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BACHELOR’S THESIS 

Investigation of thermal spring back of a hot formed 
22MnB5 A-pillar with tailored properties 

Abstract 
In a world where fuel economy and crash safety is becoming an important factor in the 
automotive industry, the need for materials with very high strength-to-weight ratio is growing 
rapidly. One of the materials used for this purpose is the boron steel 22MnB5. Since the 
material has very high mechanical yield limit it is hard to produce parts using cold forming, 
which is the standard procedure for sheet metal forming. Therefore, the use of hot stamping 
is increasing. Hot stamping enables manufacturing of boron steel parts with good 
dimensional accuracy and low spring back. However, some amount of spring back is still 
present during the process. 

In this thesis, spring back of a hot formed 22MnB5 A-pillar is investigated using computer 
simulations in the software LS-DYNA. The main focus was to develop a process for 
simulating spring back in hot stamping. 

The work started with simulations of the forming and quenching stages of the hot stamping 
process, both on a full size and on a smaller section of the blank. Simultaneously as the 
simulations, a literature study was also conducted. The literature study was aimed at finding 
hints and information on how to build the simulations. Furthermore, interviews were made 
with experts on both LS-DYNA and hot stamping. 

A process for spring back evaluation was then created and written as an LS-DYNA keyword-
file. 

In the developed spring back simulation, the part is taken out of the press right after the 
quenching is finished and placed in a space where it can cool and move freely. The simulation 
is conducted until the part reaches room temperature. 

After the quenching is done, data containing temperatures, stresses and strains of the part is 
exported. This data is then included in the spring back simulation where the part is cooled 
to room temperature. During the cooling, the stresses, strains and temperatures are equalized 
until the spring back reaches a steady state. 

The results indicate that the developed method for spring back evaluation can be used to 
foresee shape deviations for the intended part and process. 
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Nomenclature 
A-pillar – Pillar located on both sides of the windshield of a car 

Adaptive mesh – Local refinement of the mesh during the simulations 

AHSS – Advanced High Strength Steel 

Blank – Work piece 

Constrained cooling – Term for the blank being cooled without leaving the stamping tools  

Converge – When the numerical iteration calculation reaches the defined tolerance 

Dynain – Keyword-file containing data from previous step 

Explicit – Solving method where nodal forces are added and no iterations is required since 
the nodal accelerations are solved directly 

FEA – Finite Element Analysis 

Hot stamping – Forming process with quenching directly subsequent [3], normally 
performed in a temperature range of about 700 to 1000 °C 

Implicit – Solving method where the solution for each step requires a series of iterations to 
find equilibrium within a defined tolerance 

Jacobian values – Mesh quality measure. Deviation from an ideally shaped element 

Keyword-file – Input file for LS-DYNA 

LS-DYNA – FEA software 

Mass scaling – Method for increasing explicit time step size where non-physical mass is 
added to the model 

Quenching – Rapid cooling/hardening method 

Tailored tempering – Method used to locally obtain different microstructural phases 

Warm forming – Forming process performed under the recrystallization temperature [1] 
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1 Introduction 
In the automotive-industry the demand for vehicles with lower emissions and higher crash 
safety is growing rapidly [2]. Therefore, the need for materials with low weight-to-strength 
ratio is also increasing. One material family that is used for this purpose is advanced high 
strength steels (AHSS). Some of these steels can, through heat treatment, reach strengths of 
about 1500 MPa. Because of these unique properties, the material family is well suited for 
structural body parts in cars, see Figure 1. [3] 

The problem with these types of steels is that they are very difficult to produce by cold 
forming, which is a common process for sheet metal forming. One method used for 
producing parts of AHSS is therefore hot stamping. 

During hot stamping the material is heated to a high temperature where it becomes softer 
and more ductile. The material is then formed, quenched and later cooled [4]. 

One of the big advantages with hot stamping is that it normally has very small spring back. 
However, in the cooling stage of non-symmetric parts with tailored tempering, such as A-
pillars, this effect is observed to be much larger [5]. Since this type of parts play a vital role 
in crash safety and assemblability of the car, it is of great importance that they meet the 
desired shape tolerances. For this reason, simulations can be used to predict the shape of the 
final product and foresee problems that might occur, without having to produce any physical 
parts. 

Since the spring back evaluated in this work is different from what normally is called spring 
back, the authors have chosen to call it “thermal spring back”. 

 

Figure 1 - Volvo V60 car body (the red parts are made out of AHSS) [6] 
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 Problem description 
In this thesis work the hot stamping process of an AHSS A-pillar was simulated using the 
FEA software LS-DYNA. The simulations were aimed at investigating what causes the 
thermal spring back present in hot stamped parts. 

During the work four different cases have been investigated to find what it takes to accurately 
simulate what happens with the A-pillar during and after the cooling stage of the hot 
stamping process. The cases were; 

• simplified material model with and without constrained cooling 

• advanced material model with and without constrained cooling 

 Goals and limitations  
The main goals were; 

• learn what causes the thermal spring back 

• find what it takes to accurately simulate thermal spring back 

The work was limited to only focus on the last step of the hot stamping process, the cooling 
stage. All work done was based on a premade forming process where all tools were already 
built, the tool geometry have therefore not been modified. 

The work was limited to only contain computer simulated tests, since both economical and 
time resources made it impossible to perform any physical tests. 

Since the work was aimed at investigating the cooling stage, spring back after or during the 
final cutting has not been considered. 

 Overview of existing work 
The use of FEA as a tool for metal forming has been studied for a long time. For example, 
journals from 1990 and 1988 were found where the use of FEA simulations for metal 
forming were investigated [7] [8]. 

The demand for reduced fuel consumption has made vehicle weight a prioritized matter. 
Kleiner [9] mentions materials with high strength, such as high strength steels, as a tool for 
reducing structural weight. According to multiple authors, using 22MnB5 and similar steels 
will not only reduce vehicle weight but also increase crash safety [2] [3] [10]. 

Large amounts of literature regarding metals formability in elevated temperatures were also 
found. For example, Takuda [11] found that warm forming can greatly increase the drawing 
ratio of type 304 stainless steel. The formability of AHSS has also been investigated in both 
cold and warm conditions. Güler [12] found that cracks present in cold forming could be 
avoided using hot stamping. 
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Since hot stamping is a complex process and it is expensive to produce prototype parts, the 
use of FEA is increasing. A big part in realistic results is good material modeling [13]. 
Åkerström [2] developed a base for a material model tailored for hot stamping with phase 
transitions. Based on Åkerström’s work, a model was developed and implemented in LS-
DYNA as MAT_244, see chapter 2.5.3 [14]. 

There are also extensive amounts of work regarding the properties of 22MnB5 in elevated 
temperatures. For example, Shapiro [15] lists different heat transfer values obtained using 
different calculation methods. 

For cold formed 22MnB5 parts the spring back is extensive. To reduce this effect forming 
processes at elevated temperatures are used. Yanagimoto [16] concluded that spring back is 
significantly reduced if the temperature in the bending zone is greater than about 750K. 
Similar results were also stated by Mori [17], where resistance heating was investigated. 

During the literature study some material regarding spring back of 22MnB5 was found, 
although nothing about geometries similar to what is used in this thesis work.   
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2 Theory and numerical modeling 
In the chapter below the basic theory needed to understand this thesis work is presented. 
The text in this chapter is aimed at giving basic knowledge about hot stamping, the LS-
DYNA software, the spring back phenomenon, relevant material science and the function 
of A-pillars. Therefore, if deeper knowledge is desired the reader is referred to the referenced 
literature. 

 Hot stamping 
Hot stamping is a sheet metal forming process where a blank is heated before it is formed. 
The elevated temperature reduces both young’s modulus and yield limit while increasing 
ductility compared to the cold state of the material. During the heating stage the blank is 
heated to a temperature of 900 °C and kept at this temperature until it reaches a fully austenite 
state. At least 5 minutes at 900°C is required for the used sheet thickness [18]. The blank is 
then transported to, and formed by, a hydraulic press using a die, a blank holder and a punch, 
see Figure 2. When the forming is done the part is hardened through contact pressure from 
the colder tools, and later air cooled to room temperature. [19] 

 

Figure 2 - Hot stamping process 

A process for producing hardened steel components, where a blank is formed and quenched 
without leaving the tools was originally developed and patented by the Swedish company 
Plannja in 1973. The patent was aimed at increasing the dimensional accuracy in production 
of thin steel sheets [20]. Nowadays the implementation of the production process is 
increasing. The number of produced parts has grown from about 3 million parts/year in 
1987 to about 107 million parts/year in 2007 [3]. 
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 Part and tools 
In this chapter both the tools and the final part used in this work are presented. Since the 
pillar is required to consist of different microstructural phases to meet the requirements, both 
tools and the part are divided into different zones. 

2.2.1 Part 

The part used in this thesis work is an A-pillar from a car. The pillar is designed to, if a crash 
occurs, act in a way that causes the least amount of damage to the driver and passengers. To 
make this possible, the pillar consists of three zones where different hardness values are 
needed, see Figure 3. To accomplish the change in hardness, tailored tempering is used. 

Zone one is the hardest zone where a martensitic phase is needed. Zone two is a transition 
zone that should consist of a mixture of martensite and bainite. Zone three is where the first 
deformation is wanted and it should therefore be the softest part of the pillar. To achieve the 
required properties, zone three should mainly consist of bainite. 

 

Figure 3 - Zones of the A-pillar 
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2.2.2 Tools 

To achieve the final geometry described in the previous chapter, a set of tools was used. The 
set contained a die, a blank holder and a punch, see Figure 4. All tools were divided into 
three zones where different tool temperatures were used. This enables the different cooling 
rates required to achieve the right microstructural phases. 

 

Figure 4 - Tools 

 Spring back 
“Spring back is the deformation that takes place when the workpiece is removed from the 
tools after forming" [21]. The effect is caused by the complex stress state as a result of the 
deformation (bending and twisting) history, loading and unloading etcetera, that a material 
point experiences, see Figure 5. The state of the bending zone is very complex since it 
changes with the bending radius and along the bending axis. The state is therefore hard to 
illustrate. In the picture below, the bending hinge is represented by three components; plastic 
strain (yellow), compressive stresses (red) and tensile stresses (green). When the blank is bent, 
the stresses are highest near the inside and the outside surfaces of the bending radius and the 
material becomes plastic in those areas. Closer to the middle, the stresses are still elastic but 
unequal over and under the neutral axis. Therefore, the stresses move the blank (spring back) 
until an equilibrium is reached.[5] 
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Figure 5 - Schematic sketch of spring back stress distribution 

In cold forming of AHSS, the effects of spring back are extensive, see Figure 6. As seen in 
the picture below, the formed blank deforms (the blue line) from the shape it is formed to 
(the red line) when it is released from the tools. In some metals, such as mild steels, the 
deviation between the formed part and the final shape is much smaller.  

 

Figure 6 - Schematic representation of AHSS spring back of a half U-bend before and after release from the forming 
tools 

To reduce the spring back effect in AHSS hot stamping is used since it has much lower 
spring back because the increased temperature lowers the yield limit [16]. For the specific 
relationship between the yield limit and temperature used in this work, see keyword-files. 
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2.3.1 Thermal spring back  

In hot stamping spring back is, as described in the previous chapter, reduced. Although, 
some amount of spring back exists in the cooling stage of the process after the tools are 
released. What causes the spring back is not certain but is believed to be caused by the change 
in temperature or unevenly distributed stresses. 

Since the spring back occurs during the cooling stage it might be caused by the change in 
temperature. The theory is based on uneven material shrinking caused by the temperature 
being different in different locations of the blank. The effect might also be further amplified 
by the different expansions in the different microstructural phases. 

The effect could also be caused by the same reason as regular cold forming spring back 
(mechanical spring back), or a combination of both the thermal and mechanical effects. 

 Material 
The material examined in this work was the Boron steel 22MnB5, with a composition as 
shown in Table 1. The use of the material type, in the automotive industry, started in 1984 
when Saab Automobile AB used it in the 9000 model [3]. 

Nowadays this material type is used in car parts with ultra-high strength such as pillars and 
beams, see parts marked red in Figure 1. In addition to strength, 22MnB5 has also got good 
formability and low spring back when hot stamped [22]. These properties make the steel type 
popular in the automotive industry [3]. 

 

Table 1 - Composition used for 22MnB5 

During the hot stamping process, the material changes phase multiple times. The first phase 
change occurs during the heating to the forming temperature, when the material changes 
phase to austenite. The next phase change occurs when the blank is cooled. Depending on 
the cooling rate different phases can be reached. Since the part consists of three zones with 
different properties, see chapter 2.2.1, the cooling rates are tailored to provide the desired 
phases. 

For the hard zone a phase consisting of mainly martensite is required and a cooling rate 
higher than 27 K/s was therefore needed [3]. Since the other phases should be considerably 
softer, a structure with bainite mixed with small amounts of martensite is necessary. From 

Boron (B) Carbon (C) Cobolt (Co) Molybdenum (Mo) Chromium (Cr)
0.0031 0.23 0.0 0.01 0.2

Nickel (Ni) Manganese (Mn) Silicon (Si) Vanadium (V) Tungsten (W)
0.03 1.15 0.34 0.0 0.0

Copper (Cu) Phosphorous (P) Aluminium (Al) Arsenic (As) Titanium (Ti)
0.04 0.02 0.02 0.0 0.04

22MnB5 Composition (wt %)
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specifications from the company and discussions with the supervisors, a cooling rate of 
around 10 K/s was chosen. 

The alloy phases of main interest in this work are austenite, which has a face-centered cubic 
(FCC) structure, and martensite, that has a body-centered tetragonal (BCT) crystal structure. 
The austenite to martensite transformation results in a change of specific volume due to 
martensite having a lower density than austenite. In the material model MAT_244 the user 
has the option to include data for the phases at hand in the micro-structure to further increase 
the precision for the amount of martensite achieved for the intended application, in this case 
the A-pillar. Although, the specific volume change differences between the different material 
microstructure phases and their temperature dependent properties are beyond the scope of 
this work. The same applies for the kinetics of the stress relaxation in 22MnB5 steel. 

 LS-DYNA 
In this thesis work, all simulations were made with the FE-software LS-DYNA. The program 
is a multiphysics finite element solver developed by Livermore Software Technology 
Corporation. It is widely used in the automotive industry, both for crash test analysis and for 
simulation of sheet metal forming of car body parts [23]. 

2.5.1 Element theory 

In LS-DYNA, there are large amounts of different types of elements available. During the 
work, two types of elements were used; elform 2 and 16, see Figure 7. Both are quadrilateral 
shell elements. Elform 2 is a one integration-point element which makes the simulations fast 
[25]. Elform 16 is a fully integrated element, i.e. with four integration points [24]. 

For all final simulations, elform 16 has been used since they are fast, fully integrated and the 
standard element used in the sheet metal forming simulation industry [5]. Elform 2 has only 
been used during the development stage where fast results were prioritized. 

 

Figure 7 - Used element formulations [25] 
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2.5.2 NIP and contacts 

In sheet metal forming with shell elements, a large amount of integration points through the 
thickness (NIP) of the element is needed, see red dots in Figure 7. According to Banabic, the 
simulation stabilized with 5 NIP and very small improvements are obtained when NIP is 
over 9 [26]. However, the solving time increases with an increased NIP. To reduce calculation 
times, NIP 5 has been used throughout the work. 

Since the model consists of multiple parts, contacts needed to be used [27]. During the work, 
two different contacts were used; SURFACE_TO_SURFACE and SURFACE_TO_-
SURFACE_SMOOTH. 

The latter has the smooth option activated. This creates a more accurate representation of 
the surface, which makes a better simulation with a coarser mesh. The downside with smooth 
contacts are the considerable increase in calculation time [24]. In this work, the smooth 
contact has only been used to evaluate if the tool mesh was good enough to use the faster 
non-smooth contact. To decide if the smooth option is needed, a test can be performed with 
and without smooth contacts. If the difference in the results are insignificant, the smooth 
option is not needed [5]. 

2.5.3 Material models 

A material model is a way to describe a material to the FE-solver. Depending on the data in 
the models, the material can be made to act very realistically. 

The work contains two types of thermal material models, MAT_106 and MAT_244. Both 
are developed especially for hot stamping simulations and the data in the models were 
provided by DYNAmore. MAT_106 (*MAT_ELASTIC_VISCOPLASTIC_THERMAL) is 
a viscoplastic elastic model with thermal effects. MAT_244 (*MAT_UHS_STEEL) is a 
thermal material model based on work by Åkerström [2]. The difference between the models 
is that MAT_244 can capture phase transformations in the material, which MAT_106 cannot. 
Since MAT_244 is more advanced, the calculation times are also greater. [14] 

During the work, some non-thermal coupled spring back simulations have been done. In 
these cases, MAT_001 (*MAT_ELASTIC) was used in the mechanical stage [14]. During the 
thermal part, the earlier mentioned thermal material models were used. 
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3 Method 
This work was carried out using two different methods; internal experiments and 
investigations of existing material, such as literature and previously performed simulations. 
The internal experiments consisted of simulations in the FE-software LS-DYNA. The 
investigation of material was performed by examining published material from different 
sources. The two methods were both used during the whole project using an iterative 
approach. The results and parameters found from the investigation of existing material were 
tested and evaluated by performing simulations, see Figure 8. The selected approach was 
chosen since it was assumed to yield the best final results. 

 

Figure 8 - The chosen approach 

 Simulations 
A large portion of the work was performed by simulating a hot stamping process. Since this 
work was aimed at investigating the cooling stage of the process, see chapter 1.2, a simulation 
model with a prebuilt forming stage was provided by the company. The model was used as 
a foundation for developing further simulations and testing forming parameters. Since the 
tools in the model were already meshed, no meshing software was needed for the simulations. 

To set up the simulations the preprocessors LS-PrePost (LSPP) and Dynaform were used. 
The simulations were then calculated using LS-DYNA and evaluated using the post-
processors LSPP and ETA. 

During the development of a working simulation process, fast calculations were desired. 
Therefore, the blank geometry was reduced. The new blank contained the area where the 
zones meet, see Figure 9. All the final tests were then performed with the whole pillar to 
ensure that the size reduction had no influence on the results. 
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Figure 9 - The reduced blank geometry (the green part is the blank) 

During the development of a process for evaluating spring back, multiple iterations were 
made. By doing modifications in the keyword-files, for example initial time step size, implicit 
or explicit cooling etcetera, the results from the simulations could be evaluated to gradually 
develop a working model. The evaluation was in the beginning aimed at getting normal 
termination, but later more focused on the behavior of the temperature and stresses. 

3.1.1 Interpretation of simulation results 

To make the simulation results comparable the same constraints were used on all models 
that were compared. Thereby the models had shared fix point/points which made it possible 
to evaluate their different final shape, see Figure 10. 

 

Figure 10 - A-pillar with the constraints and section cut 
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The results from the different models were then compared using visual inspection of the 
shape change through overlays and section views. For the overlays, the model in both 
deformed and undeformed state was merged into one. For the section view, the same 
principle was used but the pictures were taken in a section plane, see Figure 10. 

For a more detailed description of the placement of the constraints and the section plane, 
see Appendix A:. 

 Investigation of existing material 
The search for existing material was made by conducting interviews and searches in different 
databases. The interviews were conducted by emailing universities and companies around 
the world. The respondents were chosen through discussions with the supervisors, and were 
asked if they knew of any research similar to what is done in this work. For a list of the 
interviewees, see Appendix B:. 

The aim with the interviews was to examine if and how the problem is considered, and to 
find relevant publications that otherwise might have been missed. The reason both database 
searches and interviews were conducted was to maximize the chances of finding useful 
material.  
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4 Execution of simulations 
In this chapter the process of the simulations performed in this work are presented. The 
chapter contains a description of the most vital parts of the process. Furthermore, the 
developed thermal spring back keyword-file is described and explained. 

A hot stamping analysis is normally made up of a gravity-, a forming- and a hardening stage 
[28]. In this work, a fourth step is added where the thermal spring back is simulated, see 
Figure 11. 

 

Figure 11 - Approaches for hot stamping simulations 

The process for the gravity, forming and hardening simulations have been created in 
Dynaform, and parameters have later been changed directly in the keyword-files. The thermal 
spring back simulation was created directly as a keyword-file in a text editor. 

Since the keyword-files consists of more than 14000 lines of code they are not included in 
the report. The keyword-files can be obtained by contacting either the authors or the 
supervisor. For contact information, see Appendix C:. 

 Gravity 
In the gravity stage of the hot stamping simulation, the heated blank is dropped onto the 
punch and blank holder. Since the blank is in a hot and soft state it starts to take the shape 
of the tools. In this stage the blank is assumed to have a temperature of 875 °C, (the 
temperature drops during transportation), and only the load caused by the blanks gravity is 
applied. The simulation is run over a time of 0.5 seconds. 
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 Forming 
The forming consists of two stages; closing and drawing. 

During the closing a velocity is applied to the die. The die moves downward against the blank 
holder until it reaches a user defined gap, see Figure 12. This gap makes it possible for the 
blank to slide between the blank holder and the die. The sliding is counteracted by the friction 
between the blank and the parts. Therefore, by adjusting the gap the proper amount of 
drawing can be achieved. 

 

Figure 12 - Space between die and blank holder (Gap) 

In the drawing step, the die and blank holder move with the same velocity pulling the blank 
over the punch, see Figure 12. When a defined gap between the die and punch (see keyword 
file) is achieved the forming stage is completed. The forming step is finished rapidly, 
therefore the temperature loss of the blank is very small and no phase transformations occur. 

 Hardening 
During the hardening step the punch is pressed against the blank using a force while the die 
is stationary. The force is kept until the defined time for hardening is reached. Since the tools 
have a lower temperature than the blank it loses heat through contact to the tools. The tool 
temperatures, conduction coefficients and hardening times can therefore be altered to give 
the blank the specific cooling rates required to reach the desired phases of the A-pillar. 
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The simulation is run during a specified hardening time. In this work, 4, 8 and 12 seconds 
were used. 

 Thermal spring back 
Developing a working method for simulating thermal spring back of 22MnB5 in LS-DYNA 
was the main focus of this work. Since it was not known if the shrinking caused by the 
temperature loss or mechanical stresses from the bending caused the spring back, both were 
included in the code. The spring back analysis is conducted right after the hardening and the 
temperature in the part is therefore still elevated and unevenly distributed. There are also 
uneven, and at some places, high stresses in the part. During the spring back stage both the 
temperatures and the stresses should be equalized until the part reaches a steady state. 

The parts shape, stresses, strains and temperature from the end of the hardening are written 
to a dynain-file which is included in the developed spring back keyword-file. During this 
simulation, the blank is removed from the tools and exposed to the surrounding room 
tempered air while it can change shape freely. 

In this work both spring back with and without constrained cooling were investigated. In the 
cases without constrained cooling the simulations were run until the blank reached room 
temperature. The blank was only constrained in a few nodes to stop it from moving around 
in space, but not to interfere with the spring back. 

In the cases with constrained cooling the simulations were run over a longer time and the 
blank was held stationary until it reached room temperature. All constraints were then 
removed, except for the same nodes as in the previously described simulation. 

The simulations with constrained cooling were aimed at simulating how it would affect the 
spring back if the blank was kept in the tools until it reached room temperature. Keeping the 
tools makes it impossible for the blank to move, which should create large stresses in the 
material during the cooling. The cooling rate will also be affected, since heat can escape 
through conduction to the tools. This should also contribute to increased stress levels in the 
part. 
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5 Results 
In this chapter, the results from the simulations are presented. The chapter is divided into 
two main sections; spring back and cooling separated and coupled thermal spring back. All 
simulation cases, described in chapter 1.1, are included in both sections. 

In section 5.1, the simulations are divided into an explicit thermal cooling and an implicit 
mechanical spring back stage. In the first step, the part is cooled to room temperature 
(thermal cooling stage) using the thermal material models; MAT_106 and MAT_244 (in 
accordance with the problem description). Since the part had already reached room 
temperature during the cooling, the second step (spring back stage) was conducted using a 
non-thermal material model (MAT_001) to decrease the calculation times. 

In section 5.2, a coupled simulation method where both cooling and spring back are 
performed simultaneously are presented. Since the cooling and spring back is conducted in 
one step, the thermal material models are used throughout the simulations. 

 Spring back and cooling separated 
In the section below, simulations with spring back and cooling separated are presented. 

5.1.1 MAT_106 cooling, MAT_001 spring back 

In this chapter, MAT_106 with and without constrained cooling are presented. 

Without constrained cooling 

In the cooling stage very little to no movement is seen. During the spring back, a twisting 
throughout the entire part is observed. The largest deformation can be seen in the top end, 
see Figure 13. The top end seems to twist in the opposite direction as the bottom end. The 
twisting phenomenon is apparent in Figure 14 where the spring backed model clearly 
overlaps the non-spring backed except in the areas where it was constrained. 
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Figure 13 - Section cut (before and after spring back), MAT_106 without constrained cooling 

 

Figure 14 - Overlap (before and after spring back), MAT_106 without constrained cooling 

With constrained cooling 

In this test the deformation is extensive, see Figure 15 and Figure 16. The largest deformation 
is located close to the section plane. The deformation pattern is similar to the non-
constrained cooling simulation previously described but in a larger magnitude. 
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Figure 15 - Section cut (before and after spring back), MAT_106 with constrained cooling 

 

Figure 16 - Overlap (before and after spring back), MAT_106 with constrained cooling 

5.1.2 MAT_244 cooling, MAT_001 spring back 

In this chapter, MAT_244 with and without constrained cooling is presented. 

Without constrained cooling 

In this run a small twisting is observed in the soft part of the pillar, see Figure 17. The twist 
seems to start in the transition zone and is visible throughout the soft zone. The deformation, 
shown in Figure 18, is very small. 
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Figure 17 - Section cut (before and after spring back), MAT_244 without constrained cooling 

 

Figure 18 - Overlap (before and after spring back), MAT_244 without constrained cooling 

With constrained cooling 

In this case a small twisting is observed in the soft zone, see Figure 19, but the main 
deformation is a movement in the lengths normal plane, see Figure 20. 
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Figure 19 - Section cut (before and after spring back), MAT_244 with constrained cooling 

 

Figure 20 - Overlap (before and after spring back), MAT_244 with constrained cooling 

 Coupled thermal spring back 
In the section below, simulations with spring back and cooling simultaneously are presented. 

5.2.1 MAT_106 

In this chapter, MAT_106 with and without constrained cooling is presented. 

Without constrained cooling 

This test shows firstly a uniform shrinking of the whole pillar and then a localized twisting 
deformation in the soft area, see Figure 21. After the initial shrinking, almost no further 
movement can be seen in the hard-zone, see Figure 22. 
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Figure 21 - Section cut (before and after spring back), MAT_106 without constrained cooling 

 

Figure 22 - Overlap (before and after spring back), MAT_106 without constrained cooling 

With constrained cooling 

The initial stresses are very high in the entire part, especially in the soft zone where local von 
Mises stresses of about 1400 MPa could be seen. In the beginning of the spring back 
simulation, a large decrease in stresses is observed. This can be explained by the material 
shrinking in the constrained cooling step, and then suddenly being released in the spring back 
stage. Despite this, only a small twisting can be seen, see Figure 23. The twisting seems to 
start in the hard zone, but the deformation is almost exclusively visible in the soft part of the 
pillar, see Figure 24. 
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Figure 23 - Section cut (before and after spring back), MAT_106 with constrained cooling 

 

Figure 24 - Overlap (before and after spring back), MAT_106 with constrained cooling 

5.2.2 MAT_244 

In this chapter, MAT_244 with and without constrained cooling are presented. 

In the test without constrained cooling, the cooling and spring back are divided since the 
coupled simulation approach failed. Although, the same material model is kept during both 
stages. 

Without constrained cooling 

As seen in Figure 25 and Figure 26 the deformation in this run is almost non-existent. 
Although a small twisting motion of the soft zone can be observed. The shrinking is also 
very small. 
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Figure 25 - Section cut (before and after spring back), MAT_244 without constrained cooling 

 

Figure 26 - Overlap (before and after spring back), MAT_244 without constrained cooling 

With constrained cooling 

In this simulation the initial stresses are quite high and then suddenly drop. The stresses are 
much smaller compared to MAT_106 with constrained cooling. This is probably due to the 
material model since it is the main difference between the runs. 

The deformation is almost non-existing except for a small twisting that can be observed in 
the soft zone, see Figure 27 and Figure 28. 
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Figure 27 - Section cut (before and after spring back), MAT_244 with constrained cooling 

 

Figure 28 - Overlap (before and after spring back), MAT_244 with constrained cooling 
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6 Results analysis 
The coupled and non-coupled simulations show dissimilar results when using MAT_106, but 
more similar results when using MAT_244, see Figure 29, Figure 30, Figure 31 and Figure 
32. This might be due to the movement being much smaller in the MAT_244 cases. 

When constrained cooling is used, a difference in shape distortion can be seen, compared to 
non-constrained cooling. This is especially apparent in Figure 30 and Figure 31. This means 
that mechanical effects cannot be neglected when evaluating thermal spring back. 

In the non-coupled simulations where the thermal material models were changed to 
MAT_001 after cooling, similarities in the movement can be seen compared to the coupled 
simulations, but on a larger scale. The effect is much larger when using MAT_106 compared 
to when MAT_244 is used during the cooling stage. 

From the overlay pictures, the twisting seems to start in the hard zone. Although, animations, 
stress and resultant displacements plots show low stresses and movement. The movement is 
instead caused in the transition zone and amplified throughout the soft zone where the 
biggest deformation is shown. 

 

Figure 29 - Section cut, MAT_106 – Coupled thermal spring back 
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Figure 30 - Section cut, MAT_106 – Spring back and cooling separated 

 

Figure 31 - Section cut, MAT_244 – Coupled thermal spring back 
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Figure 32 - Section cut, MAT_244 – Spring back and cooling separated 
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7 Discussion 
In the chapter below, a discussion from both the process and the results perspective is 
presented. 

 Process 
During this thesis work a sensitivity study was supposed to be conducted. The study was 
aimed at testing how changes in simulation parameters, such as hardening time, conductivity 
values, friction etcetera would affect the results. However, during the work there were large 
amounts of trouble obtaining working simulations. This made it impossible to perform the 
sensitivity study as intended. In the section below, some of the most troublesome parameters 
are discussed. 

One aspect that was found to have a huge impact on whether the simulations would work 
or not was the mesh quality. For thermo-mechanical simulations, the requirements on the 
element quality becomes much higher, especially jacobian values that has to be positive. It 
was found that the quality of both tool and blank elements are important since LS-DYNA 
would not solve thermo-mechanical simulations if too distorted elements were found. 

It was also found that the hot stamping process is very complex and has large amounts of 
affecting parameters. For example, in the implicit forming stage of the process the velocity 
of the tools was found to affect if the simulations crashed or not. If too high values were 
used, the blank deformed too rapidly which made the material crack, the elements deform 
and the solution would crash. The same type of problem was found with the tool-to-blank 
conductivity values, since they state how much of the blanks temperature escapes to the 
colder tools. Therefore, when high values were used during the forming, the blank became 
colder and stiffer which made the blank crack and the calculations would crash. 

 Results 
This thesis work was purely based on computer simulations without having any physical 
parts or data as reference. For the evaluation of the spring back, the supervisors made it clear 
that a twisting movement was the main problem after hot stamping A-pillars. Some twisting 
movement occurs in all simulations, although the magnitude is different in all four cases. 

Since the simulations are very sensitive when solving both thermal and mechanical problems, 
the intended approach could not be used in all cases. For example, the coupled thermal 
spring back simulation with MAT_244 had to be somewhat modified to work, see chapter 
5.2.2. Although, the only difference caused by the modifications has been observed to be a 
slightly smaller shrinking. This might be due to the large mass scaling used to enable larger 
time steps and shorter simulation times in the explicit cooling. Therefore, the implicit 
method, that was used in the other cases, seems to be better suited for the application since 
it enables much larger time steps compared to the explicit method. 
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In the material models used in this work, the same expansion coefficient has been used for 
the entire part. To obtain realistic shrinking, the material models need more data regarding 
thermal expansion coefficients for the different phases in the part, see chapter 2.2.1. To 
implement this, physical experiments should be made to obtain data on how the different 
phases in the material act when being cooled. To get detailed data, tests must be conducted 
on the specific material that is intended to be used since it is dependent on the specific boron 
steel [5]. This improvement should be seen as a way to further refine the simulation results, 
and should therefore not affect the described approach for evaluating thermal spring back. 

In the spring back simulations, different constraints were used. Similar movement can be 
seen in all simulations. Therefore, the different constraints used in this thesis work do not 
seem to have an impact on the results since they are made in a way that prevents all rigid 
body movements without preventing any spring back movement. Although, different 
constraints have shown to affect the calculations convergence time. 

From the different simulations, it is apparent that both MAT_106 and MAT_244 can be 
used to simulate the thermal spring back effect. MAT_106 shows more movement in the 
hard zone compared to simulations using MAT_244. This must be due to the material model 
not being able to simulate the different phases, since it is the main difference between the 
models. Why this effect occurs have not been investigated in this thesis work. Although, 
based on the work, it is believed to be caused by the stress distribution before and after the 
phase transitions. Since the movement pattern is similar between the models, it would be 
possible to use the faster MAT_106 to get approximate spring back simulations, but for more 
exact simulations, MAT_244 should be used instead. 

In all simulated MAT_244 cases, similarities can be seen between the coupled and non-
coupled calculations. This indicates that if the cooling (until a thermal steady state) is done 
with MAT_244, the faster MAT_001 (without thermal effects) can be used for the spring 
back stage. 

It was also shown that the constrained cooling has some influence on the amount of thermal 
spring back, meaning mechanical stresses are also responsible for the obtained deformation. 
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8 Conclusions 
Based on the work performed during this thesis work, the following conclusions can be 
drawn; 

• In all the conducted simulations, some amount of spring back can be observed, both 
for the thermal-coupled simulations, as well as for the non-coupled simulations 

• The thermal part of the spring back simulation could be run explicitly, but for higher 
accuracy it should be run implicitly 

• MAT_106 shows similar spring back compared to MAT_244. It can therefore be 
used for feasibility studies where fast results as prioritized. Although, for high 
accuracy, MAT_244 should be used 

• To obtain additional accuracy in the thermal spring back results, further development 
of thermal expansion coefficients in different microstructural phases should be 
included in the material models 

• The constrained cooling affects the results. It is therefore apparent that mechanical 
aspects cannot be neglected when thermal spring back of hot formed parts are 
simulated 

 Further work 
For all the final simulations, the fully integrated shell element, elform 16, has been used. It 
would therefore be relevant to investigate how different types of shell elements affect the 
results. Solid elements should also be tested to see if they act in the same way as shells. 

In this thesis work, spring back created during and after the part is cut to the final dimensions 
was not investigated. The cutting might have a big impact on the final results since material 
that might reduce or amplify the spring back is removed. Therefore, investigations of the 
cutting process should be made. 

A study should be conducted were different simulation parameters, such as; friction, 
conductivity, cooling times and NIP are investigated to see how they affect the amount of 
spring back. 

Since no data could be found for the specific material, the same expansion coefficient was 
used for all phases in the material models. This should give a somewhat simplified model 
since different phases expands differently in reality. More work should therefore be done 
regarding thermal expansion coefficient values in each zone. The new material data should 
then be implemented in MAT_244. 

It would also be appropriate to investigate if MAT_106 can produce similar results as a 
MAT_244 model with added material data (as described in the previous section) if the blank 
is divided into multiple zones depending on microstructure and a tailored expansion 
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coefficient is used in each zone. If this is done, the models should act more similar during 
the cooling and more reliable results with the faster model MAT_106 could be obtained. 

Further work should also be conducted regarding using a non-thermal material model such 
as MAT_001 for the spring back part of the simulation, since the results in this thesis work 
indicate that it would be possible to divide the thermal and the spring back part of the 
simulation. 
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A: Description of constraints and section plane 

 
Section plane for the section views. 

 

Spring back and cooling separated, constraints on MAT_106. 

 
Spring back and cooling separated, constraints on MAT_244. 

Appendix A:1 
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Coupled thermal spring back, constraints on all calculations. 
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