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1  Introduction – Stress simulation in sand casting

When liquid metal is poured into the cavity of the mold, the 
sand starts to heat up while the liquid metal cools and solidi-
fies. Thermal contraction of the metal and thermal expansion 
of the sand influence the initial location of the interface be-
tween the solidifying metal and the surrounding sand mold 
and the inner cores, which governs the initial shape of the cast 
part. During the subsequent solid state cooling, the cast mate-
rial gains strength compared to the sand and further contrac-
tion is mainly governed by the thermal gradients in the metal. 
Generally, the outer regions and thinner sections cool first and 
due to the related thermal contraction, these regions build up 
tensile stresses. The outer tensile stresses are in balance with 
the inner still hotter regions, where mainly compressive stresses 
build up. Due to the initial compression of the inner and weak-
er material, the sign of the stress state changes during further 
cooling. This means at room temperature the outer surface is 

typically in compression. The change in stress state during cool-
ing is illustrated by the simulation results in Figure 1.

At high and intermediate temperature levels the metal is 
vulnerable to form defects which are related to high stress-
es and inelastic deformation e. g. localizing around porosity. 
For hot tearing, the risk and level of defects are closely relat-
ed to the complex balance between sufficient feeding of so-
lidifying regions to compensate for contraction and the level 
of constraints from e. g. cores that prevents the cast material 
to contract freely. At temperature levels below solidus, uneven 
cooling leads to different levels of contraction which can pro-
mote high stress levels. In some cases, the high stress level 
leads to permanent deformation that affects the dimensions 
of the final part, and in worse cases the stress level reaches the 
strength of the material and cracks can start to form. Depend-
ing on the size of the casting, time can have an important in-
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fluence on the stress evolution during solidification and cool-
ing, [1, 2]. For large sized castings, the cooling time is typical-
ly large enough to allow stress relaxation to take place. Similar 
to stress relaxation during heat treatment, this is governed by 
creep and visco-plastic material behavior, [3, 4]. 

In Figure 2, six different cases are presented, describing 
the analysis and benefits from stress simulations for different 
applications.

2  Stress predictions in large castings – Validation

Casting of large scale steel and iron parts leads to long solid-
ification and cooling times. Stress simulations of these cast-
ings have to take the time scale of the process into account 
to properly predict stress relaxation at high temperatures. For 
these types of cases, a unified creep model is used to include 
both temperature and time dependency in the model descrip-
tion. Including time dependency in the material model descrip-
tion allows the simulation to predict the transient and residu-
al stress levels with a reasonable accuracy, as shown in the ex-
amples in this section where simulation results are compared 
to stress measurements, [5].

MAN Energy Solutions designs large two stroke marine en-
gines, where roughly 1/3 of the modern large-bore diesel engine 
is made of cast components. The company decided to closely 
investigate the residual stress state in the cylinder frames, by 
measuring the residual stresses after the casting process and 
comparing the stress level to simulation results. After careful 
evaluation, the ring core method was determined to be suit-
able measuring the stress level for cast iron parts. The full cast-
ing process was simulated using MAGMASOFT® including the 
simulation of stresses and deformation, [A]. 

The ring core method works by releasing the stress state 
in a small stub of material, by milling a small notch around a 

rosette of strain gauges. During milling the strains are mea-
sured in the rosette and are converted to stresses as a func-
tion of the depth of the notch1. See the assembled engine, 
the measurement setup and details about the notch and ro-
sette in Figure 3.

Mechanically loaded grey iron bars with well defined bound-
ary conditions were used for evaluating the method. The ob-
jectives were to gain confidence in the method and ensure 
successful application on different iron grades. The ring core 
method was also simulated during validation, and the stress 
release after milling the notch was very nicely shown in the 
stress lattice example in Figure 4. In Figure 4a the material was 
initially loaded in tension in the middle of the bar, but during  
milling the notch, the stress state redistributed and after a few  
milimeters it dropped to approximately zero (Figure 4b). 

For the real casting measurements, three cylinder frames 
were selected. One 20 ton grey iron frame and two ductile iron 
frames of 10 and 25 tons, respectively. 

The first set of measurements was done on the 20 ton grey 
iron frame. The location of the measurements was a number of 
supporting bars, which were part of the casting layout but were 
removed before machining. Unfortunately, some large stress 
gradients, which were later seen in the simulation, turned out 
to cause problems for the measurements. The comparison to 
simulation results showed similar trends but quite some differ-
ences in the absolute values and results, see Figure 5.

Based on the experience from the grey iron frame, it was de-
cided to simulate the casting process first to get an overview of 
the residual stress state in the material, before doing the mea-
surements. Critical areas with plateaus of either compressive or 
tensile stress states were selected for measurements before do-
ing the actual stress measurements at the foundries.

The small ductile iron frame was subsequently evaluated. For 
this frame, the thermal results were used to perform two stress 
simulations. One simulation used the standard time indepen-
dent plasticity model and one used the unified creep model 
to evaluate the influence of stress relaxation at the higher tem-
perature levels. The simulated results showed a clear tendency 
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Figure 1:  
Thermal history and related 
stress evolution in castings. 
Faster cooling results in tran-
sient tensile stresses on the 
surface followed by compres-
sion at room temperature 
due to initial permanent de-
formation in the hotter inner 
regions.
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1  In this way the ring core method resembles the more well-known hole drilling 
method, where the stress state is also measured by releasing the stress state du-
ring drilling.
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Stress predictions in large castings – Validation 

 

 
Example: Large ductile iron and grey iron 2-stroke marine 
cylinder frames 
• Stress simulation results were compared to measurements, 

using the ring core method 
• The influence of time and stress relaxation was evaluated, 

using the unified creep model 
Fulfill dimensional requirements – Flatness and roundness 

 

 
Example: Cast iron electric engine cover 
• Flatness and roundness were evaluated and compared for 

both simulation results and measurements 
• The stress level was shown to not be critical and it was 

possible to save an expensive stress relief heat treatment 
step 

Minimizing the risk of hot tearing – using virtual Design of Experiments (DoE) 

 

 
Example: Crucial part of a pump assembly 
• The risk of hot tears and shrinkage porosity was evaluated 

in four critical areas 
• Virtual DoE was used to evaluate the influence of feeder 

layout, the part design and process conditions 
Risk of cracks during machining 

 

 
Example: Cast iron frame structure 
• Stress redistribution due to machining was evaluated 
• Uncritical residual stress levels after casting were shown to 

increase and provoke cracks during machining 
• The influence of changing the casting layout and cooling 

conditions were evaluated  
Optimization of quench conditions 

 

 
Example: Steel brake disc 

• Simulation of distortion of steel brake discs during 
quenching 

• Different quench conditions were simulated to analyze 
the influence of stacking the discs during quenching 

• Both oil and water were considered as quench media 
 

Integrated distortion control in casting and heat treatment 

 

 
Example: Steel blade for a Francis turbine 

• Simulation of the contraction and deformation during 
cooling was used to pre-shape the mold to get 
agreement with the target geometry 

• Stresses and deformation in the heat treatment support 
frame were evaluated 

• 3D measurements were compared to simulation results 

Figure 2: Six different cases, describing the analysis and benefits from stress simulations for different applications.
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of lower residual stresses when stress relaxation was taken into 
account by the unified creep model, see Figure 6.

Measurements were subsequently performed and com-
pared to the results from the two simulations. The compari-
son was very convincing. Generally, the results from both sim-
ulations followed the trends from the measurements, but the 
results from the unified creep simulation showed a much bet-
ter agreement in the stress level compared to the simulation 
where the plasticity formulation was used. This showed the 

expected need for time dependency to be included in the ma-
terial description to simulate stress relaxation at high temper-
ature levels. Measurement and simulation results of the larger  
25 ton ductile iron casting showed similar good agreement. 
Again, the trends were similar for the two material models, but the 
results using the unified creep model showed best agreement.

Generally, the ring core method proved to be a viable mea-
surement method for the large cast iron cylinder frames. The 
method showed some sensitivity to the preparation of the test 

σ >> 0 σ ≈ 0

Figure 4:  
Illustration of the simulated 
stress state in a stress lattice 
(a) and predicted stress re-
lease simulating the ring 
core method (b).

a b

Figure 3: Determination of stress levels for a large, two-stroke marine diesel engine (a), handheld ring core measurement equip-
ment (b) and zoom of drill and mounted strain gauge (c, d).

a cb d

a b

Figure 5: Stress measurements for a 20 ton grey iron casting, with 9 successful measurements (a) and measurements compared  
to simulation results (b).
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area, due to grinding the surface and gluing the strain gauge 
rosette onto the surface. As expected, the measurements were 
sensitive to the location on the frame, especially if some larger 
stress gradients are expected in the area.

Overall, the agreement between measurements and simu-
lation results was quite good and the unified creep model was 
able to take the stress relaxation, which takes place in the large 
slow cooling cylinder frames, into account.

3  Fulfill dimensional requirements – Flatness and 
roundness

When cast components fail or cause problems under service 
load conditions, it is typically necessary to perform a thor-

ough review of the entire process chain starting with the cast-
ing process. Similar to the design phase and process optimi-
zation phase, it is important to have a simulation strategy to 
review and analyze the conditions in the process and the ma-
terial. In this section, a cast iron electric engine cover showed 
vibration problems during testing of the prototype parts. This 
could finally lead to premature failure. Initial tests showed that 
after a stress relief treatment the engine vibration problem 
was reduced, suggesting a problem of dimensional stability 
and the presence of residual stresses. It was decided to evalu-
ate the influence of residual stresses on the distortion, which 
was assumed to cause the dimensional requirement problem 
initially, [B]. 

Deformation was measured and simulated in order to eval-
uate the two criteria of flatness and roundness. The evaluation 

Thickness = 66 mm

Thickness = 12 mm

Ø  940 mm

Figure 7: Snapshot of the mounted engine cover (a), casting design used in the simulation (b), closeup of the engine cover  
(c) and cross section (d).

a

c

b

d

a b

Figure 6: 10 ton ductile iron casting, with 8 successful measurements (a) and measurements compared to simulation (b).
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was finally used to conclude whether 
the stress relief heat treatment after 
casting was necessary. The engine 
cover and the details regarding di-
mensions and location in the assem-
bly are shown in Figure 7.

The evaluation of the dimension-
al requirements was done across all 
manufacturing steps. The roundness 
was evaluated around the bearing 
and the flatness was evaluated on 
both the back face of the cover and 
on both sides of the bearing face, 
(details about the different locations 
of evaluation in Figure 8). The arrow 
A indicates the location of roundness 
and the arrows B, C and D indicate 
the location of flatness evaluation.

A full casting process simula-
tion was performed and the stress 
state was evaluated after the cast-
ing process using MAGMASOFT®. 
The von Mises result showed some 
high stress levels around the ribs on 
both sides of the cover, indicating 
that the cooling history did gener-
ate some permanent deformation at 
high temperature, which could lead 
to critical levels of distortion. The 
von Mises stress level is shown in  
Figure 9 on both sides of the cover.

The displacement results showed 
some tendency to bending, which is 
visualized by the z-displacement re-
sult in Figure 10. This result shows 
that the part did not only contract 
due to cooling, but as indicated by 
the residual stress result, it also dis-
torted in terms of bending.

The simulation results were com-
pared to measurements by position-
ing the geometry using the 6-points 
measurement method to overlay the 
results. The measurements were 
done on 50 points around the pe-
rimeter of the different evaluation 
areas. 

The comparison was done by vi-
sualizing the measurements and sim-
ulation results in both a polar plot 
and in a classical xy-graph. The po-
lar plot fits well to the round geom-
etry and represents well the evaluation around the perimeter. 
An example is shown in Figure 11 for the outer flange.

Generally, the comparison on the outer flange showed a 
quite good agreement between simulation and measurements. 

The roundness of the part was evaluated in the inner pe-
rimeter of the flange by calculating the distances between the 
measurement points and an evaluation circle. The radius of the 
evaluation circle is constructed by the least square method to 
minimize the deviation between the measurements and the 

circle. In addition to the individual comparison in the points 
on the perimeter, the roundness was evaluated by the differ-
ence between the minimum and maximum values shown as 
∆Zq in Figure 12a. The overall roundness is visualized in the 
two graphs, Figure 12b and Figure 12c.

The comparison showed good agreement between the dif-
ferent measurements, and the comparison to the simulation 
results showed agreement within the specified tolerances. The 
roundness number ∆Zq was 0.276 mm and 0.339 mm for the 
two measurements and 0.9 mm for the simulation results. The 
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Figure 9: Von Mises stress level after the casting process, showing high stresses around  
the ribs.

a b

Displacement Z [mm]

-1.2                             +1.2

Figure 10: Displacement Z result after casting, indicating bending of the cover.

Figure 8: Location of roundness and flatness evaluations at the front face (a) and back face 
(b). The arrow A indicates the location of roundness evaluation and arrows B, C and D indi-
cate the locations of flatness evaluation.
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higher value found by the simulation result is partially due to 
the slaut evaluation surface, which made it hard to compare 
the roundness at the exact same diameter. Further compari-
son was done after the stress relief heat treatment and a sim-
ilar agreement was found for the roundness evaluation, with 
a slight decrease in the ∆Zq number to 0.222 mm.

Overall the evaluation of both the flatness and roundness 
criteria showed good and consistent agreement between mea-
surements and simulation results. The presented approached 
was capable to give a successful dimensional evaluation. Based 

on the results it was possible to conclude that the observed 
problem of vibrations was not related to the casting process. 
It was furthermore shown that the stress relief heat treatment 
step was not necessary, since the residual stresses did not af-
fect the roundness of the hub, and it was decided to skip the 
heat treatment step and by that save 13,000 US$/year.

The original vibration problem was subsequently further 
analyzed and solved by the R&D team, without modifying the 
casting process.

Evaluation of the outer flange

Figure 11: Evaluation of the distortion in the outer flange. 
The simulated deformation result shown with 10x magnification (a), the comparison in polar plot (b) and in a xy-graph (c).

a b

c

Figure 12: Roundness evaluation using the evaluation circle (a),  
comparison around the perimeter (b) and comparison in a xy-graph (c).

a

b

c
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4  Stress related casting defects

Hot tearing of steel castings is a prime concern for foundries, 
which adds extra costs and time in the production in terms of 
repair welding and in the worst case high scrap rates. Thermal 
analysis of the casting process increases the understanding of 
the cooling conditions in critical areas, highlighting the risk of 
porosity formation, hot spots with poor or no feeding, and vari-
ations in cooling rates which governs the thermal contraction 
of the material. Based on the thermal analysis it is possible to 
extend the knowledge by coupling the results to a stress cal-
culation, which provides information about thermal contrac-
tion. Critical areas can then be detected, if large strain rates 
and strain localize in hot spots where porosity already exists 
due to poor feeding. 

To aid the foundry engineer identifying these critical areas 
prior to production, information from the thermal and mechan-
ical analysis has been combined into a hot tear criterion, which 
highlights the critical areas directly as one result. The criterion 
takes various information into account to evaluate the complex 
physics that cause hot tearing. 

To illustrate the application of the hot tear criterion on a real 
casting, an example is shown in Figure 13. The cracked zone 
is highlighted in Figure 13a and the predicted locations are 
indicated with yellow and red colors by the hot tear result in  
Figure 13b. In this case a long narrow feeding path was the root 
cause for hot tearing, and with the hot tear criterion it was pos-

sible to optimize the location and size of the feeders to mini-
mize the hot tear problem sufficiently.

5  Minimizing the risk of hot tearing – using virtu-
al DoE

To reduce and avoid the extra cost of repair welding of hot tears, 
it is beneficial to evaluated and review the risk of hot tears in a 
systematic way to select the best possible design and process 
conditions. The considered example in this section is called 
the Yoke, which is a crucial part of a pump assembly. The ini-
tial design and layout of the feeders produced close to 80 % 
scrap, due to hot tears in the inner corners of the longitudinal 
braces, see Figure 14 where one of the locations is highlight-
ed. The hot tears required extensive re-work, including repair 
welding of the defect locations. In addition, it was necessary 
to carry out a magnetic particle inspection to check all of the 
produced castings. As a result, the cost to produce this casting 
using the existing tooling was not favorable.

The foundry concluded that, in order to optimize produc-
tion, it was necessary to work out and verify changes both in 
the part design and in the gating and feeding system of the 
casting. To tackle this task time- and cost-effectively, the ap-
proach to the problem chosen was to carry out a virtual De-
sign of Experiments to evaluate different combinations of the 
design changes [C]. 

Figure 13:  
Location (a) and prediction 
(b) of hot tears on a large 
steel casting. 

a b

Figure 14:  
Original situation:  
CAD model of the casting 
and the problem area.
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To evaluate the designs, the four inner corners were iden-
tified as the critical areas and four corresponding evaluation 
areas were defined. In these areas the objective to be fulfilled 
to find the best design was to minimize the hot tear criterion, 
as well as to minimize the porosity criterion to ensure the part 
would not suffer from larger shrinkage defects (Figure 15). 

Twelve designs were evaluated, where the position of the 
casting, the casting geometry, the feeder configuration and 
the process parameters were modified. The evaluation of each 
design included a full thermal analysis providing information 
about the feeding, porosity level and temperature information 
for the subsequent stress analysis. The hot tear criterion was 
calculated during the stress calculation, and the combined in-
formation was examined in the previously defined critical ar-
eas (Figure 16).

For the optimization assessment, statistical tools were used 
to identify the best compromise between hot tear and porosi-
ty tendency in the designs. A bar chart displaying both defined 

objectives for each design clearly shows opposing trends re-
garding porosity and hot tearing (Figure 17).

Figure 16: Different feeder configurations: three out of the 12 automatically simulated designs.
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Figure 17: Porosity and related hot tear tendency for all virtual experiments in a bar chart representation. Design 2 provides the best 
compromise.

Evaluation areas 

Figure 15: Definition of the evaluation areas for the analysis 
of hot tearing tendency.
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As expected, the strongest tendency for hot tearing was 
revealed for optimum feeding with minimum porosity. This is 
due to longer solidification times and increased temperature 
differences between the casting and the feeders, which pro-
motes feeding, but also results in high strain rates and an in-
creased tendency for hot tearing. The bar chart does howev-
er show a design that provides the best compromise between 
the two competing objectives.

A comparison of the results between the original situation 
and the best design considered in the optimization showed 
that geometric changes in both the casting and in the feeding 
system were necessary to significantly reduce both the stress 
and porosity defects at the same time (Figure 18).

Using the optimized solution, it was possible to reduce the 
hot tear risk in the critical solidification range by approximate-
ly 60 % compared to the original situation. The assessment 
tools allowed a quantitative comparison of how each design 
influenced each of the objectives. For the chosen solution, the 
changed feeder layout reduced the strain during solidification 
by 30 %, while the modified casting design reduced the strain 
during solidification by 44 %. It was subsequently possible to 
reduce both the amount of magnetic particle inspections re-
quired, as well as the amount of repair welding. The automatic 
calculation of the twelve versions was done on an 8-core work-
station and took less than one day. To evaluate the designs in 
production would have taken weeks with high costs.

6  Risk of cracks during machining

Casting metal parts is often the first step in a sequence of down-
stream process steps which include cleaning, thermal treat-
ment, machining, assembling etc. Most of these manufactur-
ing steps affect the stress state in the material, either due to 
changes in microstructure and stress relaxation, or due to ap-
plied loads or removal of material.

To analyze the influence of downstream process steps on 
product quality it is often required to use the as-cast condi-

tion of the material as the starting point for the subsequent 
process step(s). In this section, the focus is on how the machin-
ing operations of two large holes and drilling of one addition-
al hole influence the stress concentration in the remaining ma-
terial between the holes. For this type of analysis, it is neces-
sary to include the residual stress distribution from the casting 
process as initial condition for the subsequent removal of ma-
terial. The example shows what a process engineer is typically 
able to change in the dimensions and casting layout to affect 
the cooling history, and by that improve the final quality and 
reduce the risk of cracks during machining. 

The considered part is a large cast iron frame, with several 
holes in the base plate. The casting process showed no signs of 
problems both in reality and in simulated results. However, after 
machining the holes and drilling the center hole, cracks were 
detected in the material on the edge of the two holes, where 
the load carrying area was reduced and hence the stresses in-
creased significantly (Figure 19). 

The casting process was simulated with MAGMASOFT®. The 
thermal results showed a smooth cooling process with relative-
ly small gradients througth the thickness of the walls but with 
a higher temperature level in the base plate compared to the 
surronding walls. The simulation predicted a moderate stress 
level in the base plate around the critial area, but not reach-
ing a critical level for the GJL 200 material in the as-cast condi-
tions, see Figure 20.

Results from simulating the machining operation, howev-
er, clearly showed an increase in the stress level in the critical 
area. The von Mises stress level increased from approximate-
ly 60 MPa to above 230 MPa, due to the reduction of the load 
carrying area by the machining operations.

Based on the initial analysis and the detected cracks on the 
real part, it was necessary to change the process and/or the de-
sign of the part to reduce the risk of cracks. The implemented 
changes had to be practically possible from a process point of 
view, the final part had to meet the design requirements, and 
finally the changes had to be cost effective. 

Cracked area 
after machining!

Figure 19: Geometry of the machined part, with critical area 
highlighted.

Figure 18: Indications of hot tearing in the original layout 
(a) and in the optimized design (b).

a b
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For the considered problem mainly two things were inter-
esting to be modified. First, the base plate was changed to re-
duce temperature differences to the surrounding walls, and 
thereby reduce the residual stress levels from the casting pro-
cess. Second, the load carrying area between the two holes 
was increased. To modify the heat center in the base plate, it 

was decided to test two different approaches (Figure 21). In 
case 1, a chill was added next to the critical area to cool and 
strengthen the material locally during the casting process. In 
case 2, the holes in the base plate were filled with material to 
smoothen the temperature distribution during cooling. Final-
ly, in case 3, material was added between the two holes in the 
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Figure 20:  
Stress level in the critical area 
as-cast (a) and after machining 
(b), respectively.
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Figure 21: Evaluation of three different variants to reduce the risk of cracks in the critical area.
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Figure 22:  
Comparison of the results  
for the evaluated modifications 
after machining.
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thickness direction of the base plate, to increase the load car-
rying area in the critical region.

The von Mises stress results for the 3 cases were compared 
to the original design after the machining step. Picked values 
in the critical region are shown in Figure 22.

The results showed a clear improvement in case 1, where 
the chill ensured a faster cooling of the critical area and by that 
locally reduced the level of residual stresses after the casting 
process and also significantly reduced the stress level after ma-
chining and drilling. Case 2, where the holes were filled with 
material, actually increases the problem. The extra material did 
locally smooth the temperature profile, but it also produced a 
bigger hot spot compared to the faster cooling walls. The re-
sidual stresses after casting therefore became bigger, which 
also increased the stress level in the critical area after machin-
ing. Finally, in case 3, no significant changes were observed 
and the added material between the two holes did not pro-
vide sufficient strength to solve the problem in the critical zone.

7  Optimization of quench  
conditions

Many cast components are heat treat-
ed after casting to release stresses 
built up during solidification and 
cooling and/or with the goal of 
changing the microstructure to ob-
tain the required mechanical prop-
erties and performance. Especially 
during quenching of a casting, where 
uneven cooling rates due to differ-
ent wall thicknesses or the quench-
ing process itself occur, significant 
residual stresses and distortion can 
be introduced into the cast part. 
Distortion of steel brake discs dur-
ing quenching plays a significant role 
in meeting the final dimensional re-
quirements. In the case study shown 
here, the influence of various quench 
conditions was used with the optimi-
zation objective to minimize the dis-
tortion at the end of the quenching 
process. The geometry of the brake 
disc is shown in Figure 23. The cal-
culations were done for low alloyed 
carbon steel with 0.25 % carbon  
(GS25Mn5). The material data were 
calculated with the thermodynamic 
software JMatPro version 8.0 (Gen-
eral Steel module). 

The heat treatment module in 
MAGMASOFT® was used to calculate 
the quenching process, starting from 
900 °C after the austenitization pro-
cess. The discs were assumed stress 
free with no deformation at the be-
ginning of quenching, i. e. the com-
pared distortions were based on the 
different simulated quench temper-
atures only.

It is usually a big challenge to minimize distortion during 
quenching, due to the stacking of the brake discs. Depending 
on the location of the discs in the frame, some inner zones are 
quenched slower compared to outer zones which are quenched 
faster.

Displacement results for different water and oil quenching 
conditions are presented in Figure 24. Both homogeneous 

Top side

Bottom side

X direcon

Figure 23:  
Geometry of the 
brake disc with 
inner diameter 
of 800 mm.

Homogeneous water quenching 

Inhomogeneous water quenching 
(top side quenched faster) 

Inhomogeneous water quenching 
(bottom side quenched faster) 

Homogeneous oil quenching 

Inhomogeneous oil quenching 
(top side quenched faster) 

Inhomogeneous oil quenching 
(bottom side quenched faster) 

Displacement X [mm]

-3.0                             +3.0

Figure 24: Displacement in x-direction for a brake disk for different quenching conditions 
(a-f ) presented with a distortion factor of 15 (quenching from 900 °C to room temperature).
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and inhomogeneous quenching, where faster quenching 
was assumed for either the top or the bottom side, has been 
investigated. 

The results presented in Figure 24 show the displacement 
component normal to the surface of the disc with a magnifi-
cation factor of 15 for the different quench conditions.

7.1  Water quenching

The inhomogeneous water quenching generated the highest 
level of displacement, which was found to be in the range of 
several millimeters. The worst case was for the fast quench-
ing of the bottom side. The direction of out of plane defor-
mation depends on which side was quenched fastest. The 
homogeneous water quenching gave a moderate displace-
ment level of less than 2 millimeters.

7.2  Oil quenching

Generally, the oil quenched brake discs showed less tenden-
cy to displacement. Faster oil quenching from the top side 
delivered the best out of plane displacement result. During 
quenching, the brake disc was first bent in one direction and 
later in the other direction, with the result being a more or 
less flat profile at the end of the quenching process. The fast-
er oil quenching of the bottom side showed a larger amount 
of displacement compared to both the homogeneous wa-
ter and oil quenching.

The maximum out of plane displacement is summa-
rized as a function of quench conditions and cooling rate in  
Table 1. The example shows how optimization can be used 
to successfully minimize the amount of out of plane displace-
ment and improve the quality of the casting after heat treat-
ment.

8  Integrated distortion control in casting and heat 
treatment

Today it is possible to simulate the entire sequence of process 
steps and evaluate stress levels and distortion after both, cast-
ing and heat treatment. During both processes, thermal con-
traction and expansion lead to stresses and deformation, due 
to cooling, heating and quenching. The final dimensions of a 
cast component are clearly the result of the combination of pro-
cess steps sued in its production. Simulation allows consider-
ation of dimensional requirements throughout the entire pro-
cess chain. Industry uses this possibility to optimize the casting 
design and make sure that support frames provide sufficient 
stability at high temperature during heat treatment.

In this section a large steel turbine blade from the Czech 
foundry ZDAS was investigated, [D]. The dimensional toler-
ances were carefully analyzed for the casting process and the 
stress relaxation was analyzed for the heat treatment process. 
The blade is part of a Francis turbine, with a weight of 13.4 tons, 
where the weight of the feeders and gating system is 8 tons. 
The dimensions are 4.3 x 3.5 m. The alloy is a martensitic stain-
less steel, CA-6NM. After casting, the part is heat treated by 
quenching from 1020 °C and tempered at 600 °C. The geome-
try of the blade is shown in Figure 25a, and the liquidus to sol-
idus result from the casting simulation in Figure 25b.

Results from the casting stress analysis were used to pre-
shape the pattern to compensate for the thermal contraction 
and distortion built up during the casting process. Pre-shap-
ing was done to the CAD geometry, by applying the negative 
deviation between the results from the first simulation and the 
target geometry. Based on the updated CAD design, a second 
simulation was performed and compared to the target geom-
etry. This first iteration of pre-shaping the design showed an 
improvement in the comparison to the target geometry. In  
Figure 26a the deviation to the target geometry is shown for the 

Table 1: Maximum out of plane displacement for different cooling conditions of the brake disk obtained by virtual Design  
of Experiments.

Rank  Quenching condition Average cooling rate  Maximum difference 
    on the top surface of  in displacements 
    the casting between 900 °C  in x-direction, 
    and 100 °C, mm 
    K/s

1
  inhomogeneous oil quenching 

2.0 1.0 
   (top side faster quenched)

2  homogeneous water quenching 14.8 1.7 

3  homogeneous oil quenching 2.7 2.0
 

4
  inhomogeneous oil quenching 

2.1 3.0
 

   (bottom side faster quenched)

5
  inhomogeneous water quenching 

8.0 3.8
 

   (top side faster quenched)

6
  inhomogeneous water quenching 

11.1 5.1
 

   (bottom side faster quenched)
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original simulation and in Figure 26b 
the deviations after simulating the 
pre-shaped design. The maximum 
deviation on both sides of the blade 
is reduced from around 22 mm to  
6 mm. It was decided to use the mod-
ified CAD design to create a wooden 
pattern for casting the first blades. 

Six castings were manufactured 
and the parts were 3D-measured 
on both sides to evaluate the devi-
ation to the target geometry, which 
was then compared to the simula-
tion results. One of the measure-
ment results is shown in Figure 27. 
The numbers in the blue boxes are 
measurements and numbers in the 
green boxes are simulation results. It 
should be noted that 13 mm of ma-
chining allowance has been added 
to the simulation results in order to 
compare numbers to the measure-
ments.

Comparing the simulation results 
to the measurements is quite chal-
lenging for this type of component, 
and the agreement depends on a 
careful positioning of the curved sur-
faces. Measurements of the six parts 
also showed some spread in the de-
formation between the real parts. 
For the selected comparison some 
overall agreement was found in big-
ger sections with only a few millime-
ters of difference, but in some sec-
tions a bigger difference was found in 
the range of 6-9 millimeters. Some of 
the bigger difference seems to be lo-
cal fluctuations in the measurements 
and local deviations in the curvature, 
which is not predicted by the sim-
ulation. Nevertheless, the foundry 
found the agreement reasonable tak-
ing the complex geometry into ac-
count, which is generally known to 
be complicated to keep consistent-
ly within tolerances. With the help 
of pre-shaping the CAD design, they 
were able to manufacture the parts 
within the tolerances of the machin-
ing allowance and minimize repair 
welding.

The blades were positioned for 
the subsequent heat treatment pro-
cess as shown in Figure 28a and fi-
nally they were prepared for the 
nondestructive testing as shown in  
Figure 28b.

The heat treatment process was 
analyzed to evaluate the level of 
stress relaxation at high temperature 
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Figure 25: The geometry of the blade (a) and the liquidus to solidus result from the casting 
simulation (b).
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Figure 26: Deviation between the simulated distortion and the target geometry: Initial  
calculation (a) and after pre-shaping (b).
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Figure 27: Deviation between production part and the target geometry. Numbers in  
green boxes are simulation results and numbers in blue boxes are measurements.
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and the building up of stresses during cooling and quenching. 
Furthermore, the change in shape was evaluated at the end of 
heat treatment by comparing the final distortion level to the 
shape after casting. The unified creep model was used to have 
a proper description of the time and temperature dependen-
cy, which governs the stress relaxation at high temperature in 
the furnace. To visualize the temperature and stress level in the 
blade a point was selected in the thick section. The two curves 
are shown in Figure 29.

The temperature and stress profile of the heat treatment 
process clearly indicates the expected stress relaxation at ele-
vated temperature, followed by an increase in stress level dur-
ing cooling. The stress level sensitivity to cooling rate and ther-

mal gradients is seen by the big increase in stress level during 
quenching compared to the lower increase in stress level dur-
ing the slower cooling steps.

The result in Figure 30 shows the additional deformation, 
which was built up during the heat treatment steps. The com-
parison is based on a best fit approach and it indicates that the 
main downward deformation is localized in the upper thick re-
gion and some smaller upward deformation is localized in the 
center of the blade.

Overall, the stepwise analysis of the blade reduced the risk 
of producing blades outside of tolerances, which would require 
expensive repair welding and delays in production. Using the 
unified creep model to analyze the heat treatment process, it 

Figure 29: Temperature profile during heat treatment and the corresponding stress development in the interior part of the thick  
section of the blade.

Figure 28: The blade positioned for heat treatment (a) and the blade after machining, being prepared for NDT (b).

a b
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was possible to get an impression about the performance of 
the support structure and the development in the stress state 
during multiple heating and cooling cycles.

9  Summary

Today, stress simulation of sand casting and subsequent pro-
cesses extends the possibility to identify critical regions in the 
part and evaluate dimensional requirements that influence the 
in-service performance. Validation of the applied models has 
shown reliable stress levels even for large, slow cooling parts 
where stress relaxation is taken into account. Integrating the 
results from the thermal analysis makes it possible to predict 
the risk of cracks at high and intermediate temperature lev-
els such as hot tears. In combination with the capabilities us-
ing virtual Design of Experiments, stress simulations can be 
used to analyze the influence of various parameters on the fi-
nal quality of the part, and the results can be used to optimize 
the product and process conditions. Using the results system-
atically provides a strong tool to reduce the need for weld re-
pair and reduce the scrap rate due to crack related problems 
or dimensions being outside required tolerances.

Dr. Jesper Thorborg, Dipl.-Ing. Jörg Zimmermann, Dr.-Ing. 
Corinna Thomser, MAGMA GmbH, Aachen 
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Figure 30: Deviation in shape from the as-cast state to the final heat treated state.


