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Abstract 

The finite element method and casting simulations have reached higher popularity and 
accuracy partly due to increase in computer power over the last couple of years. The 
increase in computer power has led to better simulations and hence a better reflection of 
reality. The development in simulations has made it possible to connect different kinds of 
physics and simulation tools, a type of multiphysics. In this work the connection between 
casting simulations and strength analysis (with finite element method) has been evaluated 
with focus on improving the computation accuracy at Scania.  

This work indicates that by implementing data from casting simulation into a strength 
analysis the result changes. These changes are local and often located in areas where the 
stress levels are large. This emphasise the importance of using casting simulation data in 
strength analyses. Furthermore there are a large room for improvement and some 
calibration should be executed before usage.  

A method has been developed on how to implement casting simulations into a strength 
analysis. This method requires a interdisciplinary connection between different groups at 
Scania. The result of this connection is not only a better simulation but also an exchange of 
knowledge regarding the product that is of interest for all involving groups. 
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Sammanfattning 

Finita element metoden och gjutsimuleringar har utvecklats och blivit väldigt populära i och 

med den utveckling som har skett på dator sidan. Kraftfullare datorer har lett till att 

simuleringar idag mer och mer speglar verkligheten. Detta har lett till  att kopplingar mellan 

olika simuleringsverktyg har börjat utvecklats, så kallade multifysik verktyg. I detta arbete 

har kopplingen mellan gjutsimuleringar och hållfasthetssimuleringar utvärderats i avseende 

att förbättra Scanias beräkningsprocess.  

Arbetet visar att genom att implementera data från gjutsimuleringar i en hållfasthetsanalys 

så kan beräknaren förvänta sig en förändring i resultat. Förändringen är lokal och till stor del 

lokaliserad i områden med höga påfrestningar. Detta visar på betydelsen av att i framtiden 

använda sig av gjutsimuleringsdata i hållfasthetssynpunkt.  Vidare så finns det stora 

utvecklingsmöjligheter inom ämnet och viss kalibrering bör genomföras innan användning.  

Under arbetets gång har en metod utvecklats som beskriver hur kopplingen mellan 

gjutsimuleringar och hållfasthet bör genomföras. Metoden kräver ett tvärfunktionellt 

samarbete mellan olika grupper på Scania men resultatet är givande för alla inblandade. 

Detta då förståelse för hur komponenten beter sig är av betydelse för både gjutsimuleraren 

liksom hållfasthets-beräknaren.  
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ACRONYMS AND ABBREVIATIONS 

‘ 
All variables with a ‘ indicates a local value 

in a node or element 

FEM Finite element method  

UWJ Upper water cooling jacket 

LWJ Lower water cooling jacket  

FP The opposite side of the combustion plane 

UTS 
Ultimate tensile strength or Minimal 

tensile strength (depending on context) 

GP Gauss point  

EC Element center  

S-N-diagram Same as Wöhler diagram 

CGI Compact graphite iron 

LMP 
The local material properties setting in 

FEMFAT 

CS Casting simulation  
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1 Introduction 

As fuel economy and mass reduction becomes more important, a better understanding 
regarding engine components is needed. One step in this chain is to be able to predict the 
life of components more accurately. Due to the complexity of many of these parts, such as 
the cylinder head, this problem is particular challenging.  

The complexity of the cylinder head results in large tolerances in material properties and 
defects during casting. Specifically challenging is the fact that cylinder heads has a wide 
variation in section thickness with both thick and thin walls. This kind of  geometry have local 
variation in mechanical properties and large residual stresses.  

These mechanical properties and residual stresses were very hard to predict until some 
years ago when it became possible to simulate the casting process. The simulation can be 
used to find properties that were impossible to measure or predict before. This has led to a 
better understanding regarding casting and helps to prevent unnecessary defects. 

Along with prediction of defects such as voids and cracks the casting simulation can predict 
residual stresses. This is particularly important since it gives the designer the possibility to 
prevent large stresses in local areas by making small changes. A problem is on the other 
hand that the person responsible for the casting simulation rarely has any knowledge 
regarding the load that the component will be exposed to when it is assembled. This mean 
that the designer might put a lot of work into areas that is not critical for the life or strength 
of the final product.  

Similar to casting simulation one are today able to predict the life of components with a 
combination of finite element method (FEM) simulation and concept of fatigue established 
by Wöhler in the mid-1800s [1] . Since there has been no connection between casting 
simulations and fatigue simulations, experiments has in many cases been the deciding factor 
whether a product precede to production or not.  

As higher accuracy is needed to reduce the fuel consumption and mass of the vehicles, 
Scania along with other companies are searching for new ways of improving their models. 
This has led to attempts to combine result gained from the casting simulations and import 
them to the fatigue and FE-models, to prevent the problems described above. 

2 Problem formulation  

The aim of this study is to derive a workflow and evaluate the effect of implementing casting 
simulation data into a fatigue simulation analysis. The casting simulations has been 
performed in the software MAGMAsoft® on one of the SCANIA’s cylinder head. The cylinder 
head is made of CGI.  

This study will also aim on creating a routine on how, in the future, SCANIA employees can 
use casting simulation to evaluate the fatigue in other components. Furthermore an 
investigation on the effect of surface treatment of casted products has been delivered.  
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3 Background/Theory  

3.1 Casting simulations 

The commercial casting simulation (CS) software MAGMAsoft® (MAGMA) was used to 
simulate the casting process of the cylinder head.  MAGMA is used today at Scania to mainly 
simulate the cast process to make sure that no defects occurs in the product and to make 
sure that best possible outcome is gained after casting. This way different moulds, cores or 
pouring techniques can be tested without performing any physical tests.  

During the solidification process the solidification conditions vary throughout the 
component, this leads to local variations in the final mechanical properties. This effect was 
evaluated by Olofsson and Svensson [2] in the elastic region and they found out that close to 
the yield stress the stress level may vary as much as 5 % compared with homogenous 
material.  

3.1.1 Young’s Modulus  

Studies on how the elastic modulus or Young’s modulus varies within a casting has been 
carried out before. For example, Sjögren and co-workers [3] studied how large the difference 
is between simulated and measured elastic modulus in a cylinder block. It was found that 
the relative error between simulation and reality is about 3 %. The same model that Sjögren 
and co-workers used is also used by MAGMA to describe the Young’s modulus in a 
component casted with CGI.  

An important observation that Sjögren and co-workers could draw is that the simulated 
Young’s modulus is generally an overestimation. This effect can also be observed in the work 
presented by Edbom [4] .  

3.1.2 Residual stress   

During the solidification and cooling state of a casting process residual stresses will build-up 
in the structure. These residual stresses are a function of the shape of the mould, the cores, 
and the cooling rate of the casting process [5] .  

According to Olofsson and Svensson [2]  the residual stresses has a large impact on the stress 
field of a casted component. It was shown that the residual stresses had an important 
contribution to the predicted stresses when the load applied was low. The results showed 
that the residual stresses were necessary to fully  predict the stresses regardless of load 
level.  

3.1.2.1 Computation of residual stresses  
The residual stresses is an output of the CS. Since the CS was performed in MAGMA, how the 
residual stresses are computed is not described. Known is that MAGMA take in to account 
the stresses that appear due to: shrinking, contact, plastic effects, creep and possibly more 
[6] . Also known is that MAGMA will use the Young’s modulus specified by the user and not 
the local property that MAGMA compute during the simulation when computing stresses.  

The accuracy regarding the residual stresses retrieved from the CS should be rather good 
 [7] . 



6 
 

3.1.3 Ultimate tensile strength  

In MAGMA the minimum tensile strength, which most likely is the ultimate tensile strength 
reduced by three standard deviations [8] is simulated instead of ultimate tensile strength. 
This mean that all simulated values of the UTS is lower than expected. This was validated by 
Edbom [4] where the UTS from MAGMA was compared with experimental data.  

3.1.4 Other output from the casting simulation  

A large range of parameters and values are gained from the CS, unfortunately the data that 
are of interest for a FE simulation are limited. The mechanical properties gained from 
MAGMA not described above are: yield strength (𝜎𝑌) and the Brinell Hardness (HB). 
Furthermore, one could use all properties that is computed in MAGMA to create own 
parameters.  

3.1.5 Connect FVM with FEM 

MAGMA uses finite volume method (FVM), therefore an add-on called MAGMAlink is used 
to “map” data from the finite volume elements to FE-nodes or elements depending on 
property.  

MAGMAlink work so that it chose a FE-node and then search for FV-nodes within a set radius 
[9] . If no node is found MAGMAlink will automatically set the value -1E30.  

3.2 Fatigue 

The commercial software FEMFAT 5.2a was used in this work to predict the fatigue in the 
component. FEMFAT take into account several different effects to scale the stresses gained 
from a FE simulation. The scaled stresses are thereafter compared with a S-N- and Haigh-
diagram to establish a safety factor towards the fatigue limit of the component.  

Below follows some of the topics that are of interest when it comes to fatigue.   

3.2.1 Fatigue limit  

As described above the material properties changes locally in the structure during the 
casting process. Notable is that no data from the CS touch the concept of fatigue. Therefore 
a method is needed where the fatigue limit can be described locally with help of the 
parameters given by MAGMA.  

Practice for many applications today where fatigue data does not exist is to compute the 
fatigue limit (𝜎𝐿) as function of the ultimate tensile strength (𝜎𝑈𝑇𝑆). As described in [10] the 
fatigue limit is between 20 - 40 % of 𝜎𝑈𝑇𝑆 for cast iron. However by investigation of the 
material data base provided by FEMFAT one can find that for all CGI materials the fatigue 
limit is 33% of the ultimate tensile strength. With this in mind and no other way of describing 
the fatigue limit was found the fatigue limit was scaled according to Equation 1. 

𝜎𝐿 =
1

3
𝜎𝑈𝑇𝑆 .   (1)

From Equation 1 the fatigue limit can be described with help of the ultimate tensile strength. 
Remember that only the minimum tensile strength are simulated in MAGMA for CGI 
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therefore the minimum tensile strength, will be used in Equation 1 instead of the ultimate 
tensile strength.   

3.2.2 Safety factor  

In FEMFAT the model used for predicting the safety factor (𝑆𝐹𝐴) is given in Equation 2 

𝑆𝐹𝐴 =
𝜎𝐴𝑝𝑟𝑒𝑚

𝜎𝑎
   (2)

where 𝜎𝐴𝑝𝑟𝑒𝑚 is the permissible amplitude stress and 𝜎𝑎is the amplitude stress. In Figure 1 

the quantities in Equation 2 are visualised in a Haigh-diagram. Note that the definition 
Sig_min = const. in FEMFAT was used to find the permissible amplitude stress.  

 

Figure 1. Visualisation of variables in safety factor computation in FEMFAT if the safety factor is computed with respect 
to “unlimited life”. 

3.2.3 Surface roughness  

The surface roughness has proven to have large effects on the fatigue limit for CGI according 
to Boonmee and Stefansscu [11] . Boonmee and Stefansscu also showed that after 
treatment has a positive effect on the fatigue limit especially shot blasting which can 
improve the fatigue limit by 43%.    

On the cylinder head three different surfaces exist: machined, shot blasted and untreated. 

3.2.3.1 Machined surface  
Machined surfaces can be found in areas where some machining after treatment has been 
made, for example drilling holes. They are typically much smoother than other surfaces. 

The surface roughness for these surfaces are 𝑅𝑍,𝐶 = 15 − 25μm. 

3.2.3.2 Shot blasted surface  
The shot blasted surfaces are bombard with small steel balls which will locally plastic deform 
the surface. This will leave residual compressive stress on the surface and it will make the 
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surface a bit smoother. The bombardment will also clean the surfaces from other particles 
that are left on the surfaces after the casting.     

The surface roughness for these surfaces are 𝑅𝑍,𝐶 = 150 − 200μm. 

3.2.3.3 Untreated surface  
The untreated surfaces generally do not exist as shot blasting is performed everywhere 
where no machining is made. Unfortunately as many channels and internal areas are hard to 
reach there might be some surfaces without treatment. Although there might be some 
untreated surfaces all surfaces that are not machined will be simulated as shot blasted in 
this work.  

3.2.4 Forschungskuratorium Maschinenbau method for surface roughness 

The German Forschungskuratorium Maschinenbau (FKM) [12] define the surface roughness 
influence factor according to Equation 3. This is also the method used by FEMFAT to take 
surface roughness in to account in their computation. 

𝑓𝑆𝑅,𝑎𝑓 =

1 − 𝑎𝑅,𝜎 ∙ log 𝑅𝑍,𝐶 ∙ log
2𝜎𝑈𝑇𝑆

𝜎𝑈𝑇𝑆,𝑠𝑓,𝑚𝑖𝑛

1 − 𝑎𝑅,𝜎 ∙ log 𝑅𝑍,𝑀 ∙ log
2𝜎𝑈𝑇𝑆

𝜎𝑈𝑇𝑆,𝑠𝑓,𝑚𝑖𝑛

     (3)

 
where 𝑅𝑍,𝑀 is the mean roughness depth for the specimen of which the material properties 

was determent, 𝑅𝑍,𝐶  is the mean surface roughness of the component that will be analyzed 
and 𝜎𝑈𝑇𝑆 is the ultimate tensile strength. For CGI 𝑎𝑅,𝜎 = 0.16 and 𝜎𝑈𝑇𝑆,𝑠𝑓,𝑚𝑖𝑛 = 400 MPa.  

The surface roughness influence factor will be multiplied with the fatigue limit in order to 
have an effect on the fatigue. The surface roughness influence factor will affect1 the fatigue 
limit according to equation 4  

{𝜎𝐿}𝑛𝑒𝑤 = {𝜎𝐿}𝑜𝑙𝑑√𝑓𝐺𝑅,𝑎𝑓
2 − 1 + 𝑠𝑖𝑔𝑛(1 − 𝑓𝑆𝑅,𝑎𝑓)𝑓𝑆𝑅,𝑎𝑓

2     (4)

 
where 𝑓𝐺𝑅,𝑎𝑓 is stress gradient influence factor.  

The reader should note that it is equally important that 𝑅𝑍,𝑀  and 𝑅𝑍,𝐶  are correctly 
determined. Even though the component of the analysis has a well-defined surface 
roughness, that might not matter as long as 𝑅𝑍,𝑀 is incorrect.  

4 Method  

4.1 Casting simulations  

The CS used in this work are not carried out by the author therefore no large effort will be 
spent on explaining or analyse this part. There are a few things that the reader should know.  

                                                      
1
 This apply in this work due to some circumstances.   
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4.1.1 Simulation process  

The casting simulation is divided into five steps:  

1. Melt treatment, 
2. Pouring,  
3. Solidification and cooling, 
4. Shake out at 500°C, 
5. After treatment (machining). 

In the first step the melt is prepared, in the second step the melt is poured into the mold. In 
the third step the melt starts to cool and solidify, this will lead to changes in material 
properties described in Sub-section 3.1. When each element in the cast reaches 500°C or 
lower the mould is removed and at 450°C the gating system is removed. Finally at 200°C the 
simulation is complete.  

After the solidification and cooling process is complete at 200°C, some machining is 
performed, for example drilling and milling.  

4.2 Mapping  

As mention above the CS is executed on a finite volume mesh therefore the module 
MAGMAlink is used to map the data on the FE-mesh.  

The following data was mapped to the FE mesh:  

1. Residual stresses given in MPa, 
2. Young’s modulus, 𝐸𝑚𝑎𝑔𝑚𝑎, given in MPa, 

3. Scaled Young’s modulus, 𝐸𝑠𝑐𝑎𝑙𝑒𝑑, given in MPa (computed according to Equation 5 
below),  

4. Minimum tensile strength given in MPa (𝜎𝑈𝑇𝑆_𝑚𝑎𝑔𝑚𝑎).  

𝐸′𝑠𝑐𝑎𝑙𝑒𝑑 = 𝐸′𝑚𝑎𝑔𝑚𝑎 − (𝐸𝑎𝑣𝑔 − 𝐸𝐶𝐺𝐼)    (5)

  
where 𝐸𝑎𝑣𝑔 is the average value of 𝐸𝑚𝑎𝑔𝑚𝑎. 

4.3 FE-simulations  

Five different FE-simulations were executed with help of Abaqus:  

 Reference simulation,  

 Residual stress simulation,  

 Varying (not scaled)  Young’s modulus simulation,  

 Varying (scaled) Young’s modulus simulation and 

 Both residual stress and varying (scaled) Young’s modulus.  

The set-ups for each simulation are described below.  



11 
 

4.3.1 Reference simulation 

A reference simulation was created with the purpose to have a model with whom result 
could be compared with. The geometry consist of cylinder heads, a cylinder block, cylinder 
liners and bolts . The geometry is displayed blow in Figure 2. 

 

Figure 2. Illustration of the reference model with cylinder heads (light grey), cylinder block (dark grey) and bolts (black).  

4.3.1.1 Contact 
The contacts between head – block, head – liner and head – bolt heads were modelled with 
the contact formulation surface to surface available in ABAQUS. The surface to surface 
contact is consider a better contact formulation than the node to surface contact according 
to ABAQUS [13] . The friction is set to 0.15.  

Tie contact were modelled between bolt threads – block and the bottom of the liner – liner 
shelf. 

The different contact zones can be seen found in Figure 3. 



12 
 

                        

Figure 3. Illustration of the contact zones. The contacts head – block and head – liner are not encircled in the figure, but it 
should be obvious to the reader where the contacts between the cylinder head and the cylinder block or the liner are.  

4.3.1.2 Mesh  
All parts except the liners were modelled with tetrahedron elements of second order of type 
C3D10I (or C3D10HS in abaqus 2016). The liners were modelled with second order triangular 
prism elements of type C3D15 and second order quadratic brick of type C3D20R.  

The reader should know that the CS data effect the hole geometry. Therefore even though 
surfaces are known to be more important than the inside of a body when computing the 
strength of a component, one should also aim for a good internal mesh when utilizing CS 
data. Hence the internal mesh should be of similar size as the MAGMA mesh and the surface 
mesh should be of the same standard as usual.  

4.3.1.3 Material  
The material used in each component are listed in Table 1. The material data for each 

material listed in Table 1 can be found in Table 2. 
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Table 1. Material used for each component. 

Component Material 

Cylinder head CGI GJV450 

Cylinder block CGI GJV450 

Liners Grey iron GJL300 

Bolts Steel 

 

Table 2. Elastic material data.  

Material Young’s modulus [GPa] Poisson’s ratio 𝝈𝑼𝑻𝑺 [MPa] 

GJV450 147 0.272 450 

GJL300 105 0.26 - 

Steel 208 0.3 - 

 

4.3.1.4 Boundary conditions  
The model was fixed (no displacement) in the position of the upper bearings (see Figure 4). 
Since the boundary condition is applied to an area of nodes this also leads to no rotation of 
these nodes.  

 

 

Figure 4. The faces where the boundary condition is applied are displayed in red. 

4.3.1.5 Load steps  

4.3.1.5.1 Pre-tension  
The first simulation step is pre-tension. At this step the bolts are pre-tensioned. 

4.3.1.5.2 Cylinder pressure  
In the second step the bolts are fixed, thereafter the cylinder pressure is applied. 

The cylinder pressure (𝑃𝑐𝑦𝑙) is applied on the projected surface of the cylinder (See Figure 5), 

the pressure is described by Equation 6 below 

𝑃𝑐𝑦𝑙 = 𝑠𝑓 ∙ 𝑃𝑚𝑎𝑥      (6)
where 𝑠𝑓 is a safety factor and 𝑃𝑚𝑎𝑥  is the largest allowed cylinder pressure.  
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Figure 5. Illustration of the different pressurized surfaces, inlet (yellow), outlet (blue) and projection of cylinder (red). 

The pressure applied on the inlet and outlet (see Figure 5) are larger than the cylinder 
pressure due to the fact that no valves are included in the model. Therefore the pressure is 
scaled according to Equation 7 in the valve seat pockets.  

𝑃 = 𝑃𝑐𝑦𝑙

𝐷2

(𝑑2
2 − 𝑑1

2)
 

   

  (7)

 

where 𝐷, 𝑑2 and 𝑑1 is defined in Figure 6. 

 

Figure 6. How to compute the pressure applied on the valve seat pockets. 

4.3.2 Residual stress simulation 

The same simulation as the reference simulation is used to implement the residual stresses. 
The only difference is that an include command is added to the ABAQUS input file. The 
include command includes the residual stresses from the mapping done earlier in the same 
step as the pre-tension step. 
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4.3.3  Varying Young’s modulus simulation 

The same simulation as the reference simulation was used to implement a varying scaled 
Young’s modulus. The difference is that the cylinder head is divided into several different 
components where each component has its own Young’s modulus.  

As mention earlier two simulation were be executed with varying Young’s modulus; one with 
varying Young’s modulus (𝐸𝑚𝑎𝑔𝑚𝑎) and one with varying scaled Young’s modulus (𝐸𝑠𝑐𝑎𝑙𝑒𝑑).  

More about the scaling of Young’s modulus can be found in Appendix E – Scaling or not 

scaling the Young’s modulus. 

4.3.4 Both residual stress and varying Young’s modulus  

One simulation is executed where both the residual stresses and a varying Young’s modulus 
are implemented. In this simulation the varying scaled Young’s modulus is used.  

4.4 FEMFAT 

The software  FEMFAT is used to compute the Safety factors. The safety factor is computed 
with respect to 50 % survivability after x million cycles in FEMFAT.  

The material data used in FEMFAT is FEMFAT’s own material called: GJV450.  

4.4.1 Varying fatigue limit  

As described in Sub-section 3.2.1 the fatigue limit will depend on the ultimate tensile 
strength which in itself will vary in the structure according to the CS. Therefore it is 
necessary to change the material property for each element in the cylinder head.  

The setting local material properties (LMP) in FEMFAT will be used to change the ultimate 
tensile strength of each node. The ultimate tensile strength is then connected to the fatigue 
limit according to Equation 8 [14] . How to do this can be found in Appendix G – Local 
material properties FEMAT.  

𝜎𝐿_𝑙𝑜𝑐𝑎𝑙
′ =

𝜎𝑈𝑇𝑆_𝑚𝑎𝑔𝑚𝑎
′

𝜎𝑈𝑇𝑆
𝜎𝐿    (8)

 

where 𝜎′𝑈𝑇𝑆_𝑚𝑎𝑔𝑚𝑎 is the minimal tensile strength simulated by MAGMA, 𝜎𝐿 is the fatigue 

limit in FEMFAT and 𝜎′𝐿_𝑙𝑜𝑐𝑎𝑙 is the new local fatigue limit. 𝜎𝑈𝑇𝑆 = 450 MPa for the cylinder 
head.  

4.4.2 Surface roughness computation  

A study was carried out where the safety factor was computed for different values of the 
surface roughness. This was performed on a test geometry where a positive and negative 
force were applied so that a fatigue evaluation could be performed, see Figure 7. The safety 
factor for a specific node was then computed for different values of the surface roughness in 
FEMFAT.  
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Figure 7. Test geometry. F is the load applied, the red dot indicates where the safety factor is read and the fixed support 
is visible on the end of the right “arm”.  

4.5 Comparison between set-ups  

The difference between the simulations will be described with the average absolute relative 
difference and the standard deviation.  

4.5.1 Average value 

The average is computed with help of  Equation 9  

𝜇 =
∑ 𝐷𝑖𝑓𝑓𝑖

′𝑁
𝑖=1

𝑁
    (9)

where 𝑁 is the number of nodes in the cylinder head used in the fatigue simulation in 
FEMFAT with 𝑆𝐹′𝑋 𝑜𝑟 𝑆𝐹𝑌

′ < 𝑆𝐹𝑙𝑖𝑚  and |𝐷𝑖𝑓𝑓′| < 100% ,  and 𝐷𝑖𝑓𝑓′  is the relative 
difference in percentage given by Equation 10. 

𝐷𝑖𝑓𝑓′ = 100 (
𝑆𝐹′𝑋
𝑆𝐹′𝑌

− 1)   (10)

  
in which 𝑆𝐹′𝑋  is the safety factor computed from simulation X and 𝑆𝐹′𝑌 is the safety factor 
computed from the simulation that will be compared with simulation X.  

Note that the relative difference is given in percent therefore 𝐷𝑖𝑓𝑓′ = 100 indicates that 
the safety factor in simulation X is 100% larger than in simulation Y.  
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The limit described above that 𝑆𝐹′𝑋 𝑜𝑟 𝑆𝐹𝑌
′ < 𝑆𝐹𝑙𝑖𝑚 is used in order to limit the data set to 

nodes that are/can be critical. If  𝑆𝐹′𝑋 𝑜𝑟 𝑆𝐹𝑌
′ > 𝑆𝐹𝑙𝑖𝑚 it is very unlikely that the node will 

ever be of interest in a simulation even if the material data/fatigue data/residual stresses 
changes. Four values of 𝑆𝐹𝑙𝑖𝑚 will be used; 𝑆𝐹𝑙𝑖𝑚 = 30, 3 , 2 , 1.5. 𝑆𝐹𝑙𝑖𝑚 = 30 indicates that 
no limit is used since FEMFAT has a maximum safety factor of 30.  

The limit 𝐷𝑖𝑓𝑓′ < 100, chosen by visual inspection of the results, is implemented to have 
some protection against singularities or similar effects that are unlikely to be true. 
Furthermore it is considered very unlikely that a difference of more than 100 % will occur 
due to implementation of CS data in to the FE simulation.  

4.5.2 Standard deviation  

The standard deviation, 𝑠𝑡𝑑, is given by  

𝑠𝑡𝑑 = √
1

𝑁
∑(𝜇 − 𝐷𝑖𝑓𝑓𝑖′)2.

𝑁

𝑖=1

    (11)

4.5.3 Sensitive areas  

Experience has proven that some areas are more sensitive than others. These areas are the 
bottom of the upper water cooling jacket (especially the transfer channel between the upper 
and lower chamber), ceiling of the lower water cooling jacket and the area on the opposite 
side of the combustion plane. All the planes are described in Figure 8 and all sensitive areas 
can found in Figure 9, Figure 10 and Figure 11.  

 

Figure 8. The position of the planes where the sensitive areas are.  
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Figure 9. Sensitive areas in the upper water cooling jacket. Especial sensitive areas are encircled. 

 

Figure 10. Sensitive areas in the lower water cooling jacket. Especially sensitive areas are encircled. 
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Figure 11. Sensitive areas on the opposite side of the combustion plane. Sensitive areas are encircled. 

5 Result  

All results can be found in Table 4 that is located in Appendix F – Results. Below follows a 
summation of the results that is of interest for the reader.  

5.1 FE-simulation  

The following results are for the comparison between different setups with a safety factor 
limit 𝑆𝐹𝑙𝑖𝑚 = 2. Furthermore, between the two comparison that is executed for every pair, 
the largest difference is presented below.  

An X inside the parenthesis after the name of a simulation indicates that the simulation 
represent Simulation X in Equation 10. A Y on the other hand represent Simulation Y in 
Equation 10.  

5.1.1 Varying Young’s modulus  

The difference in safety factor between the reference simulation (Y) and a simulation with a 
varying (scaled) Young’s modulus (X) was 𝜇 = 0.070 % with 𝑠𝑡𝑑 = 2.50 % . 

The difference in safety factor between the reference simulation (Y) and a simulation with a 
varying (not scaled) Young’s modulus (X) was 𝜇 = 0.142 % with 𝑠𝑡𝑑 = 3.44 % . 

5.1.2 Implemented residual stresses  

The difference in safety factor between the reference simulation (X) and a simulation with 
residual stresses (Y) was 𝜇 = 0.360 % with 𝑠𝑡𝑑 = 4.04 % . 
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5.1.3 Combining varying Young’s modulus and implementation of residual 
stresses  

The difference in safety factor between the reference simulation (X) and a simulation with 
both implemented residual stresses and a varying (scaled) Young’s modulus (Y) was 
𝜇 = 0.406 % with 𝑠𝑡𝑑 = 3.89 % . 

Figure 12 to Figure 14 illustrates the difference between the reference simulation and the 
simulation with combined varying (scaled) Young’s modulus and implemented residual 
stresses. The reference simulation is denoted as X according to Equation 10. This means that 
if  𝑑𝑖𝑓𝑓′ > 0 the safety factor is lower in the simulation with combined varying (scaled) 
Young’s modulus and implemented residual stresses compared with the reference 
simulation.  

 

Figure 12. Difference ( 𝒅𝒊𝒇𝒇′ )  between reference simulation and simulation with both varying residual stresses and 
Young’s modulus.  
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Figure 13. Difference ( 𝒅𝒊𝒇𝒇′ )  between reference simulation and simulation with both varying residual stresses and 
Young’s modulus.  

 

Figure 14. Difference ( 𝒅𝒊𝒇𝒇′ )  between reference simulation and simulation with both varying residual stresses and 
Young’s modulus.  

 

5.2 Varying ultimate tensile strength 

Below follows the result when the simulated UTS is allowed to vary in the structure.  
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5.2.1 Reference with varying ultimate tensile strength  

The difference in safety factor between the reference simulation (X) and a simulation with a 
varying UTS (Y) was 𝜇 = 14.39 % and 𝑠𝑡𝑑 = 3.25 % . 

In Figure 15 to Figure 17 the difference between the reference simulation and the simulation 
with a varying UTS is plotted. The reference simulation is denoted as Y according to Equation 
10. This means that if  𝑑𝑖𝑓𝑓′ < 0 the safety factor is lower in the simulation with varying UTS 
compared with the reference simulation. 

 

Figure 15. Difference ( 𝒅𝒊𝒇𝒇′ )  between reference simulation and simulation with UTS in the UWJ. 
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Figure 16. Difference ( 𝒅𝒊𝒇𝒇′ )  between reference simulation and simulation with UTS in the LWJ. 

 

Figure 17. Difference ( 𝒅𝒊𝒇𝒇′ )  between reference simulation and simulation with UTS on FP. 
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5.2.2 Combining together  

The difference in safety factor between the reference simulation (X) and a simulation with a 
varying (scaled) Young’s modulus, implemented residual stresses and varying UTS (Y) was 
𝜇 = 15.32 % and 𝑠𝑡𝑑 = 4.99 % . 

5.3 Effect of surface roughness  

Figure 18  show 𝑓𝑆𝑅,𝑎𝑓 ,the surface roughness influence factor (according to Equation 3), 

plotted versus 𝑅𝑍,𝐶  with 𝑅𝑍,𝑀 = 1  and 𝜎𝑈𝑇𝑆 = 450 MPa. In Figure 18 normalised safety 
factor is also plotted verses 𝑅𝑍,𝐶, the normalised safety factor is normalised with the safety 
factor when 𝑅𝑍,𝐶 = 1. All the safety factors are computed using the test geometry according 

to Figure 7.  

 

Figure 18. 𝑺𝑭𝑨 normalized by 𝑺𝑭𝑨 computed for 𝑹𝒁,𝑪 = 𝟏 vs 𝑹𝒁,𝑪 together with 𝒇𝑺𝑹,𝒂𝒇 vs 𝑹𝒁,𝑪. 

6 Discussion  

What is important before reading the discussion below, the reader should be aware that all 
the results are specific for the cylinder head evaluated in this work. This mean that one could 
see other effect when evaluate another component.  

6.1 Stresses not displacement or strains  

Stresses are a function of strains which in itself are a function of displacements. The initial 
idea was to export the displacements from MAGMA. The reason for using displacements (or 
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strains) is to reduce computations since abaqus will go back to displacements when it begins 
new computation.  

In MAGMA the displacements are described from the original cast mould geometry. This 
lead to very large displacements due to the fact that there is a natural shrinking included in 
the displacement. Hence the displacements cannot be used to compute the residual stresses 
in Abaqus.  

The author has not found any way to import strains into Abaqus therefore no strains were 
implemented.  

6.2 Statistic evaluation – Three-sigma  

 

Figure 19. Illustration showing the idée behind 3-sigma. 𝝈 indicates the standard deviation (𝒔𝒕𝒅). Picture was copied 
from Wikipedia [15] .  

The use of 3-sigma2 (𝜇 ± 3 ∙ 𝑠𝑡𝑑) is a popular tool to evaluate a product. The fact that more 
than 99 % of all points are within three standard deviations away from the average (see 
Figure 19) means that in the case of a varying (scaled) Young’s modulus a deviation in safety 
factor larger than 0.070±7.5 % cannot be expected, compared with the reference simulation. 
The same can be done with all different combinations, see Table 3. 

Table 3. Average + three standard deviations for comparison between different simulations. “Combination” refer to 
Combination of both implemented residual stresses and Young’s modulus. All data is taken from comparisons with 

𝑺𝑭𝒍𝒊𝒎 = 𝟐. 

Comparison 𝜇 ± 3 ∙ 𝑠𝑡𝑑 

Scaled Young’s modulus vs reference 0.070 ± 7.50 % 

Not scaled Young’s modulus vs reference 0.142 ± 10.32 % 

Residual stresses vs reference 0.360 ± 12.12 % 

Combination vs reference 0.406 ± 11.67 % 

Varying UTS vs reference  14.39 ± 9.75 % 

Combination with varying UTS vs reference  15.32 ± 14.97 % 

 

                                                      
2
 Also called six-sigma in some literature.  
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This way of comparing is good since it gives a value of the maximum difference that can 
occur. It is hard to say if the largest differences (3 ∙ 𝑠𝑡𝑑) ever will occur in an area of interest 
but it is possible that these levels can be reached.    

6.3 Choice of 𝑺𝑭𝒍𝒊𝒎 

From Table 4 it can be seen that if 𝑆𝐹𝑙𝑖𝑚  is decreased the number of nodes in the 
comparison is decreased. The reader can also observe that the standard deviation decreases 
in many cases as well. This is a good sign when it comes to the residual stresses. Because low 
safety factor indicates high stresses and as mention in Sub-section 3.1.2 the effect should be 
largest where the stress levels are low.   

It is also notable that the change in standard deviation is small when comparing result with  
𝑆𝐹𝑙𝑖𝑚 = 2  and  𝑆𝐹𝑙𝑖𝑚 = 1.5. This indicate that some kind of convergence is reached, see 
Appendix F – Results.    

6.4 Mesh density and statistics  

The average and standard deviation that is computed for comparison between different 
simulations is in many cases dependent on external factors. One of the most critical is the 
local mesh density. If an area has a very dens mesh that indicates that there will be a lot of 
nodes with similar values. This will have a large impact on the average and the standard 
deviation. Since the computation of the average and the standard deviation is performed 
only by adding node values together and no influence is taken with respect to the size of the 
elements.  

In this work all radii and known critical areas are meshed with a fine mesh whereas other 
areas has a more coarse mesh. Overall there will be a lot of areas with a much finer mesh 
compared with the rest of the model. Since there is a limit (𝑆𝐹𝑙𝑖𝑚) the whole analysis will be 
restricted to areas with large stresses which in most cases are meshed with small elements. 
Hence the standard deviation and average will be less dependent of the mesh density 
compared with if no 𝑆𝐹𝑙𝑖𝑚 was used.  

6.5 Mesh  

How large effect a good internal mesh has on the final result has not been evaluated in this 
work. The effect of a bad versus good internal mesh has only been evaluated by visualisation 
of plots. This mean that it might not be as important to have a good internal mesh as 
mention above, but when implementing CS data into a FE-analysis one should always have 
the internal mesh in mind. Especially when thick walls are a part of the structure. This since 
thick walls give room for growth of the mesh and if no maximum mesh size are set one might 
get elements that are several times bigger than the surface elements.  

6.6 Local material properties  

When utilising LMP in FEMFAT, FEMFAT itself will scale two parameters. As described earlier 
the fatigue limit is changed but it is also important to know that the yield stress will change 
with the same factor as the fatigue limit. Since the setting for plastic correlation is used in 
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FEMFAT this actually makes a difference. How large the effect is, when considering local 
varying yield stress is not measured but should be done in the future.  

6.7 Surface roughness influence  

The dashed line in Figure 18 will, due to how the surface roughness influence factor is used 
in Equation 4, indicate a limit on how big of a difference the surface treatment can have. 
Hence, for surfaces that has no treatment more than shot blasting and a 𝑅𝑍,𝐶 ≈ 200 μm the 

maximum negative effect of a rough surface is about 13 %. Notable is that since the stress 
gradient is generally large where the stress levels are large (radii etc.) the effect of a rough 
surface will decrease (see blue line in Figure 18).  

The lesson learned from this is that it is important to implement surface roughness in the 
simulations, especially when the roughness is high (as cast or shot blasted surfaces). 
Important to mention is that even though surface roughness in simulations make a large 
difference it might be that this effect is already included indirectly by the safety factor (𝑠𝑓) 
that is used in Equation 6, hence the safety factor in cylinder pressure. This mean that the 
calibrations that has been performed between simulations and test might include errors 
such as the surface roughness.  

The effect that the surface roughness is included in the error between test and simulation, 
that it is represented by the safety factor 𝑠𝑓, can be true for other phenomena as well. To be 
able to improve the simulations one need to take the step to change the safety factors and 
believe in the simulations. Because, if the surface roughness is included in both the 
simulations and in the safety factor 𝑠𝑓 the result will be a to strong and robust component 
which will lead to an expensive component.  

6.8 Need of calibration  

Both the simulated values of Young’s modulus and UTS are proven to be under- and 
overestimations respectively of the real values. Therefore in order to implement them in 
future simulations they need to be calibrated. This should be done by comparing simulated 
results with measurements on real components. More precisely one should measure the 
real Young’s modulus and UTS locally in a component and tune the simulated results with 
help of measured ones. 

6.8.1 Calibration of Young’s modulus with average 

In this work the Young’s modulus was calibrated with the average value. This gave a very 
small differences compared with not calibrated results. This indicates that the effect of 
having a varying Young’s modulus comes from the variation itself. Therefore no one should 
expect large differences by calibrating the Young’s modulus with real values as described 
above.   

6.8.2 Varying UTS 

When looking at the results in Table 4 one can see a varying simulated UTS has the largest 
impact on the result when comparing average values. This is most likely due to the large 
underestimation of the UTS. Hopefully when calibrating the simulated UTS data the average 
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will be closer to zero. When calibrating the data the variation within the data will not 
change, hence the standard deviation will remain about the same.   

6.9 Impact of varying UTS  

The effect of varying simulated UTS has in this work given a negative contribution to the 
safety factor. If this is true even after the data is calibrated is hard to say, it depends on how 
large the underestimation is. Most likely it will give both positive and negative contribution, 
what is known is that thin sections/areas will have larger 𝜎𝑈𝑇𝑆  compared with thick 
sections/areas. If the underestimation is large (>10 - 15%) one could expect positive 
contribution in areas that are thin and might be exposed to large stress levels.  

Exception to this is when a thin area/section is created in the machining after the casting is 
complete. This mean that the UTS might be low due to the fact that the section was thick 
during casting but the section was then made thin by machining after the casting. This mean 
that one should be extra careful when evaluating areas that has been machined after the 
casting process. Since they might both be exposed to large stress levels and have a low UTS.  

6.10    Impact of implemented residual stresses and varying Young’s 
modulus 

The residual stress showed to make a difference on the safety factor of the cylinder head, 
same goes with the Young’s modulus. The effect from both of them is rather small but visible 
and gives generally a negative contribution to the safety factor in critical areas. The residual 
stresses showed to have a larger impact compared with a varying Young’s modulus, but in 
the case of workload it takes about the same effort to export both residual stresses and 
Young’s modulus as it takes to just export one. Hence if residual stresses are of interest in a 
simulation there is no reason to not implement a varying Young’s modulus as well.  

6.11    Everything together  

With both the simulated (scaled) Young’s modulus and UTS was allowed to vary together 
with implemented residual stresses both the standard deviation and average reached its 
highest values. The large average value is due to the underestimation of the simulated UTS 
and the large deviation is most likely an effect of adding contribution between the different 
parameters.   

6.12  Largest effect in sensitive areas  

The reader might have noticed that in many cases the sensitive areas that are mentioned in 
Sub-section 4.5.3 are located where the effect of an implementation of CS data is the 
biggest. This is mainly due to the fact that a limit in safety factor is used (𝑆𝐹𝑙𝑖𝑚) which 
automatically restrict the values to sensitive areas.  

Even though not mentioned earlier in this text; it is generally said that thin sections or more 
exact areas that solidify fast will get better material properties compared with areas that 
solidify slow. This in combination with that thin sections often are the weakest areas of the 
structure might result in that the largest effect (of implement CS data into the strength 
analysis) will be in the sensitive areas.  
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6.13    Is this necessary? 

One of the main questions asked in this work is: is it necessary for Scania to use CS data in 
future FE simulations? The simplest answer to this is yes. It will be necessary to use CS data 
in FE simulations in the future to reach more accurate results but at the moment Scania are 
not there.  

Before Scania should start use CS data to improve their FE analysis they should make sure 

that the data is calibrated, especially the UTS. Furthermore the evaluated  

product/component should be of such a large interest that it is worth the extra time it takes 

to set-up a FE analysis with CS data. There are many simulations that are of extra interest,  

 when the safety factor is very close to one and small changes could mean 
that component wont fulfil the requirements, 

 a component should be evaluated for the first time and it is necessary to 
reach accurate results,  

 several components break down the same way in test or field and no 
explanation can be found.  

6.14    Collaboration  

In order to be able to carry out a strength analysis with CS data the engineer that will 
perform the strength computation needs to be in contact with the engineer who set-up the 
CS. As mentioned earlier this contact is quite unusual but will lead to a transfer of 
knowledge. The people that are experts in casting has generally a broader understanding of 
the material and production compared with the person performing the strength analysis. On 
the other hand the engineer conducting the strength analysis has great knowledge on how 
the component works and moves during loading.  

If two people with these two different backgrounds can collaborate it is possible that many 
problems can be solved before they reach a critical state. Just the fact that the cast expert 
know where the component is weak with respect to production and the strength analyst 
know where it is weak with respect to loading, one could improve the fatigue just by making 
sure that these two areas does not coincide.  

7 Conclusion 

 By implementing residual stresses from a casting simulation into a strength analysis 
the safety factors changes enough to make a difference when extra accuracy is 
needed.  

 Varying Young’s modulus has a small impact on the fatigue but should be taken in to 
account since it requires a minimal effort if residual stresses is used.   

 Varying ultimate tensile strength has a great impact on the fatigue, but calibrations 
need to be done in order to use it in the future.  

 All casting simulation parameters has together a significant effect on the fatigue and 
should be used in the future on Scania to improve their strength analysis methods.   

 A routine on how to implement casting simulation data into the fatigue analysis was 
constructed.  
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8 Future work  

There are a lot of question marks that could not be answered in this work. Both questions 
that were known from the beginning and questions that were found during the process. 
Below follows a list of future subjects that should/can be investigated.    

 How 𝑆𝐹𝐵 stands with respect to 𝑆𝐹𝐴 if compared with experimental results. This is a 
rather large and important investigation that should be performed by Scania. See 
Appendix D – Difference between SFA and SFB for details about 𝑆𝐹𝐵. 

 Run all simulation with plastic material to make sure that the results are verified 
when plastic deformations are included. There is a possibility to implement the yield 
stress from MAGMA into the FE-simulations. 

 Investigate if it is possible to map strains or displacements instead of residual 
stresses to the FE mesh.  

 Run a test on how large of a difference the local varying yield stress has when using 
LMP in FEMFAT.  

 Calibrate the CS data so that the Young’s modulus and UTS match the experimental 
results. This means that experiments need to be performed.  

 Find a better way of evaluate fatigue simulations, is it possible to integrate over a 
volume to find a more correct value of the safety factor?  
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9 Appendix A – Mapping 

Appendix not shown, approved by KTH-examiner. 

10 Appendix B – Mapping residual stress to GP or EC 

Appendix not shown, approved by KTH-examiner. 

11 Appendix C – Scaling the safety factor after FEMFAT 

The second method on how to compensate for a changing fatigue limit is to scale the safety 
factors after FEMFAT instead. This is done according to Equation 12  

𝑆𝐹′𝑠𝑐𝑎𝑙𝑒𝑑 = 𝑓′𝑈𝑇𝑆/𝜎𝐿 ∙ 𝑆𝐹′    (12)

 

where 𝑆𝐹 is the original safety factor from FEMFAT and  𝑓𝑈𝑇𝑆/𝜎𝐿 is computed according to 

Equation 13 

𝑓′𝑈𝑇𝑆/𝜎𝐿
=

𝜎′𝑈𝑇𝑆_𝑚𝑎𝑔𝑚𝑎

450
     (13)

 

 where 𝜎𝑈𝑇𝑆_𝑚𝑎𝑔𝑎𝑚 is the local ultimate tensile strength given in MPa. 

The factor given by Equation 13 is visible in Figure 20. The reader can note that if Figure 20 is 
compared with Figure 15 both figures shows similar results. This indicates that a change in 
UTS has a direct impact on the fatigue even in FEMFAT.  
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Figure 20. The factor 𝟏𝟎𝟎(𝒇𝑼𝑻𝑺/𝝈𝑳

′ − 𝟏) plotted in the position given by Figure 9. Note that a negative value equals 

 𝒇𝑼𝑻𝑺/𝝈𝑳

′ < 𝟏. 

12 Appendix D – Difference between SFA and SFB 

A study has been carried out on the difference between the two ways of computing the 
safety factor in FEMFAT.  

12.1  Definition  

The two different ways to compute the safety factor in FEMFAT are; 𝑆𝐹𝐴 and 𝑆𝐹𝐵, they are 
given in Equation 14 and 15 

𝑆𝐹𝐴 =
𝜎𝐴𝑝𝑟𝑒𝑚

𝜎𝑎
     (14)

and  

 𝑆𝐹𝐵 =
𝜎𝐴𝑝𝑟𝑒𝑚 + |𝜎𝑀𝑝𝑟𝑒𝑚|

𝜎𝑎 + |𝜎𝑀|
   (15)

 

where 𝜎𝐴𝑝𝑟𝑒𝑚 is the permissible amplitude stress, 𝜎𝑀𝑝𝑟𝑒𝑚 is the permissible mean stress,  𝜎𝑎 

is the amplitude stress and 𝜎𝑀 is the mean stress.  
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The person familiar to Haigh-diagram and safety factor computations will probably find 
Equation 14 and 15 a bit odd. Because in many cases the safety factors are computed with 
help of distances in the Haigh-diagram. The Handbook of solid Mechanics3 recommends the 
use of distances to compute the safety factor and if the variables in Figure 1 are used the 
following Equation 16 can be formed  

𝑆𝐹𝐻𝐵 =
√𝜎𝐴𝑝𝑟𝑒𝑚

2 + 𝜎𝑀𝑝𝑟𝑒𝑚
2

√𝜎𝑎
2 + 𝜎𝑀

2
.   (16)

The observant reader can now see that both Equation 15 and 16 give the same result since 
both the work point and the permissible stress point laying on the same line.  

12.2  Difference 

The difference between the two safety factors can be seen for some locations in the cylinder 
head in Figure 21, Figure 22 and Figure 23.  

 

Figure 21. Difference between SFA (left) and SFB (right) displaying the area just above the combustion plane. 

                                                      

3 B. Sundström, red. (2010) Formelsamling i hållfasthetslära. Institutionen för 
Hållfasthetslära, KTH. Stockholm, Sverige.  
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Figure 22.  Difference between SFA (left) and SFB (right) displaying upper water cooling jacket.  

 

 

Figure 23. Difference between SFA (left )and SFB (right) displaying lower water cooling jacket 

The reader can observe that the difference is very large in some areas and that in general it 
seems that 𝑆𝐹𝐵 < 𝑆𝐹𝐴 . There are also areas where the opposite is true. Since there are no 
available experimental results to compare with it is impossible to say that one is better than 
the other.   

12.3  Conclusion  

As described above it is hard to say whether 𝑆𝐹𝐴 is better or worse than 𝑆𝐹𝐵. Furthermore, 
Scania has used 𝑆𝐹𝐴 before and has some experiance with this safety factor also all criteria is 
set with respect to this factor. Therefore 𝑆𝐹𝐴will be used to compute the safety factor in this 
work but some kind of investigation should be performed in the future to evaluate if 𝑆𝐹𝐵 is 
better than 𝑆𝐹𝐴. 
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13 Appendix E – Scaling or not scaling the Young’s modulus  

Due to the overestimation of Young’s modulus it was scaled according to Equation 17  

𝐸𝑠𝑐𝑎𝑙𝑒𝑑
′ = 𝐸′ − (𝐸𝑎𝑣𝑔 − 𝐸)    (17)

 
where 𝐸𝑠𝑐𝑎𝑙𝑒𝑑

′  is the new modulus that will be implemented in to the model, 𝐸′ is the local 
Young’s modulus, 𝐸 is the global Young’s modulus of the cylinder head and 𝐸𝑎𝑣𝑔is the 

average value of the local Young’s modulus.  

By using the same way of comparing the results as described in Sub-section 4.5, a model 
with a not scaled Young’s modulus was compared with a model with a scaled Young’s 
modulus. This was done for 𝑆𝐹𝑙𝑖𝑚 = 3.  

The difference in safety factor between the model with unscaled modulus and the model 
with scaled modulus was 𝜇 = 0.42 % and 𝑠𝑡𝑑 = 0.89 % .  

Due to the small difference one can conclude that it makes a small difference whether one 
using scaled or not scaled Young’s modulus. On the other hand implementing (scaled or not 
scaled) Young’s modulus into the strength analysis makes a difference. This indicates that 
the internal variation is the most important factor when it comes to a varying Young’s 
modulus.  
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14 Appendix F – Results  

 

 

Table 4. Results from comparison between different set-ups. 

Simulation X  Simulation Y 
𝜇 𝑠𝑡𝑑 #nodes  

𝑆𝐹𝑙𝑖𝑚 = 3 𝑆𝐹𝑙𝑖𝑚 = 2 𝑆𝐹𝑙𝑖𝑚 = 1.5 𝑆𝐹𝑙𝑖𝑚 = 30 𝑆𝐹𝑙𝑖𝑚 = 3 𝑆𝐹𝑙𝑖𝑚 = 2 𝑆𝐹𝑙𝑖𝑚 = 1.5 𝑆𝐹𝑙𝑖𝑚 = 30 𝑆𝐹𝑙𝑖𝑚 = 3 𝑆𝐹𝑙𝑖𝑚 = 2 𝑆𝐹𝑙𝑖𝑚 = 1.5 𝑆𝐹𝑙𝑖𝑚 = 30 
Reference 

model 
Scaled Young’s 

modulus 
-0.216 % -0.0458 % -0.0840 % -0.10 % 4.38 % 1.96 % 1.96 % 3.44 % 384372 99109 23601 3243735 

Scaled 
young’s 
modulus 

Reference 
model 

-0.160 % 0.070 % 0.129 % -0.21 % 4.93 % 2.50 % 2.87 % 4.49 % 384520 99092 23598 3243735 

Reference 
model 

Not scaled  
Young’s 
modulus 

-0.105 % 0.0432 % -0.0940 % -0.14 % 4.24 % 2.55 % 2.66 % 3.62 % 385622 99637 23636 3243735 

Not Scaled 
Young’s 
modulus  

Reference 
model 

-0.342 % 0.142 % 0.180 % -0.13 % 6.13 % 3.44 % 4.05 % 3.68 % 386374 99604 23630 3243735 

Reference 
model 

Residual stress 0.209 % 0.360 % 0.349 % -0.094 % 6.19 % 4.04 % 4.28 % 4.18 % 391101 101729 24015 3243735 

Residual 
stress 

Reference 
model 

-0.635 % -0.288 % -0.250 % -0.24 % 6.38 % 3.24 % 3.10 % 4.60 % 391450 101749 24018 3243735 

Reference 
model  

Combination  0.314 % 0.406 % 0.386 % -0.061 % 6.02 % 3.89 % 3.83 % 4.02 % 392009 102331 24056 3243735 

Combination 
Reference 

model  
-0.854 % -0.346 % -0.308 % -0.31 % 7.35 % 3.29 % 2.93 % 5.21 % 393038 102241 24057 3243735 

Result with implemented varying UTS 

Reference 
with varying 

UTS 

Reference 
without 

varying UTS  
- -12.59 % - -6.35 %4 - 3.62 % - 18.98 %4 - 168753 - 3243735 

Reference 
without 

varying UTS 

Reference with 
varying UTS 

- 14.39 % - 2.55 % - 3.25 % - 5.94 % - 168594 - 3243735 

Combination 
with varying 

UTS 

Reference 
without 

varying UTS 
- -13.25 % - -2.41 % - 4.44 % - 7.07 % - 176149 - 3243735 

Reference 
without 

varying UTS 

Combination 
with varying 

UTS 
- 15.32 % - -2.46 % - 4.99 % - 7.07 % - 175845 - 3243735 

                                                      
4
 These values deviates a lot from the other values which indicates that something has gone wrong.  
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15 Appendix G – Local material properties FEMAT 

Appendix not shown, approved by KTH-examiner. 
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