, and on Mechanical Testing 1988).
We use a BL8 vibrator, consisting of a vibrator
with a 2 kW electric servo motor, a control
unit, and an accelerometer. For medium (40 —
500 kg) and small (0 — 40 kg) parts, a fixture is
required. The set-up is shown in Figure 1. Vi-
bratory stress relief is performed by exciting a
resonance frequency of the work piece for a
short period, usually about 20-40 minutes.
Large (over 500 kg) parts are placed on blocks
made from soft polyurethane that isolate the
vibrating part from the surroundings. Smaller
parts are placed in a fixture which then is
placed on polyurethane (PUR) blocks, see Fig-
ure 1 and 2. The vibration is powered by an
electric motor which drives an eccentric shaft.

PUR blocks

Figure 1 Set-up used for VSR treatment of medium and
small parts which require a fixture on a plane supported
by 3 polyurethane (PUR) blocks.

The rotation of the unbalanced shaft exerts a
cyclic force that makes the work piece vibrate.
The motor speed is adjusted until the acceler-
ation of the workpiece peaks, this motor speed
corresponds to the resonance frequency of the
part. During the VSR treatment the power con-
sumption is measured using a Smart-me Plug,
which measures the power with a 1 % accuracy
(Class 1).
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Figure 2 Part 8 mounted in vice with accelerometer on
top. The vice is equipped with a load cell for ensuring
constant clamping force.

The power consumption is in general low, even
for large parts. As an example, a wind turbine
tower section of 126 ton, was vibrated using
less than 500 W, see Figure 3. This is possible
as the treatment is done at the resonance fre-
qguency where the vibrator input is amplified by
the structure.

Figure 3 Test of vibrations on part 2, a 126 ton tower
section for a wind turbine.

Before the actual treatment, the acceleration
response of the part is recorded. This is done
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by steady acceleration of the vibrator, scan-
ning the frequencies from 33 to 133 Hz, while
plotting the obtained acceleration as a green
line, see Figure 4. The scanning procedure isre-
peated after the treatment, plotting a red line
as shown in Figure 4. The change in frequency
response indicates a change to the treated ma-
terial.
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Figure 4 Screenshot from VSR equipment. The upper
graph shows the frequency response of the M5 parting
[9.8 m/s2]. The treatment changes the response of the
part. The green curve represents before treatment
situation and red one after VSR treatment. The lower
grahp shows the power consumption [W].

COMPARING TSR AND VSR

For small work pieces, the TSR is cost effective
as multiple parts can be treated together. The
process does however, require large invest-
ments in furnaces and typically transportation
to the furnaces, costs that increase with the
size of the components.

VSR is different, as it can be done on-site and
represents a modest investment in equipment.
Time and cost for transportation is omitted, as
the parts can be larger than 100 ton and
treated directly in the production line. The
main cost of VSR is the required labour. The
current VSR technology treats one work piece
at a time, which makes it relatively ineffective
and expensive for small parts. However, as
parts increase in size the cost changes in favour
for the VSR process, as indicated in Figure 5,
the point of breakeven is about 110 kg.

In this project, 13 different types of workpieces
were treated with the VSR technology. Repeti-
tions were performed and in total 77 parts
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were treated. These workpieces were chosen
as they represent a broad range of the prod-
ucts made in the Danish manufacturing indus-
try. The workpieces vary greatly in size, mate-
rial and shape and include both parts that are
TSR treated and parts that are used untreated
— sometimes with great problems during mill-
ing processes.

Cost of stress relief treatment
1500

1000

500

Price [DKK / part]

TSR VSR Work piece weight [kg]

Figure 5 Cost of stress relieving treatments changes as
function of weight. VSR becomes increasingly competi-
tive as weight goes up.

The included parts can all benefit from a reduc-
tion of residual stress, as this may improve
their dimensional stability. Due to the limita-
tions on heat treatable materials and furnaces
sizes, not all the chosen parts are TSR treated,
they are however, included to identify the po-
tential of VSR treatments.

Results of performed VSR treatments
The performed treatments vary from short vi-
bration tests, to actual serial production. Table
1 lists the treated workpieces and the potential
for saving energy if a TSR process is replaced by
a VSR treatment. For large parts, the energy
savings approaches 100 %, as energy require-
ments for TSR go up with parts sizes, while the
energy consumption of the VSR process is only
weakly related to the weight of the treated
workpiece. For smaller work pieces, the energy
savings are reduced, but all cases show more
than 72 % savings. VSR treatment of the me-
dium sized part, M5, requires 0,39 kW/h corre-
sponding to 2 % of the energy required for a
similar TSR treatment. 47 parts of the M5 were
treated, see Tablel. The parts weigh 45 kg and
are cast from GJS-600-3 spherical cast iron. For
reference, untreated parts were machined,
which distorted to an unacceptable parallelism
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of 0,3 - 0,4 mm. With the use of VSR same par-
allelism changed to 0,03 - 0,07mm, while the
machining time could be reduced from 12
hours per part to 5 hours, as finishing cuts were
avoided.

The part L3, an 18 ton generator platform, was
treated with VSR in Latvia. For this part, the
customer required stress relief, either VSR or
TSR. Nearest adequate TSR facility is placed in
Finland, thus treatment and transport would
represent a substantial expense. To remedy
this, the part was VSR treated on-site. It is esti-
mated that the choice of VSR over TSR repre-
sents an energy saving of 32 GJ. This corre-
sponds to avoiding burning natural gas that
would have emitted 1.8 ton of CO, (emission
factor 56 kg/GJ, (Vreuls 2005)).

GENERAL UNCERTAINTIES IN RELATION TO
VSR TREATMENT

The commercial VSR equipment available pro-
vides for successful and repeatable VSR treat-
ments, as has been demonstrated on the M5
part in this project. The technology does how-
ever, have shortcomings as not all treatments
were successful. The main challenge is to iden-
tify how to apply VSR, which is difficult as the
effect is only evident after the treatment. Fur-
ther, general recommendations for applied
strain level or vibration level for various mate-
rials exist. The commercial equipment does
only consider the possible change in the used
set-ups frequency response. This is, an indirect
measure of the stress relaxation and may be
disturbed by any change of boundary condi-
tions.

Through this project, emphasis has been put
on ensuring constant boundary conditions and
improved process monitoring. To ensure this,
the clamping force of the used fixture has been
logged during the treatments. Further experi-
ments with strain gauge monitoring of the
workpiece during vibration has been con-
ducted. During treatment of M3-1, the strains

)EH ELFORSK

were monitored along with clamping force.

Figure 6 M3-1 clamped in vice, which is monitored with
load cell. Workpiece is equipped with strain gauges.

The treatment of the M3 parts showed no re-
duction in residual stress, during and after
treatment. Similar results were found for part
S1. Both parts have compressive stress near
the yield stress of the material.

Material properties and VSR

The effect of VSR on the microstructure, has
been analysed in this project for the small part,
S8 in Table 1. The microstructure of the cast
iron was examined with a scanning electron
microscope as cast, and compared to TSR and
VSR treated samples.

Figure 7 shows the microstructure after VSR
treatment, which consists of ferrite, perlite and
nodes of graphite. In the figure, two bands of
different ferrite pearlite distribution are visi-
ble. This was observed in two VSR samples and
not in the as cast and TSR samples, which
showed a more random distribution.

EHT =2000 KV Signal A = SE1
WD = 105 mm File Name = 6 conter15 jog

Figure 7 VSR treated $8-6, with bands of pearlite (grey)
/ ferrite (white). The two bands are about 2,5 mm apart.
Black nodes are graphite.
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Heat ca- | Potential | Saved CO2
Part | Number Weight pacity energy emission
Category | ID of parts | Company Part kWh/part | [kg] Materials [(MJ] saving [ke]
GLOBAL CAST-
Large L1 1| INGS V112 MK2 hub 0.7 | 16141 | EN-GJS-400-18U-LT 12362 100% 1775
Wind turbine tower
L2 1 | WELCON section 0.7 | 126000 | S355 87321 100% 12538
L3 1 | EAST METAL Generator platform 0.7 | 18000 | Structural steel 12474 100% 1791.2
Medium | M1 6 | RUNI Bearing house 0.4 126 | S355 87 100% 13
M2 1 | RUNI Screw conveyor 0.52 100 | S355, Hardox 400, 34CrNiMo6 69 99% 10
M3 2 | FERRODAN Plane 0.35 84 | GJL 250 EN-1561 67 100% 10
M5 47 | RIVAL Gearbox cover 0.39 45 | EN-GJS-600-3 36 98% 5.1
Small S1 2 | FERRODAN Sheave 0.35 27 | GJL 200 EN-1561 21 100% 3
7075 T7351 AMS-QQ-A-
S2 GPV Alu plates 0.28 6.8 | 250/12 -
S3 RUNI Testpart steel 52 0.36 $355, 34CrNiMo6 6 92% 1
S4 RUNI Testpart hardox 0.36 Hardox 400, 34CrNiMo6 -
Thin-walled alu cast-
S5 JAI ing 0.25 4.4 | EN AC 43000, F -
S8 FERRODAN flat cast bar 0.25 1.6 | EN-GJS 500-7 1 72% 0.2
Material Heat capacity
GJL-200, 20 - 600 °C 535 J/kgK
Steel, S355 466 )/ kgK
GJS-400, GJS-500 515 J/kgK

Table 1 Overview of VSR treated workpieces from various industries. The list starts with large and ends with small parts. * indicates estimated values
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The hardness of the treated parts was tested
and found to be slightly reduced by TSR and
unchanged by VSR. Table 2 shows the average
results for microhardness in centre and near
the surface.

Centre [HB] | Surface [HB]
As cast 141 142
TSR 138 137
VSR 141 142

Table 2 Result of microhardness test on part S8.

The residual stresses in the S8 parts are highly
compressive near the surface, as shown in Fig-
ure 8. These stresses are induced as result of
the casting and the subsequent shot peening
used to clean the surface. The average princi-
pal stresses were measured using the hole
drilling method (ASTM E387-13 uniform stress)

on the different samples.
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Figure 8 Average of stress measurements using the hole
drilling method on part S8. Stress according to ASTM
E837-13 uniform stress.

Based on the hardness and stress measure-
ments it is concluded that the VSR treatment
was ineffective. This may be caused by the
small component size (1.6 kg). Further experi-
ments are needed to identify a suitable treat-
ment for the S8 part.

APPLYING VSR TO REDUCE PRODUCTION
COST AND ENERGY CONSUMPTION

VSR can be applied to reduce production time
and cost, this can be achieved in some cases by
eliminating heat treatment and/or reducing
the necessary number of roughing operations
during machining. The typical cycle time for
VSR treating workpieces is around 50 minutes,

but this may be reduced for larger series. The
equipment used during the VSR process is
transportable and can be applied in the exist-
ing production facilities. This eliminates the
time used on transportation to heat treating
facilities. This allows smaller manufactures to
insource their material normalisation. It also
increases the flexibility in the production and
may create additional jobs. During the project,
a series of cast components (M5) were treated,
which resulted in improved dimensional accu-
racy. As result the company Rival has decided
to invest in VSR technology and use it in their
production.

CONCLUSION

13 various types of parts are treated with VSR,
while monitoring the energy consumption. VSR
provide energy efficient improvement for
some parts, whereas others show no sign of
stress release. The treated parts vary in weight
from 1.6 kg to 126 ton. Depending on the spe-
cific treatment, 0.25 to 0.7 kWh is consumed
per part. Compared to the energy require-
ments for TSR, this represents a reduction from
72 % for small parts, increasing with workpiece
weight to approach 100 % of relative energy
saving. The L3 part weighing 18 ton is VSR
treated, which substituted a TSR treatment
and thereby avoided 1.8 ton of CO, emission.
Furthermore, 47 parts of type M5 are treated,
which reduce the deflection of the parts after
machining. This reduce machining time from
12 to 5 hours per part.

At the current state, successful application of
VSR can be obtained in some cases. Overall,
the result shows a great potential for cost and
energy savings with the VSR method.

FUTURE WORK

It would be beneficial improving the predicta-
bility of the VSR process and understating of
the effect VSR has on the microstructure. This
would, in turn, improve how VSR is applied and
help achieving effective treatments. Further
research in high frequency, ultra-sonic VSR,
might improve the effectiveness on smaller
parts that has high eigenfrequencies.
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