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Preface 
The manufacturing sequence may to a large extent influence properties like 
residual stress and hardness and, as a consequence, the fatigue life and shape 
accuracy of a component. Numerical simulation tools based on the Finite Element 
Method (FEM) are today established in a majority of engineering departments for 
analysis of various design concepts. However, the conceptual analysis does not 
include the properties induced by the manufacturing processes. By simulating the 
manufacturing sequence and extracting important accumulated data, like residual 
stress, hardness and shape, the possibilities of early analysis of a design concept 
of a component and optimisation of the complete manufacturing sequence may 
increase. An established methodology has the potential to reduce physical testing, 
increase the process knowledge and reduce product development time and costs. 
This thesis suggests principles for simulating manufacturing sequences. The 
reference knowledge is based on the following case studies: 

• A forged steering knuckle including billet manufacturing, pre forming, 
final forming, trimming, cooling, blasting, heat treatment, turning and 
deep rolling 

• A forged steering arm including hot shearing, the roughing blow, the 
finishing blow, trimming, hot calibration, controlled cooling and blasting 

• A forged pinion including roughing blow, finishing blow, controlled 
cooling, isothermal annealing, turning, case hardening and straightening 

• Two sheet metal-formed components including sheet metal forming, 
welding and heat treatment. 

It is possible to establish virtual manufacturing sequences and connect different 
commercial simulation softwares into a chain with support from methods for data 
communication and in process modelling. However, the data communication has 
pitfalls and also material data, process data and material models for single 
processes may be insufficient in order to conduct a quantitative analysis of the 
accumulated properties. Thus, a thorough validation of the sequential simulation 
results should be performed. Further, engineering simplifications of the sequence 
are recommended and e.g. a combination of numerical and empirical methods 
may be preferable in order to predict accumulated properties with high accuracy. 
Future development concerning standards for data communication as well as 
meshing, mapping and modelling technique is recommended in order to improve 
the quality of the accumulated simulation results. Finally, methods for integration 
of sequential simulation in the overall component design process, including 
conventional Computer Aided Design (CAD) and Finite Element Analysis (FEA), 
should be developed. The main advantage of sequential simulation may be 
conceptual studies of process and material parameter variations and their 
influence on the final product properties. 
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1 INTRODUCTION AND RESEARCH AREA   

1 Introduction and research area 

1.1 Introduction 

The main trend in the manufacturing industry sector is the strong demand for 
shortening of product development time and reducing of costs. Virtual methods 
invoking CAD models and tools for finite element analysis of component strength 
and stiffness provide well established support for efficient product development 
and are compulsory in a majority of the mechanical design offices when designing 
and optimising components. It is a well-known fact that the manufacturing 
processes have a large influence on product properties like fatigue strength, shape 
accuracy and surface quality. In fact, according to a truck company, 47 % of 
failures due to fatigue depend on the manufacturing of the components. The 
influence of product properties induced by the manufacturing processes is not yet 
included in the virtual product development methodology and the design analysis 
often starts with virgin material data. This means that the engineering 
development includes several loops of prototyping and physical testing in order to 
ensure that the demanded properties are reached. This uncertainty also results in a 
conservative dimensioning philosophy, unnecessarily heavy and over-
dimensioned components and thereby unnecessarily high safety factors. A virtual 
design philosophy invoking the effects on component properties from the 
manufacturing sequence may have good potential to increase efficiency in the 
product development process and increase the quality of the component and 
manufacturing processes.  

Properties like residual stress, hardness and shape accuracy are often not solely 
results from a single process but may be accumulated through several 
manufacturing steps. Thus, the complete manufacturing sequence has to be taken 
into consideration when predicting the final properties. The establishment of a 
well-functioning methodology may be a foundation for:  

• Reducing time in the conceptual product development process  

• Personnel, tool, material, testing, and energy cost reduction as well as 
environmental impact reduction   

• Evaluation and optimisation of manufacturing processes by virtually 
tuning process parameters  

• Improvement of the possibilities to cooperate between the design office, 
material laboratory, physical test laboratory and process planning office as 
well as between the Original Equipment Manufacturer (OEM) and 
subcontractor  

• Enhancement of knowledge concerning processes and their influence on 
product properties.  
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1 INTRODUCTION AND RESEARCH AREA   

The research questions are defined in the “Research area” Section. The reference 
knowledge development is based on evaluation of five test cases and is discussed 
in the “Reference knowledge” Section. The experiences from the test cases are 
outlined in the “Research result” Section. The conclusions are summarized in the 
“Conclusion” Section and identified subjects for future research are discussed in 
the “Future research” Section. 

1.2 Research area 

The goal is to evaluate possibilities for simulation of manufacturing sequences in 
order to predict the final product properties induced from the manufacturing 
processes. Typical output properties (see Figure 1) that are discussed in this work 
are hardness, residual stresses, the component shape accuracy and fatigue 
strength. The vision is to establish a seamless chain of “In Process Models” 
(IPM:s) of separate core processes according to Figure 1 and include the output 
results from the manufacturing sequence in the overall virtual product 
development methodology. 

 
Figure 1 Connection of single process simulation to a virtual manufacturing 

sequence. 

The state of the art concerning simulation of manufacturing sequences is still 
limited but Åström [1] discusses possibilities for welding, heat treatment and 
cutting. Hyun et al [2] discuss possibilities to simulate a chain of processes using 
a finite element code with adaptive meshing. Alberg [3] discusses modelling and 
validation of welding and heat treatment in a sequence. Altinas et al [4] give an 
overview of modelling possibilities of the machining process and emphasise the 
necessity of sequential simulation.  
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1 INTRODUCTION AND RESEARCH AREA   

The following research questions will be analysed:  

“Establishment of the sequence” Sequential simulation is a complex task and it is 
difficult to use just one information model that “travels” through the chain of core 
processes. It is therefore important to find methods in order to simplify the 
simulation sequence.  

“In process modelling”. In order to realise a virtual sequence it is necessary to 
connect single core process models into a framework of models. The single core 
process models may have different requirements concerning geometry, mesh 
topology and element types. An important task is to investigate possibilities for 
adaption of single process models into a chain of models.  

“Data communication”. In order to establish a seamless framework of models 
through the sequence it may be necessary to communicate data between various 
software codes. The reason for this may be the fact that the performance of 
various codes may be specialised on the simulation of different single core 
processes. An important research question is therefore to investigate the 
possibilities to convert the native output data from one code into native input data 
to the proceeding code and also investigate how to standardise the dataflow 
through the sequence.   

“Validation of the sequence”. In order to realise sequential simulation it is 
necessary to obtain confidence in the results. Especially the knowledge 
concerning the effects from variations in material data, process data and model 
quality etc on the accumulated result is essential. An important research question 
is to investigate the requirements of a validation procedure for sequential 
simulation.   

 7 

 
 



2 REFERENCE KNOWLEDGE   

2 Reference knowledge 
The reference knowledge was developed in conjunction with R&D work with five 
practical test cases. The case studies are described in Sections 2.1 – 2.4. Due to 
confidentiality the described material and process data is limited in the case 
descriptions. 

2.1 Steering knuckle 

Project and component: The steering knuckle case, see Figure 2, was developed 
in the project “IMS-EURobust” with participation from Japan, USA and Europe. 
The European commission’s 5th framework programme financed the project and 
the main objective was to develop world-class robust design tools and techniques 
for European organisations. The project duration was 2002 – 2005 and Swerea 
IVF managed the project. The steering knuckle was studied in one of the work 
packages in close cooperation between Swerea IVF, Chalmers, AB Volvo and 
CQM in Holland. The division of quality science at Chalmers developed the 
VMEA method and Swerea IVF developed the Finite Element (FE) model for 
deep rolling described in this case. CQM contributed with methodology for robust 
simulation. The tough hardened steering knuckle is an important component in the 
steering mechanism of a truck. 

 

Figure 2 Steering knuckle. 

Scope and manufacturing sequence: The aim was to study the robustness in the 
residual stress profile for the most critical process parameters in the 
manufacturing sequence. The main steps in the manufacturing sequence are 
described in Figure 3.  

 

Figure 3 Manufacturing sequence.  

Methodology: The methodology is a combination of engineering knowledge, 
statistical methods and simulation and is described in detail in paper [I]. With the 
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aid of Failure Mode and Effect Analysis (FMEA) the most important single 
process with strongest influence of component durability was selected. A new 
methodology Variation Mode and Effect Analysis (VMEA) was then used to 
extract the most important process parameters from the selected process. Also 
methodology for simulation of parameter variations according to Design and 
Analysis of Computer based Experiments (DACE) was evaluated and added to the 
overall methodology. The steering knuckle was exposed to deep rolling in a 
critical fillet radius. The deep rolling process was selected from the sequence and 
a nonlinear finite element model for simulation of the deep rolling process was 
developed.  

Material and process parameters:  Deep rolling process parameters like the 
spindle velocity, feed rate and hydraulic pressure were included. Further material 
parameters, like Young’s modulus, yield strength and tensile strength, and the 
surface geometrical surface roughness variations after turning were included in 
the model. 

Validation: The deep rolling FE model was validated with residual stress 
measurements with the X-Ray diffraction method.  

Comments and remarks:  

• The methodology is generic and may be applied to arbitrary manufacturing 
sequences  

• The accuracy concerning the surface residual stresses could be improved 
and further development of the deep rolling model is recommended. 

2.2 Steering arm 

Project and component: The steering arm case, see Figure 4, was developed in the 
project “Simulation of product properties for efficient product development” 
(ProSim). The Swedish Governmental Agency for Innovation - Vinnova - 
financed the project together with participating companies. The duration time was 
2005 – 2008 and Scania, Volvo 3P, Bharat Forge, Alfa Laval Lund, Volvo Aero, 
Volvo Powertrain, Parker Hannifin and Ovako Steel participated together with 
Swerea KIMAB and Swerea IVF. Swerea IVF was responsible for the project. A 
focused study concerning residual stresses after blasting for the steering arm case 
was performed in the project “Simulation of product properties for forged 
components”. The Swedish Vehicle Research Programme (PFF) financed this 
project together with Bharat Forge Kilsta (project manager). The duration time 
was 2006 – 2008 and Bharat Forge Kilsta AB and Swerea IVF participated in the 
project. The micro alloyed steering arm is an essential component in the steering 
mechanism of a truck. 
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2 REFERENCE KNOWLEDGE   

 
Figure 4 Forged steering arm. 

Scope and manufacturing sequence:  The aim was to develop a method for 
prediction of fatigue life of a forged steering arm that included the accumulated 
residual stresses and hardness from the manufacturing sequence. The main steps 
in the manufacturing sequence are described in Figure 5.  

 

Figure 5 Manufacturing sequence. 

Methodology: Based on a literature study described in [III] it was found that the 
existing numerical models for shot peening did not manage to describe the 
complex blasting process where the parts are tumbling against each other at the 
same time as they are exposed to blasting. An approach with empirical models of 
blasting was therefore tested. Thus, the sequence was analysed using a 
combination of numerical and empirical methods. The forging steps were 
simulated in a sequence using one code, Forge2005, see [5]. Also the controlled 
cooling was simulated in a sequence with forging using the Forge2005 quenching 
module. The fatigue life analysis was done using a Finite Element Analysis (FEA) 
based on a CAD-model of the design concept of the arm. The methodology is 
described in detail in paper [II]. 

Material and process parameters: Process parameters for forging (press 
kinematics, billet and tool temperatures), cooling (cooling time) and blasting 
(blasting time, number of items in the machine) were included in the sequence 
analysis. Further material parameters for forging and the thermo metallurgical 
phase changes during cooling were included.  

Validation: The predicted fatigue life was validated with rig tests with constant 
amplitude loads.  

Comments and remarks:  The experiences through the sequence are summarised 
below and in Figure 6: 

• The material segregation during forging was not included in the simulation 
models. Further the decarburisation effect, mainly in the forging, and 
cooling operations, that affect the residual stresses and hardness at the 
surface layers, was not included in the forging and cooling models. Also 

 10 

 
 



2 REFERENCE KNOWLEDGE   

the mesh topology after the forging and controlled cooling simulation was 
too coarse for analysing the surface residual stresses and hardness   

• The lack of accurate material data may have influenced the accuracy of the 
results after controlled cooling  

• The initial attempt using a parametric model of the blasting was replaced 
by measurements of stress ranges. Further development of a parametric 
model that includes the surface decarburisation effect is recommended. 

 

 
Figure 6 Methods and tools for the steering arm sequence. 
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2.3 Pinion 

Project: The pinion case, see Figure 7, was developed with support from the 
ProSim project and the project  “Model-based component manufacturing” 
(ModArt). The main objective with ModArt was to develop tools and methods 
based on information models and IT-support for efficient production 
development. ModArt was financed by the Swedish MERA programme and 
managed by KTH/IIP. The duration time was 2006 – 2008. Scania CV, Sandviken 
Coromant and other companies participated together with KTH/IIP, Swerea IVF 
and Swerea KIMAB. Bharat Forge simulated the forging, cooling and isothermal 
annealing processes and Swerea IVF simulated the turning, case hardening and 
straightening processes. The case hardened pinion is a powertrain component in 
the final drive system of a truck. 

 
Figure 7 Crown wheel (left) and pinion (right).  

Scope and manufacturing sequence:  The main objective was to simulate the 
manufacturing sequence in order to analyse the final stresses and strains of the 
pinion. The main steps in the manufacturing sequence are described in Figure 8.  

 

Figure 8 Manufacturing sequence. 

After the forging and cooling processes the part is exposed to isothermal 
annealing, according to Figure 9, in order to improve the machinability. 
 

 
Figure 9 Pinion isothermal annealing cycle. 

After the isothermal annealing the part is exposed to turning and gear hobbing. 
The gear hobbing was not included in the simulation sequence. After the turning 
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process the pinion is subjected to case hardening. A carrier is loaded with four 
pinions according to Figure 10 and travels through a “pusher furnace” with 
heating, carburisation and diffusion zones with different temperature and 
atmosphere conditions. After the pusher furnace the carrier with pinions is 
quenched in oil or a couple of minutes. The quenching is performed for 1000 sec 
and starts at 870 °C where the pinion is 100 % austenitised. 
 

 
Figure 10 Carrier for the case hardening process. 

The case hardening may cause shaft misalignment and some parts are therefore 
exposed to manual cold straightening according to a set-up, shown in Figure 11.  

 

Figure 11 The straightening equipment 

The straightening force depends on the axial pitch tolerance that is measured by a 
dial indicator. Residual stresses will be redistributed during straightening and may 
influence fatigue behaviour. 

Methodology: The approach was to simulate the chain of processes with different 
simulation softwares and transfer residual stresses and strains through the 
sequence. The forging and cooling was simulated in the same way as described in 
the steering arm case, see paper [II]. Also the material data for forging, cooling 
and isothermal annealing were retrieved in the same way as for the steering arm 
but for a case hardening material. The cooling and isothermal annealing 
simulation were performed in sequence after the forging simulation using the 
Forge2005 quenching module. The forging output data, like mesh and temperature 
distribution, was used as input to the cooling step. Only the output mesh from the 
cooling was used as input to the isothermal annealing step. The material 
transformations during heating were not possible to simulate in the Forge2005 
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quenching module and were therefore disregarded. Thus, the isothermal annealing 
started with step 3 in Figure 9 and with a fully austenitic material. Figure 12 
shows temperature distribution of the billet before forging, residual stress after 
cooling and the bainite distribution after isothermal annealing. 

 
Figure 12 Forging, cooling and isothermal annealing simulations.  

The output data (mesh, stress, strains, deformations, hardness, metallurgical phase 
composition) from the annealing was stored in an ASCII file (unv-file format, see 
Section 3.3). Only the output mesh and residual stress field were used as input to 
the proceeding turning step. 

The turning modelling was restricted to a study of how the residual stresses before 
turning, in combination with the turning operation itself, influence the global 
shape and global stresses. Factors like the local effects due to the cutting tool, the 
clamping forces and dynamic effects from the machine were disregarded. The 
global turning simulation (see Section 3.1) was performed with the Finite Element 
code Morfeo [6] and the simulation utilised the Level Set Method [7] in order to 
remove elements from the model. The output unv-file from the annealing 
simulation was translated into a Morfeo-specific input format (Gmsh-file format) 
with a script in Morfeo. With support from the turning specification two surface 
meshes for the cutting operations were created using the Gmsh pre-processor. 
Two global cutting operations were performed in Morfeo.  

Figure 13 describes the dataflow with mesh and residual stress input from the 
previous process, cutting surface meshes and output mesh with residual stress 
field. Two cutting operations, pass 1 and pass 2, were analysed and for each 
operation a surface mesh was created in order to define the interface for deletion 
of elements. 
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Figure 13 Turning in Morfeo. 

Both case hardening and straightening were simulated using the FE software 
Sysweld. A new FE model of half the pinion was created in Sysweld, in the 
Visual Mesh pre-processor, with symmetry conditions. The heating process was 
disregarded and only the quenching process was simulated. The cooling 
conditions may vary on the carrier and around each pinion and thereby impact the 
straightness of the shaft. In order to study the influence of different quenching 
conditions around the periphery of a pinion a calculation was set up where half the 
pinion model was quenched with a high level of intensity and the other half of the 
pinion model with a low level of intensity (low heat transfer coefficient setting 
according to flow rate 0.14 m/s and high heat transfer coefficient setting 
according to flow rate 0.52 m/s) see Figure 14. 

 
Figure 14 Cooling rate in oil tank and estimated flow rate for the pinions at the 

carrier.  

The carburisation effect will also have an impact on strains and residual stress, 
especially in the pinion surface region. In order to study this a layer method 
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available in the Sysweld package was used. When using the layer method 
different meshing layers, according to Figure 15, were assigned with material 
properties according to a varying carbon content. The properties assigned are the 
ones necessary for a thermo-metallurgical-mechanical calculation and are 
reflected in the FE-model. The material data was achieved by using both 
dilatometer measurements and calculations with tools like the software JMatPro. 
Material data like phase transformations, thermal dilatation and yield strengths 
was then implemented in the material data file in Sysweld. 

 
Figure 15 Carbon layers in the FE model 

The typical output data from the case hardening simulation was residual stresses, 
deformations, hardness and phase distribution. Figure 16 describes the axial 
deformations after case hardening. 

  
Figure 16 Displacements after case hardening (red=0.3mm, blue=-0.05 mm). 

The output mesh, stresses and strains from the case hardening simulation were 
used as input for the straightening simulation. The straightening load was 
increased from 0 to full load (400 kN) during 10 sec and the unloading was also 
performed during 10 sec. The material model was elastic-plastic with isotropic 
hardening. The load was distributed onto several elements. Figure 17 describes 
the FE model with loads and boundary conditions and calculated plastic strains.   
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Figure 17 FE model and plastic axial strains after unloading (red colour=1 % 

tension, blue colour= 0.5 % compression). 

Material and process parameters: The process parameters involved in the study 
were forging parameters (press kinematics, billet and tool temperatures), cooling 
(cooling time), isothermal annealing parameters (annealing temperatures and 
times), turning parameters (cutting paths), case hardening parameters (cooling 
conditions, temperatures and time) and straightening parameters (straightening 
force). Further material data for forging and thermo metallurgical data for cooling 
were included. Also material data that reflected the variations in the surface 
carbon content during case hardening were included in the case hardening model.  

Validation: The validation of the results was done using engineering judgement.  

Comments and remarks: The experiences from the case study are summarised 
below and in Figure 18:  

• In order to get better results from the turning simulation a new FE model 
with finer mesh density should be developed and data from the previous 
step should be mapped onto the new mesh 

• It is known by experience that the residual stresses from the turning 
operation are small and do not have a significant impact on the final shape 
after the complete sequence. Hence, the case hardening simulation started 
with a new Finite Element Model and no output data from the previous 
turning step was mapped onto the new model. 

• In order to improve the output results from the straightening simulation the 
output mesh from the case hardening should be adapted to straightening 
conditions and re-meshed in a future analysis  

• Further validation of the stresses and strains after straightening with e.g. 
X-ray diffraction measurements is recommended.  
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Figure 18 Tools and data flow for the pinion sequence. 
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2.4 Sheet metal-formed components 

Project and components: The sheet metal-formed components were evaluated 
within the frames of the ProSim project. The first component is a sheet metal 
formed and welded test part of a heat exchanger in stainless steel according to 
Figue 19. Alfa-Laval Lund simulated the forming and Swerea IVF performed the 
data transfer. The Technical University of Denmark (DTU), which was 
subcontracted by Alfa-Laval Lund, performed the welding simulation. 

 

Figure 19 Test part of a heat exchanger in stainless steel. 

The second test part is a sheet metal formed and welded test part in titanium alloy 
according to Figure 20. Swerea IVF simulated the forming and performed the data 
translation. Volvo Aero Corporation simulated the welding and heat treatment. 

 
Figure 20 Test part in titanium alloy.  

Scope and manufacturing sequences: The main purpose was to study the 
accumulated residual stresses and strains after forming, welding and heat 
treatment, see Figure 21.  
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Figure 21 Manufacturing sequence. 

For the stainless steel part the sheet metal formed plates of stainless steel were 
welded together along sealing paths. The material thickness of a stainless steel 
sheets is 0.6 mm. The process setup for the forming process is shown in Figure 
22. 

 
Figure 22 Blank, punch, die and final form. 

After the forming process two details are laser-welded according to Figure 23. 
The two plates are clamped together during the welding process by a wheel that 
rolls over the plate in order to create contact before the laser welding (IPG YLR 
6000 Fiber laser). 

 
Figure 23 Process setup for welding and two connected test plates. 

The titanium alloy part is a U-shaped profile with the outer dimensions 
86x30x42 mm. The nominal thickness of the initial sheet material in titanium 
alloy is 2.0 mm. During forming, the punch is moving downward to form the part 
into the cavity of the die tool. In the final stage of closing the dies, the blank is 
pressed between both of the tool halves giving the part its final shape. The 
forming temperature was 400 ˚C. Two profiles are welded with TIG-welding 
(Tungsten Inert Gas). The welding is done to join two formed pieces of the U-
shaped test specimen together. The supplied welding power is 550 W and the 
welding tip is moving with the velocity of 90 mm per minute with respect to the 
work piece. During the proceeding heat treatment in a vacuum heat treatment 
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furnace, the heat is transferred to the welded part by radiation. In this stress 
relieve heat treatment the heating rate is 54°C/min with a holding time of two 
hours at the target temperature 540°C. The work piece is put on a metal grid 
during the heat treatment. During cooling both radiation and convection at 
20 W/m2K transport the heat until equilibrium prevails. 

Methodology for the stainless steel part: The sheet metal forming simulation was 
performed with a forming step using the LS-Dyna explicit solver and a subsequent 
springback simulation step using the LS-Dyna implicit solver. The blank was 
modelled with shell elements. A material model including anisotropy was used 
(Barlat/Lian model according to [8]). The welding process was simulated with 
Abaqus. The LS-Dyna output data from the forming process, like the mesh, 
strains and the stress field was translated to Abaqus input data with the C6t2 
utility developed in the ProSim project (see Section 3.3). It was decided to use 
solid elements for welding simulation and the shell elements from the forming 
simulation were translated to Abaqus input solid elements. The C6t2 software also 
mapped the output stresses and strains from the forming simulation in LS-Dyna 
on the new Abaqus input solid elements. In the first thermal simulation the heat 
source moved along the plates and the temperature field was established. In the 
second step a mechanical simulation was performed. It included pre-loading of the 
two plates due to clamping, introduction of thermally induced stresses due to the 
temperature field calculated in the thermal simulation, unloading of the clamping, 
cooling down and thereby obtaining residual stresses and distortions. A 
longitudinal strain plot shows shrinkages in the middle according to Figure 24. 

.  

Figure 24 Longitudinal strains (red= 0.4 % tension, blue = 2 % shrinkage).  

Methodology for the titanium alloy part: The blank was modelled with solid 
elements. Normally FE simulation of sheet metal forming is performed with shell 
elements. Here, however, the result was used in a consecutive process i.e. welding 
simulation. For this FE simulation to be accurate, it is preferred to use solid 
elements. An alternative option would be to transform the model and results from 
shell elements to solid elements before doing the welding FE simulation 
according to the stainless steel case. An anisotropic material model including 
visco-plasticity and pure isotropic hardening was used according to [8]. The 
process set-up for the FE model and forming simulation can be seen in Figure 25. 
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Figure 25 Process setup and forming simulation. 

Since the forming was simulated using LS-Dyna (explicit forming and implicit 
springback according to the stainless steel case) and the welding simulation was 
done using MSC.Marc, the data was transferred from the output format used by 
LS-Dyna to input format possible to read by MSC.Marc. To facilitate this, the 
C6t2 utility was used and it was possible to transform LS-Dyna solid 4 node 
tetrahedrons, 6 node pentahedrons and 8 node hexahedrons to the corresponding 
MSC.Marc elements. The element stress field, and equivalent plastic strain were 
transferred. 

In order to prepare a model for the welding simulation the Digital Mock-Up 
(DMU) realised by FE simulation of the forming operation was copied and 
translated for proper positioning and the elements that constitute the joint were 
created, see Figure 26. These virgin elements must follow the geometry from FE 
simulation with its inherent effects from springback in terms of distortions. The 
preparation was done in the pre-processor Hypermesh. 

 

 
Figure 26 Preparation for welding simulation. 

FE simulation of welding processes embodies thermal, metallurgical, and 
mechanical phenomena that are interconnected. The coupling can be tackled in 
different fashions. One way is to set out from the fact that the coupling between 
thermal and mechanical processes is weak. Then the calculation is performed with 
respect to the temperature and the thermal influence on the material first. Once 
this solution is obtained the mechanical problem is solved based on the result 
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from the thermal calculation. This approach was used in the stainless steel case. 
Another alternative is the so-called “Staggered approach” according to [9] which 
involves iterations between solving the thermal problem at the actual time step 
and the mechanical solution from the previous time step. The staggered approach 
was used to account for the coupling between mechanical and thermal effects. 
During welding the weld pool is continuously supplied with filler material that 
adds to the base material in the seam area and builds the joint. To account for this 
successive addition of material, that forms the bonding between the parts, a 
technique with activation of elements was utilised. All elements in the joint 
existed from the beginning of the simulation, but their stiffness was significantly 
reduced, i.e. they were virtually not there. Once the welding tip was passing the 
elements were activated, based on either the temperature falling below a certain 
value under the solidus temperature or on the time since the tip passed a certain 
element. A material model adapted for heat treatment, including creep, was used 
for the heat treatment simulation in MSC.Marc. Heat was applied by the use of 
film boundary conditions to model the radiation transfer of the heat in the vacuum 
heat treatment furnace. Figure 27 describes Von Mises residual stress results after 
heat treatment. The stresses were relieved to about 1/3 of the stresses after 
welding.  

 

Figure 27 Von Mises residual stress after heat treatment (Blue=0 MPa, 
yellow=475 MPa). 

Material and process parameters:  The process parameters involved in the study 
were the forming parameters (punch kinematics), welding parameters (heating 
source effect, clamping and heat source movements) and heat treatment 
parameters (heating and cooling time). In the stainless steel case the anisotropic 
material parameters for the forming simulation along rolling direction, across 
rolling direction and in between rolling and across directions were obtained from 
tests. For the titanium alloy case the material was considered as isotropic since the 
experimental data was limited. Further, the visco-plastic capabilities were not 
considered due to lack of material data. For the stainless steel case the welding 
material data, like stress-strain curves, Young’s modulus, thermal conductivity 
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and thermal capacity, for various temperatures were obtained from literature and 
tests. For the titanium alloy case the material data was obtained from tests. 

Validation of results: For the titanium alloy case the geometry after simulation of 
forming, forming+welding and forming+welding+heat treatment was compared to 
measurements of test pieces with the Atos geometry scanning system and 
accompanying tool for calculating geometry deviations. Also the simulated 
forming punch force was compared to the experimental forming punch force. 
Further the data transfer from LS-Dyna to MSC.Marc was evaluated by 
comparing the LS-Dyna output element stresses with the MSC.Marc input 
element stresses. For the stainless steel case the single forming process was 
evaluated with experiments. The forming+welding process was evaluated with 
temperature measurements and measurements of geometry deviations, with 
support from the Aramis equipment according to Figure 28.  Further the data 
transfer from LS-Dyna to Abaqus was evaluated by comparing element stresses in 
the same way as for the titanium alloy case.  

 
Figure 28 Deformation measurements with Aramis equipment.  

Comments and remarks: The experiences from the case studies are summarised 
below. The stainless steel case is also described in Figure 29: 

• Data transformation and data mapping between different commercial 
softwares have pitfalls to be aware of and must be used with care. Even 
though a successful data transfer is performed there might still be 
problems with the digital mock-up not being in equilibrium. This can e.g. 
depend on the fact that the element formulations, material models and/or 
material data do not entirely map between the software in question. In 
addition to this, there might be simplifications used inside the software 
that can be difficult to avoid even when known to the analyst 

• Reliable material data is compulsory and not easily maintained 

• There is a need for further development of the welding simulation 
methodology for the stainless steel case.  
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Figure 29 Methods and tools for the stainless steel sequence. 
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3 Research results 

3.1 Establishment of a sequence  

The commercial numerical softwares for process simulation are up to now limited 
to the macro level aspects like prediction of global deformations, residual stresses 
and hardness. However, the establishment of seamless simulations through a 
manufacturing sequence may also involve micro and meso structural phenomena 
and e.g. Milesi [10] discusses possibilities for simulation of the micro structural 
changes during forging. Based on the complexity described above and limitations 
in the available commercial simulation softwares it is essential to find 
simplifications and engineering short cuts when analysing a complete sequence. 
This was obvious in the steering arm case where it was difficult to find accurate 
numerical models for the blasting process, see paper [III], and a combination of 
numerical and empirical models through the sequence was used.   

A manufacturing sequence may be categorised according to see Minisadram [11], 
see Figure 30, and simplifications will be discussed accordingly.  

 
Figure 30 Classification of manufacturing sequence. 

1. Analyse the complete manufacturing chain, including the 
melting/solidification processes, forming processes and supplementary 
processes. 

2. Predict the accumulated effects from a subset of the manufacturing chain. 

3. Select and analyse a single process from a manufacturing chain with the 
highest influence of product properties. 

The first approach, to realise a complete sequence, starting with the melting of 
pellets to ingots, billet manufacturing, forming and then supplementary processes 
like heat treatment and mechanical surface treatment is very complex and may be 
a subject for further research. 

The second approach, to extract a subset of the manufacturing chain, may be more 
engineering adaptable and in all the case studies, except for the steering knuckle 
case, the sequences consisted of subsets with forming and various supplementary 
processes. The engineering knowledge about the sequence must guide the 
selection of processes and tools like Failure Mode and Effect Analysis (FMEA) 
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may be a good support, see paper [I]. Further, different subsets should be selected 
based on the purpose of the analysis. As an example, in the pinion case, one could 
select different parts of the sequence depending of the purpose. If, for instance, 
the purpose was to study the machinability for the turning process the selected 
subset should be forging-cooling-isothermal annealing. However, if the purpose 
was to investigate the final stresses and strains it could be sufficient to study the 
case hardening- straightening sequence.  

The third approach, to select the most critical single process out of a sequence, is 
the most elementary and was utilised in the steering knuckle case. Also, a single 
process analysis may be sufficient if the purpose is to optimise the equipment for 
a single process. For instance, in the pinion case, the case hardening simulation 
may be used solely for optimisation of the quenching equipment and straightening 
simulation may be used solely for optimisation of the straightening equipment. 

Thus in order to establish a sequence for analysis a subset should be selected 
based on the purpose of the analysis and with support from engineering 
knowledge. Further a combination of numerical and empirical tools may be used 
through the sequence in order to improve the accuracy of the results.  

3.2 In process modelling 

Different processes require various geometry, mesh topologies, and element types 
depending on the physical phenomena that the models are intended to reflect, see 
Figure 31.  

 

Figure 31 Different models and mesh topologies for different processes. 

The experiences from the case studies concerning in process modelling are 
summarised below:  

Local and global models: When analysing local effects, like surface residual 
stresses and hardness, it may be sufficient with a model of a small substrate of the 
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material near the surface. This type of models may be utilised in deep rolling 
simulation, according to paper [I], and shot peening simulation, according to 
paper [III]. However when analysing global effects on a component from the 
manufacturing sequence, like the final shape of the component, the complete 
geometry should be taken into consideration. For some processes both the local 
and global phenomena may be of interest and e.g. turning processes may be 
analysed with both global and local models. Here local modelling may be used for 
analysis of the influence of turning parameters on the surface residual stresses and 
hardness and global modelling may be used for prediction of component 
deformations due to clamping forces. In the case studies there was no 
communication of data between local and global models through the sequences. 
This may be a question for future investigation. 
 
Mesh topology: The requirements of mesh topology may vary depending on the 
physical effects that are involved in the single process. For instance for case 
hardening, in the pinion case, the mesh was modelled fine below the surface in 
order to reflect the variations in the carbon content while for the forging processes 
the mesh was guided by adaptive algorithms through the forging simulations. The 
experiences from the case studies shows that there is a need to create different 
mesh topologies for different processes within a sequence and mapping of data 
between various mesh topologies may therefore be necessary. It is of course 
possible to maintain the same mesh through the sequence but if this is the case 
special modelling considerations should be taken into account. As an example in 
the sheet metal formed cases the mesh topology for the sheets were the same 
through the sequence but the mesh topology of the blanks were adjusted in order 
to be more adaptable for the next welding simulation.    

Element type: Sometimes it may be necessary to utilise various element types for 
various processes and e.g. in the stainless steel case shell elements were used for 
sheet metal-forming while solid element were used for the welding process. Here 
the switch from shells to solids was done automatically with support from the 
C6t2 utility, see section 3.3, and also the mapping of data from the shells to the 
solids was done with support from the C6t2 utility, see Figure 32 below.  

 

Figure 32 Transformation of shell elements to solid elements and mapping of 
stresses (Von Mises) on the new solid mesh.  
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Thus, it is obvious that the requirements of geometry, mesh topologies and 
element types may vary through the chain of processes and mapping of data 
between models may be necessary in order to establish a chain of processes. 

3.3 Data communication 

The input decks for commercial simulation softwares are often represented in 
different software-specific ASCII-file formats. It is not so common to export the 
output data in an ASCII-format and use it as input to another commercial 
simulation software. However it is possible to save data from a majority of the 
most common simulation softwares in native ASCII-formats. The simulation 
results may, during post-processing, be saved in various file formats like image 
formats (jpg-, tiff-, and gif- formats), animation formats (avi-format) and 3D 
formats (vrml-, vtf- and unv- formats). The Virtual Reality Modelling Language 
(vrml) is an open standard for visualisation of 3D models on the Internet [12]. The 
View Tech file format (vtf-format) was originally developed by the company 
Ceetron (former ViewTech) and is a standard file format for post-processor 
applications like Glview Inova and Glview Express (used by e.g. Forge2005). The 
Ideas universal file format (unv-format) was originally developed by the 
Structural Dynamics Research Corporation (SDRC) in order to facilitate data 
transfer between computer aided design (CAD), computer aided test (CAT) and 
computer aided engineering (CAE). In the Pinion case study the data transfer from 
Forge2005 to Morfeo was performed through the unv-format. 

Another future possibility may be to utilise the generic ISO 10303 (STEP) 
standard for data communication. One of the advantages with STEP is that the 
standard includes all aspects concerning data transfer between different 
engineering disciplines including CAD, CAM and CAE.  STEP contains several 
applications protocols (AP:s) dedicated for specific engineering tasks. Especially 
AP 209 (Composite and metallic structural analysis and related design) is suitable 
for Finite Element Analysis (FEA) and has possibilities to communicate both 
CAD-models and FE-models, see [13]. ISO10303 –209 is accessible for some 
simulation softwares, like MSC.Nastran, but is limited to linear FEA. However 
within AP209 there is a common integrated application resource, Part 104 (Finite 
Element Analysis), which according to [14] may be adapted to various numerical 
disciplines according to Figure 33 and the possibilities to adapt AP209 towards 
non-linear process simulation may be a subject for future investigation. 
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Figure 33 Possibilities with ISO 10303-104 according to [14]. 

The transfer of output data from one simulation code to input data to the next 
simulation code may also be tailored between the native file formats of specific 
codes. In the ProSim project the C6t2 utility was developed in order to change the 
output specific format from one commercial simulation code to input specific data 
to the proceeding simulation software in the sequence. The utility was used in the 
sheet metal formed cases in order to transfer data from LS-Dyna to MSC.Marc 
and LS-Dyna to Abaqus. The C6t2 can also read and write in ASCII formats to 
and from other softwares and file formats according to Figure 34.  

 

Figure 34 Data transfer functionality in C6t2. 

The C6t2 utility is written in C++ and runs at a command prompt or from a script 
file. Besides from the reformatting possibilities it is also possible, based on 
specific requests on the C6t2 command prompt, to create a solid element mesh 
from a shell mesh and map the results from the shell mesh onto the solid mesh.  
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Table 1 below describes what is supported for the different file formats. 

Table 1 Supported features related to implemented file formats. 

  Read solid Write 
solid 

Read shell Write 
shell 

Initial 
stress 

Initial 
plastic 
strain 

Effective 
plastic 
strain 

Temperature

Abaqus - Tet4, 
Penta5, 
Hex8 

- Tri3, 
Quad4 

X X X - 

Deform Tet4, Hex8 Tet4, Hex8 - - X - - X 
LD-Dyna Tet4, 

Penta5, 
Hex8 

Tet4, 
Penta5, 
Hex8 

Tri3, 
Quad4 

Tri3, 
Quad4 

X X X X 

MSC.Marc - Tet4, 
Penta5, 
Hex8 

- - X - X - 

VTF Tet4, Hex8 Tet4, Hex8 - - - - - X 

During the development and evaluation of the C6t2 software several pitfalls were 
notified. Several issues varied in the input and output formats like node and 
integration point ordering, distribution of integration points, results described in 
either a local or global coordinate system etc.  

Based on the discussions above the conclusion is that one should carefully 
evaluate the data transfer between different file formats with tests before industrial 
implementation. 

3.4 Validation of the sequence 

According to the experiences from the case studies it is obvious that the numerical 
simulation of various single processes suffers from limitations concerning data 
communication and in process modelling. Further all the case studies have 
identified problems in finding accurate material data for the processes involved in 
the sequences. It is therefore of outmost important to establish a validation 
technique in order to tune and modify models and data. The validation 
methodology should include sensitivity analysis where some parameters are 
changed in a certain range and the effects on the final result is investigated. A 
generic validation procedure for sequential simulation should include validation 
of each single process, validation of the data transfer between processes and also 
validation of the chain of processes.  

 

Figure 35 Validation of the sequence. 
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4 Conclusions 
It is possible to establish virtual manufacturing sequences and connect different 
commercial simulation softwares into a chain.  

However, the data communication has pitfalls and also material models for single 
processes may be insufficient in order to conduct a quantitative analysis of the 
accumulated properties. Further, all the case studies showed difficulties in 
retrieving accurate material data and also the mapping of data on various of mesh 
topologies through the sequence may be a source of error. Thus a thorough 
validation of the virtual sequence should be performed. Also, simplifications of 
the sequences have been found useful, like the selection of a subset of the 
sequence and occasionally replacing numerical models with empirical ones 
through the sequential framework of models. In order to realise sequential 
simulation that involves several simulation softwares the following steps should 
be taken into consideration, see Figure 36. 

• Select a subset of the sequence based on the purpose of the analysis  

• Select the data to be transferred through the sequence 

• Develop and implement routines that reformats output data to software 
specific input data 

• Create In Process Models  

• Develop and implement mapping routines  

• Simulate the sequence 

• Validate the virtual sequence and modify models and data if necessary 

 

Figure 36 Flow chart of activities for sequential simulation. 

The main advantage of sequential simulation may be conceptual studies of 
process and material parameter variations and their influence on the final product 
properties. Also sequential simulation may be a good support in order to increase 
the knowledge of the effects on product properties from various processes in the 
sequence. 
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5 Future research 
The practical work with the case studies has identified several research questions 
concerning in process modelling, data communication, validation and conceptual 
design methodology. 

In process modelling: The experiences from the case studies indicate that here is a 
need for further development concerning single process simulation. The validation 
of the deep rolling simulations in the steering knuckle case shows that there is a 
need for further development in order to improve the accuracy. The forging 
simulations in the steering arm and pinion case show that there is a need to 
include the effects from material segregation in the simulation model. Also the 
possibilities to include surface decarburisation effects during forging simulation 
should be investigated. The experiences from the steering arm case concerning 
blasting indicate a need for further development of numerical and empirical 
models. The pinion case indicate a need for further development of modelling 
technique concerning turning and straightening. The sheet metal-formed case 
studies indicate a need for development concerning welding simulation. Further, 
in order to establish a seamless chain of models it is essential to map output data 
on the proceeding mesh and further investigation of mapping algorithms is 
recommended. 
  
Data communication: The experiences from the case studies indicate a need for 
standards for data communication and STEP has been identified as a possible 
generic standard. Further investigations concerning the adaption of STEP towards 
non-linear Finite Element simulations is recommended.  

Validation: There is a need for development of a thorough validation 
methodology that includes studies of how various sources of modelling and 
material errors may impact the final result. 
  
Conceptual design: Today the design engineer uses tools like Computer Aided 
Design (CAD) and linear Finite Element Analysis (FEA) in order to optimise the 
geometry and material, a methodology that is formalised in e.g. ISO 10303-209. A 
future research question may be to study possibilities for integration of sequential 
simulation in the overall CAD/FEA methodology according to Figure 37.  

 

Figure 37 Integration of manufacturing sequence in the CAD/FEA methodology 
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7 Web-links 
The list below summarises the supplier of softwares, standards and experimental 
equipments used on the different occasions in this study.  

• Abaqus    www.simulia.com  

• Atos and Aramis   www.gom.com  

• Deform    www.deform.com  

• Forge2005   www.transvalor.com   

• Gmsh     geuz.org/gmsh  

• HyperMesh   www.altair.com  

• JMatPro    www.thermotech.co.uk  

• LS-Dyna    www.ls-dyna.com  

• Morfeo    www.cenaero.be  

• MSC.Marc   www.mscsoftware.com  

• Sysweld    www.esi-group.com  

• Universal file format  www.sdrl.uc.edu 

• View Tech file format www.ceetron.com  

• Xstress 3000   www.stresstech.fi   
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