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ABSTRACT 

The growing effort to reduce vehicle weight and improve passive safety in 
the automotive industry has drastically increased the demand for ultra high 
strength steel components. There exist several production methods for such 
components, where the press hardening technique (hot stamping) is one of 
the most successful in producing complex components from boron steel. In 
order to accurately perform numerical Finite Element  (FE)  simulations of the 
actual thermo-mechanical forming, it is crucial to use correct material data and 
models. 

This work is focusing on two main aspects of the material characterisation 
as follows. The first is the flow stress of the austenite at elevated temperatures 
and different strain rates, relevant for the process, which is crucial for correctly 
predicting the strains in the component and the forming force. During a press 
hardening cycle, the actual forming is performed at high temperatures and the 
steel is in the austenitic state. The second, the austenite decomposition into 
daughter products such as ferrite, pearlite, bainite or martensite is a function 
of the thermal and mechanical history. 

To find the mechanical response (flow stress) for the austenite, a method 
based on multiple overlapping continuous cooling and compression tests (MOC-
CCT) in combination with inverse modelling has been developed. A validation 
test (in combination with the compression tests) shows good agreement with 
the simulated forming force, indicating that the estimated flow stress as a func-
tion of temperature, strain and strain rate is accurate in the actual application. 

The austenite decomposition model is developed and integrated as a material 
subroutine into the  FE-code LS-DYNA.  The model is based on the combined 
nucleation and growth rate equations proposed by Kirkaldy. A separate test to 
simulate different cooling histories along a boron alloyed steel sheet has been 
conducted. Different mixtures of daughter products are formed along the sheet 
and the corresponding simulation shows acceptable good agreement with the 
experimentally determined temperature histories, hardness profile and volume 
fractions of the different microconstituents formed in the process. 



THESIS 

This thesis consists of a survey and the following three appended papers: 

Paper A  Åkerström,  P.,  Oldenburg, M., Studies of the thermo-mechanical 
material response of a boron steel by inverse modelling. rd Inter-
national Conference on Thermal Process Modelling and Computer 
Simulation, Nancy, France, 2003. 

Paper  B  Åkerström,  P.,  Wikman,  B.,  Oldenburg, M., Determination of the 
high temperature response for a boron steel from continuous cooling 
and compression tests. Submitted for publication. 

Paper  C  Åkerström,  P.,  Oldenburg, M., Austenite decomposition during press 
hardening of a boron steel - computer simulation and test. To be 
submitted. 
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1 INTRODUCTION 

Simultaneous forming and quenching is a manufacturing process for low weight 
and ultra high strength automotive components. The process is often referred 
to as press hardening or hot stamping and is mainly used for producing pas-
sive safety components such as side impact beams, bumper beams and differ-
ent types of reinforcement components. More severe legislation the past years 
regarding vehicle emissions and collision safety motivates an increased use of 
low weight high strength steel components in automotive structures. The major 
challenge is the manufacturing of low weight and high strength components. 
Conventional cold forming of high strength steel is limited to the production of 
relatively simple geometries, due to limited formability. During cold forming 
operations of this type; high forming forces, large  springback  and excessive 
tool wear are often arising as a consequence. Alternatively, it is possible to 
use a hardenable steel, forming it in the cold state, followed by fixturation 
and hardening. If the cold formed component is hardened (quenched) without 
fixturation in a special tool, excessive distortion often develop and straighten-
ing is necessary. Such additional operations are expensive and generally not 
economically profitable for large series. The press hardening is a technique 
that avoids many of these disadvantages and additional forming steps, and will 
be shortly described in section 1.1. In the design of new products and cor-
responding tools, considerable costs often arises from the traditional process. 
This process often include prototype manufacturing and tests, if the product 
fails to fulfil the functional requirements, it is re-designed. With numerical 
simulations in the design stage, the efficiency of the product development can 
be strongly improved, leading to a reduction in lead time and costs [1]. Numer-
ical methods such as the finite element  (FE)  method [2, 3, 4] is often employed 
in simulations of manufacturing processes and component functionality. 

1.1 Press Hardening Technique 

The press hardening process uses boron steel blanks which first are austeni-
tised at a temperature of —900  °C  and then formed and quenched between 
cold tools. The forming operation at elevated temperatures allows complex 
geometries to be obtained due to the high formability of the hot material. The 
quenching results in a material with a very high yield strength. Further, the 
hardened component shows a dimensional accuracy comparable to that of mild 
steel products manufactured with conventional forming methods. The press 
hardening process can be summarized by the following steps: 

1. Punching of blanks, 
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2. Austenitisation in a furnace, 

3. Thermo-forming and hardening, 

4. Surface treatment by blasting or pickling. 

Figure 1 illustrates the process. 

Coiler Punch Blank 

II  

eessPr 	
Furnace  

111 	
J/ imp 

 

Fig. 1: Schematic description of the press hardening process. 

1.2 Objective and Scope 

The objective of this thesis is to develop, improve and evaluate material related 
aspects in numerical simulations of the simultaneous forming and quenching 
process. The thesis focuses on the following two aspects: 

1. Determination of the flow stress of the austenite phase as a function 
of strain, strain rate and temperature (which dominates the mechanical 
response during forming), 

2. Austenite decomposition modelling and simulation for the actual steel 
grade, and consequently prediction of "soft zones" within the compo-
nent. 

2 
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1.3 Outline 

The thesis consists of an introductory survey and three appended papers. The 
introduction gives a insight into the press hardening technique and the objec-
tives of the work, followed by an introduction to the modelling and simulation 
of press hardening with some results from the work done this far. Finally, a 
description of the appended papers, conclusions and future work follow. 

2 MODELLING OF PRESS HARDENING 

This section is focusing on the modelling and simulation of the press hard-
ening technique. Compared to conventional cold forming there are numerous 
additional modelling and simulation aspects involved. The workpiece, initially 
heated to form austenite, is subsequently cooled by heat transfer to the tool 
parts and the austenite decomposes into different daughter phases. Depending 
on the temperature history and mechanical deformation, different phases and 
phase mixtures evolves. During the solid-state phase transformations, heat is 
released which influences the thermal field. Further, depending on the mixture 
of microconstituents, both the mechanical and thermal properties vary with 
temperature and deformation. Consequently, a realistic model used for the 
simulation of the simultaneous forming and cooling must consider interactions 
between the mechanical field, the temperature field and the microstucture. The 
different fields and their interaction are shown in Fig. 2, see also [5, 6]. 

1 

L
MECHANICAL 

FIELD 
THERMAL 

FIELD 

MICROSTRUCTURE 
EVOLUTION 

Fig. 2: Interactions between the mechanical field, the thermal field and the microstuc-
ture evolution. 

Table 1 summarizes the different interactions with short descriptions. 
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Table 1: Descriptions of interactions in Fig. 2, from [5]. 
Interaction Description 

la 	Thermal boundary conditions are deformation dependent 
lb 	Heat generation due to plastic dissipation and friction 
2 	Thermal expansion 
3a 	Latent heat due to phase transformations 
3b 	Thermal material properties depend on microstructure evolution 
4 	Micro structure evolution depend on the temperature 
5a 	Mechanical properties depend on microstructure evolution 
5b 	Volume change due to phase transformations 
5c 	Transformation plasticity 
5d 	Memory of plastic strains during phase transformations 
6 	Phase transformations depend on stress and strain 

2.1 Mechanical material modelling 

The choice of constitutive equations and stress calculation algorithm will have 
a great impact on the predictive capabilities of the material model. However, 
the quality of the results achieved depends strongly on the stress-strain re-
lationship used for the material. In the present work, improvements of the 
flow stress versus strain data for the austenite in the temperature interval 400-
930  °C  is presented, see Paper A and Paper  B.  Traditionally, the material is 
characterized by several isothermal compression or tension tests for several 
temperatures. This type of approach can be both time consuming and expen-
sive. Further, a drawback of the isothermal technique is the possibility of ob-
taining an increased amount of unwanted phases for some test temperatures 
and durations. An alternative approach is presented, based on compression of 
cylindrical specimens at continuous cooling and different compression start-
ing temperatures. With the proposed method, the isothermal mechanical re-
sponse is established by means of inverse modelling, see [7]. For the boron 
steel in the austenitic state, a physically based hardening function proposed 
by Nemat-Nasser [8] is found to describe the flow stress with good accuracy 
within the temperature and strain ranges studied. Figure 3 shows the measured 
and calculated force versus time for compression of specimens during contin-
uous cooling with 50 °C/s and a true lateral strain rate of 0.08 s-1. Note that 
the stress-strain data used in the  FE-simulation is generated from the Nemat-
Nasser expression with optimized parameters. 

A separate forming test to validate the obtained stress-strain data has been 
conducted. The test tool, presented in Fig. 4 is designed to produce a hat 
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Fig. 3: Measured and calculated compression force as function of time. The terms 
High,  Med  and Low refers to the compression start temperatures 936, 788 and 638  °C,  
respectively [Paper  B].  

section shaped component with a profile height of 53 mm and a sheet thickness 
of 3 mm. For a more thorough description see Paper A and Paper  B.  Measured 
and calculated forming forces for the thermo-forming are shown in Fig. 5. 

Fig. 4: Schematic forming tool that produces a hat section profile. 

2.2 	Phase transformation modelling 

For numerical modelling of phase transformations during arbitrary cooling cy-
cles, the equations given by Avrami [9, 10, 11] or Kirkaldy et al. [12] are often 
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Fig. 5: Measured and calculated forming force as function of time  (NN  - stress strain 
data from optimized parameters in the Nemat-Nasser model; TD - stress strain data 
from iso-thermal tension tests). 

used for the diffusional controlled transformations. In the present work, the 
equations proposed in [12] are used in a slightly form modified for boron steel 
in the austenite decomposition model, see Paper  C.  The model is implemented 
as a subroutine in the  FE-code LS-DYNA  [13]. The austenite to martensite 
reaction is modelled using the equation proposed by Koistinen and Marburger 
[14]. During phase transformations, latent heat is released and therefore af-
fects the thermal history. Furthermore, both the thermal conductivity and spe-
cific heat are changing as function of temperature and phase evolution. This 
is accounted for in the model, and material data used are taken from  Sjöström  
[6]. To validate the numerical model for the boron steel grade, a tool giving 
varying cooling rates along the sheet was developed, see Figure 6. Table 2 
shows the measured and calculated volume fractions microcostituents. Figure 
7 show measured and calculated hardness profiles along the sheet. 

3 SUMMARY OF APPENDED PAPERS 

3.1 Paper A 

This work includes the determination of the high temperature response for the 
boron steel grade in its austenitic state. The developed method to determine 
the flow stress as a function of strain and temperature is based on a combina-
tion of compression tests and inverse modelling. The obtained material data 
is used in a coupled thermo-mechanical  FE-simulation that is compared to 
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Table 2: Measured and calculated volume fractions microconstituents obtained at 
specified locations. F=Ferrite, P=Pearlite, B=Bainite and M=Martensite. 

Measured  vol.  fractions Calculated  vol.  fractions  
x  [mm] F[%]  P[%] B[%]  M[%] F[%]  P[%] B[%]  M[%] 

0 73 11 16 75 5 20 
10 76 9 15 75 10 - 15 
20 37 1 44 18 36 8 48 8 
30 3 - 94 3 1 - 98 1 
40 - 95 5 - - 58 42 
50 - 95 5 - 45 55 

70 

Upper tool 

t, 
Sheet 

   

0 0 	  
12 
	 60 

4 x(1)1.6 

33 
	

Lower tool 

150 

25 1 4± 

   

   

22 	5 
27.8°  • 

0 

Fig. 6: Schematic plane hardening tool, giving varying cooling rates along the sheet 
[Paper  C].  

corresponding experimental test. The sheet is modelled with under-integrated 
BT-shell elements [13] for the mechanical field, and an element with constant 
through thickness temperature assumption has been used for the thermal field. 
Simulated and tested forming forces are in fair agreement. 

3.2 Paper  B  

In this paper, like the previous, the flow stress of austenite as a function of 
temperature is estimated. The paper also covers the austenite response for the 
higher strain rates that can appear during forming. Furthermore, the sensitivity 
and confidence intervals of the estimated parameters used to describe the flow 
stress are treated. In the validation simulation, a thermal shell element allowing 
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Fig. 7: Measured and calculated hardness along the sheet [Paper  C].  

a temperature variation through the thickness described in [15] has been used. 

3.3 Paper  C  

This paper treats the development of a numerical model that is capable of sim-
ulate the austenite decomposition into daughter phases for the studied boron 
steel. The model is based on the equations proposed by [12] and is included 
as a subroutine in the commercial  FE-code LS-DYNA  [13]. Due to boron 
additions in the steel, the start times and growth kinetics for the solid-state 
transformations are drastically altered, see [17, 18]. To account for this, some 
modifications of the original equations are necessary. During the evolution of 
the individual daughter products, heat is released and has to be accounted for 
when solving for the temperature field. Both the specific heat and the ther-
mal conductivity are dependent on phase distribution and temperature. In the 
model, the temperature dependent properties are weighted to a homogenised 
value by a linear mix law as in [6]. The thermal material data used for the 
individual phases are taken from [6]. To test the numerical model, a separate 
press hardening tool giving varying cooling histories along the workpiece has 
been built. 

8 
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4 CONCLUSIONS AND FUTURE WORK 

The objective of this thesis has been to develop/improve models and data for 
the material response of the boron steel during press hardening operations. The 
current work together with the work by [5] is aimed to be a tool that can fa-
cilitate and improve the design and development of ultra high strength compo-
nents with the press hardening technique. Future work will include the effects 
of stress and strain on the nucleation and growth rates of different diffusional 
transformations. For the athermal martensite reaction, martensite start tem-
perature, M, is affected by stress.  Uniaxial  tensile and compressive stresses 
increases Ms, but a lowering in M, is observed for hydrostatic stress [16]. 
These effects will be included in the model. The objective for future work is 
the modelling of volume variations during phase transformations, and mechan-
ical properties for individual and composite phases as well as transformation 
plasticity. 
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Studies of the thermo-mechanical material response 
of a boron steel by inverse modelling  

P.  Åkerström  and M. Oldenburg 

Department of Applied Physics and Mechanical Engineering,  
Luleå  University of Technology, SE-971 87  Luleå  Sweden 

Abstract. In numerical forming simulations of the hot stamping process, the lack of reliable material data, 
especially at higher temperatures gives quite rough estimations of the stamping forces, strains, residual stresses and 
achieved final product shape. Traditionally, the material is characterised by several isothermal compression or 
tension tests at ele‘ated temperatures and strain rates. The present work have pointed out an 
alternative/compleinemar approach to reduce the number of experiments and to obtain good results by using 
Gleeble compression tests at continuous cooling with different compression start temperatures. The isothermal 
mechanical response ‘s as established by means of inverse modeling, with start values obtained from isothermal test 
results. Three different functions describing the flow stress as function of temperature and plastic strain have been 
tested and compared in usefulness for the steel grade used. The main object function consists of three parts, one 
from each compression start temperature. The object function in the inverse problem is based on the deviation in 
compression force-displacement data and radial displacement at the mid point of the specimen. Minimisation of the 
objective function with respect to the material parameters were performed using an in-house optimization software 
which is based on the subplex method. The established material response has been evaluated by comparison with 
data from a separate forming test. For the boron steel in the austenitic phase, the Nemat-Nasser model was found to 
describe the material response with acceptable agreement within the temperature and strain interval studied in the 
experimental validation. 

1 INTRODUCTION 

In the automotive industry, the use of ultra high strength steel components has increased due to the need 
of higher passive safety and reduced weight. One technique to produce open section ultra high strength 
steel components, for example side impact and bumper beams, is the hot stamping technique using Boron 
steels. In numerical simulations of the hot stamping process, the lack of reliable material data, especially 
at higher temperatures gives quite rough estimations of the stamping forces, strains, residual stresses and 
achieved final product shape. The quality of numerical simulations depends not only on the models and 
on methods used, but also on the accuracy and appropriateness of the input data. The material model and 
the related material property data must be consistent with the conditions of the material in the process of 
interest. In the case of continuous forming and quenching, the material is subjected to a temperature 
history of heating and subsequent cooling. Since the complete thermo-mechanical history will influence 
the material properties, similar deformation and temperature histories must be used in the material testing. 
Traditionally, the material is characterised by several tension, compression or torsion tests at elevated 
temperatures and different strain rates. In this work a method with continuous cooling and compression 
tests have been used. Corresponding  FE-simulations have been ran in an optimisation loop to find an 
optimal set of material parameters (for a given flow stress function) that can characterise the material 
response in a broad temperature interval, as described in coming sections. In this method the 
inhomogeneous stress and strain fields within the tested specimens are taken into account. Another 
important aspect of the method is the reduction of the possibility of obtaining unwanted phase mixtures 
within the material for some test temperatures and durations. However, isothermal tests are here used to 
give start values for the optimisation process. Therefore this method can be considered to be a 
complementary/extension technique to conventional material characterisation methods. 

2 EXPERIMENTAL PROCEDURE 

The compression tests have been conducted in a Gleeble 1500 thermo-mechanical test equipment. The 
material used in the tests is a Boron steel manufactured and delivered by Swedish Steel AB, see Table 1 



for chemical composition. The test specimens used are cylindrical with the height 5.5 mm and a radius of 
2 mm. The test procedure can shortly be described by the following steps: 

I. Insertion of the cylindrical specimen into a vacuum chamber, 
2. Resistive heating to the austenite temperature and hold for 5 minutes, 
3. Continuous cooling with 50°C/s and compression start at desired temperature to the true lateral 

strain of 0.5 with a strain rate of 0.08 s-1. 

During the test the compression force, compression depth, diametric increase and temperature are 
measured and logged. The diametric increase is measured with a resistance potentiometer. The 
temperature is measured using a Pt/PtRh-thermocouple welded on the surface of the specimen. To reduce 
the friction and prevent sticking between the tungsten carbide anvils and the test specimen, graphite and 
tantalum foils are used. For the strain rate 0.08 s-1, three overlapping temperature intervals for the 
compression have been used in order to provide a wide range of deformation-temperature combinations. 
The three temperature intervals are: [936,627], [788,477] and [643,345]. 

Table 1. Chemical composition for Boron02.  
C(%)  Si (%) Mn (%)  P(%)  S(%) Cr (%)  B (%)  

0.20-0.25 0.20-0.35  1.00-1.30  0-0.025 0-0.015 0.15-0.25  0.0015-0.0050 

3 NUMERICAL PROCEDURES 

The parameter estimation process is based on the inverse approach [1]. Here the  FE-method is applied to 
solve the equations of motions of the direct problem and an optimisation algorithm is used to find the 
suitable material parameters. The approach is simply to repeat the direct problem computation with 
different material parameters, provided the by the optimisation routine, until acceptable agreement with 
the experiment is obtained. 

3.1 The direct problem 

The direct problem consists of computing the response of the  FE  model, which is subjected to variations 
of the material parameters. In the present work the explicit  FE  program LS-Dyna  [2] is used for solving 
the direct problem. The real Gleeble compression cycle takes about 6 seconds. In the  FE  simulations, the 
corresponding compression time is a factor 100 shorter (0.06 seconds) and the mass density is increased a 
factor 1000, to reduce the analysis time. When using mass-scaled solutions in short time duration 
analyses, care must be taken to avoid inertia forces that may influence the  FE  solution. The material 
model used is a rate independent thermo-elastic-plastic model, see Bergman and Oldenburg [3]. The 
plastic behavior of the material is described by a von Mises isotropic condition, an associated flow rule 
and a non-linear isotropic hardening law defined as tabulated values of flow stress and effective plastic 
strain. 
The axisymmetric  FE  mesh used in the optimisation of the Gleeble experiments is shown in Figure 1. The 
mesh, which is a quarter of the actual geometry due to symmetry conditions, consists of 47 four-noded 
fully integrated quadrilateral axisymmetric elements and 68 nodes. Displacement boundary conditions are 
applied to the anvil to give a true lateral strain rate of 0.08 s-1  and a final true lateral strain of 0.5. The 
anvils are regarded as rigid. Contact between the anvils and the specimen is included and the friction is 
assumed to follow Coulomb's friction law. During each simulation, the temperature variation within the 
specimen is neglected and is assumed homogenous and prescribed. 

Anvil 

Specimen 

Figure 1. Axisymmetric  FE  mesh of the Gleeble experiment. 



In this study three different expressions have been tested for their usefulness to describe the flow stress 
for the Boron02 steel as function of the temperature in the interval 392 to 936°C and the effective plastic 
strain. The first function is the Johnson-Cook expression [4] without the strain-rate term, according to 

\rn T —To  
( 1) 

where  g- P  and T are the effective plastic strain and the temperature respectively. cr„ is the initial yield 

stress and A is a constant. The exponents  n  and m are the hardening parameter and a parameter to give 
non-linear temperature dependence. To  is a reference temperature and 7,, is the material melting 

temperature. 

The second function is a modified power law obtained from curve fitting from isothermal Gleeble 
compression tests, see [5] for more information regarding the isothermal tests. Here the flow stress 
dependence of effective plastic strain and temperature can be written as 

where  

o y (e. P  ,T) = o-o (T)+ A(e P  )T -13(7'  ) 	 (2) 

= poT -P' 	 (3) 

A(eP)= ao (E")°' 	 (4) 

B(eP ) = b„(EP)b 	 (5) 

and  po,  pi, (20, al,  bo  and  bl  are  the  material parameters.  

Finally, the third expression is a physically based constitutive model developed for both bcc and fcc 
metals by Nemat-Nasser [6]. Most parameters of this model have clear physical meanings. The flow 
stress expression, originally defined for commercially pure tantalum and oxygen free high conductivity 
copper (OFHC-copper) can be written as (for a thorough treatment see [6]) 

= 0-0 11 [ 
G
kT  [ln 	+ln f(eP ,T)]111q } It  " f(e",T)+49- g(e",dg ,...). 	(6) 

In (6), 	is the effective strain rate, e" is the effective plastic strain, T is the temperature, o-̀ )  is an 
effective stress to be determined empirically,  k  is Stefan Boltzman constant, Go is the magnitude of the 
energy barrier that the dislocations must overcome. 4 is a reference strain rate related to the density and 

the average velocity of the mobile dislocations and the barrier spacing. The function f  (e  ,T) is defined 

in sequel for fcc metals, and a,' g(e"  ,d g  ,...) is the athermal part of the flow stress. The parameters  p  and  

q  define the shape of the energy barrier (not the same  p  as the superscript in  EP  where it means "plastic"). 
As for the OFHC copper, the following representation is assumed to work sufficient good for the 
austenitic state of the Boron steel 

(7) 

a(T)= 	— (T IT,) 2 1 	 (8) 

where T„, is the melting temperature, and ao  depends on the initial average dislocation spacing. The last 
term in (6), g(e  P  ,d g ,...)  is approximated by  

(e")'°  . 	 (9) 
In this flow stress function there is 8 material parameters to be determined. 



3.2 The inverse problem 

The solution of the direct problem gives the necessary input information to the inverse problem. In the 
Gleeble application, the  FE  simulation provides output data in the form of axial reaction force and radial 
increase at mid-height (surface) of the specimen as function of the material parameters and the friction 
coefficient. In this work, three different  FE  analyses and corresponding test results have been used for the 
definition of the objective function. The  FE  analyses have been ran in parallel on different machines in a 
Linux cluster to reduce the analysis time. The objective of the inverse problem is to find the material 
parameters, which gives the best match between the  FE  solutions and the experimental reference data. 
This procedure is however not straightforward, because the data cannot be matched exactly. An 
optimisation approach is utilised for estimating the material parameters, which minimise the following 
objective function 

3 

9,0,(D).--19„(D,),  i  = 1,2,...,M 
k=1 

(10) 

1 N, 	f 	f 	( D ) 2  

where  JJ 	J.I s,  4°k(D.),_ + 1 (II) 
2 	f

i
exp exp  

Here fj"P ,  fr,  riexP and r7 are the experimental and calculated forces and radial increases for point  j  on 

respective curve.  D,  denotes the M different material parameters and the terms 1 / f:" and 1/ rje"P are 

normalisation or weight factors that are applied to avoid adding terms of diverse orders of magnitude. The 
minimum of 9,(a) in Equation (11) gives a closest match in a least-square sense between the  Nk  sample 
points of each  FE  solution and corresponding experimental data (index  k  is used to represent the different 
temperature intervals). In searching for the minimum value of the objective function e the subplex 

algorithm, Rowan [7], has been used. The inverse problem is solved by a set of customised subprograms; 
analyser programs, interface programs and a connecting network. Figure 2 shows a schematic structure 
for the optimisation process. 

START  

 

FEM  Optimisation 

 

Integrate the equations of motion 
for models of the experiment by using 
Ls-Dyna  for each temperature interval 
and a new set of design variables. 

Minimise the total objective 
function using the subplex method. 

STOP 

Figure 2. Basic flowchart of the inverse problem. 

4 RESULTS 

The results in this section will be divided into three main sections, one for each tested flow stress 
expression. Separate optimisations have been conducted to get material parameters that best fit stress 
strain curves from isothermal compression tests, conducted in [5], which should provide relatively good 
start values. The friction between the tungsten carbide anvils, tantalum foil, graphite foil and the Boron 
specimen in the vacuum chamber at specific temperatures is known to be of a complex nature. Frictional 
data for this type of multi solid body contact in a vacuum chamber is not readily available. The static and 
dynamical frictional coefficients are non-linear functions of relative sliding velocity, contact pressure, 
temperature, atmosphere and the nature of the surfaces. Normally at room temperature and normal 
atmosphere, the friction coefficient in steel to graphite contact is about 0.1, from Bowden and Tabur [8]. 



When studying the specimens after the test, it can be seen that the bulging effect is quite moderate, 
indicating that the friction coefficient between the specimen and the foils is relatively low. For the two 
first flow stress expressions, a constant friction coefficient of 0.08 is assumed (both static and dynamic). 
For the third expression, Nemat-Nasser, different constant friction coefficients have been tested, and in 
one optimisation run the friction coefficient has been included as a design variable. 

4.1 Johnson-Cook 

In the pre-optimisation for finding start values, the Johnson-Cook flow stress expression (1), showed an 
insufficient ability to represent the stress-strain curves from the isothermal compression tests. Here the 
isothermal curves are assumed not to differ much from the "correct" stress-strain curves in the 
temperature interval, 400-900°C, and to give sufficient good start parameters for the inverse Gleeble run. 
The inverse analysis converged after 267 iterations, ending with a objective function value of 15.52. 
Initial and optimised material parameters from the Gleeble inverse analysis are shown in Table 2, with 
specified parameter limits used in the optimisation. 

Table 2. Material parameters with limits used in the inverse problem for the  J-Cook model. 
Parameter Initial value 	 Estimated value 

	
Parameter limits 

Go 1.39204*ff!  L04447 0.0< cro  < 1.0*10 
A 2.26606*103  4.63254*103  0.0 <A < 5.0*104  
n  2.71344*104  2.53198*10-1  0.0 <fl <5.0 
m 2.45381*W-I  1.24533*10-1  0.0< m <5.0 

4.2 Modified Power Law 

The results from this flow stress expression shows better agreement with the experimental results. For 
temperatures lower than 500°C, the model seems to overestimate the flow stress, due to restrictions in the 
model. The restrictions are evident from the curve fits of the isothermal compression tests, where the 
isothermal flow stresses for the lower temperatures (400-500°C) are too high, leading to an 
overestimation of the compression force. In this case the overestimations in the isothermal tests are most 
likely due to the experimental procedure. In the inverse simulations, the need of user-defined constraints 
was obvious when the obtained stress-strain curves were plotted. The curves showed a non-physical shape 
with a negative slope (beginning at relatively low strains), due to the tendency in the optimisation to 
decrease the compression force at lower temperatures. This causes an underestimation of the obtained 
force curves in the two higher temperature intervals. To achieve more physical shape of the obtained 
stress-strain curves, a user defined constraint were applied as 

aR 
0, where  R  is the second term of the right hand side of Equation (2),  Ve" e  [0,0.25] 

and VT  e  [392,9361. By applying the constraint, the obtained stress-strain curves shows a more realistic 
shape, but still overestimates the stress level for the lower temperatures and underestimate the 
deformation hardening (stress level) for the higher temperatures, due to a less suitable flow stress 
description. This optimisation run converged after 903 iterations with an objective function value of 9.63. 
In Table 3, initial and estimated design variables with corresponding user defined limits are shown. 

Table 3. Material parameters with limits used in the inverse problem for the modified power law model. 
Parameter Initial value Estimated value Parameter limits 
Po 3.06361907  6.03585*10" 0.0 < po < 5.0*lor  
Pi 1.90198 1.30580 0.0 <PI  <5.0 
ao 1.31062*1011  1.31402*1011  0.0 < ao  < 5.0*10ll  
al 2.70029 2.69858 0.0 < al < 5.0  
bo  3.18172 3.17374 0.0 < 1)0  < 5.0 
b1  1.53706*10- ' 1.54100*10-I  0.0 <  bl <  1.0 



4.3 Nemat-Nasser 

The Nemat-Nasser expression (6) appear to be the most suitable function, by those tested, to represent the 
Boron steel material response in the actual temperature and strain interval. Four different optimisation 
runs with constant coefficients of friction (0.04, 0.08, 0.12 and 0.16), have been conducted. The objective 
function indicates decreasing values when decreasing the friction coefficient. Therefore, an optimisation 
run with the friction coefficient included as a design variable, giving a minima for 1.1=0.0201. Figure 3 
shows the object function value as function of the friction coefficient. The maximum effective plastic 
strain within the specimen when using a friction coefficient,  tt  equal to 0.0201 and corresponding 
optimised material parameters is 0.520 and with tt=0.16 the maximum effective plastic strain increases to 
0.720 (in the highest temperature interval).  

++  

0,04 0,08 0,12 0,16 
Friction Coefficient 

Figure 3. Total object function value as function of the friction coefficient. 

The obtained compression forces for the friction coefficient equal to 0.04 together with test curves are 
plotted in Figure 4. Figures showing the diametric increase from the tests and simulations are not shown 
in this work. The material parameters are specified in Table 4. The effect of the friction variations on the 
obtained stress-strain curves is illustrated in Figure 5 for the temperature 600°C. 
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Figure 4. Tested and simulated (11=0.04) compression forces as function of time. 
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Figure 5. Influence on obtained stress-strain curves with varying friction coefficient (600°C). 



Table 4. Optimised parameters in the Nemat-Nasser model, given with three decimal places. 
k/Go  E'0 ao  P C5°  ni  

0.02 8.885102  1.26710' 4.705109  2.310 8.00810-1  6.83910-2  1.375*102  1.37010-1  
0.04 8.396102  1.47610-5  3.0471010  2.622 8.46410-1  1.015104  1.478102  1.594*10-1  
0.08 7.483*102  1.45410-5  2.487*101°  3.059 7.829'104  8.00210-2  1.916102  2.070* I 0 1  
0.12 7.760102  1.52410-5  2.154101°  3.029 7.7141 0-1  7.73510-2  2.325*102  2.60510' 
0.16 6.818102  1.54010-5  3.472101°  4.028 8.04910-1  8.35710-2  2.482*102  2.82710-1  

4.4 Validation of obtained stress-strain data 

To validate the obtained data from the optimisation procedure with the Nemat-Nasser model, a separate 
forming test has been conducted. 

4.4.1 Forming test 

The principle of the test is to hot-form a hat shaped section with a conventional tool, according to the 
schematic Figure 6 (left), from a piece of hot boron steel strip. The tool material is SS2242, for thermal 
properties see [91. The Boron02 steel strip were heated in a electrical furnace to approximately 930°C, 
and held for 300 seconds, to achieve a fully austenitizised structure. Figure 6 (right) shows the 
dimensions of the steel strip. During the test the upper tool were given a constant velocity of 10 mm/s and 
the time, forming force and displacement were recorded. Total time to finish the forming is 5 seconds. 
The temperatures were measured in several points in the upper and lower tool and at one point at the steel 
sheet strip edge (see Fig. 6). 

0 

Figure 6. Schematic forming tool that gives a hat shaped profile with a height of 53 mm, temperature measurement points are 
indicated as circles (left); Boron steel sheet strip used in the test (right), all dimensions are in meters. 

4.4.2 Simulation 

The coupled thermal-mechanical simulation model, used with Ls-Dyna  960, consists of 2746 nodes, 112 
shell and 1558 brick elements. The boron steel strip is modelled with shell elements with a constant 
temperature distribution through the thickness. The tool part consists of eight noded brick elements. A 
quarter of the strip and tool are modelled due to symmetry. The initial temperature in the steel strip is 
827°C and is assumed homogenous. In the simulation the average temperature, 26°C, taken from the 
measured points in the test tool is used as a homogenous initial temperature. In the simulation, a heat 
transfer coefficient of 7000 Wm-21(1  has been used. Radiation exchange between the finite element 
surfaces of the sheet and the environment, with a constant temperature of 30°C is accounted for. The 
temperature history in the measured point in the boron sheet gives hereby a satisfactory agreement 
between the simulation and test (less than a 5°C difference). The static and dynamic coefficient of friction 
used between the tool and boron sheet is set to 0.30. 
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4.4.3 Results 

In the temperature measurement point, the temperature drop is 93°C in the time interval. This gives a 
mean cooling rate of 18.6°C s-1. The maximum mean cooling rate within the sheet is about 70°C s-1. 
Simulated and tested forming forces are shown in figure 7. The maximum effective plastic strain in the 
simulation is 0.267 slightly below the upper radius. 

0 	1 	2 	3 	4 	5 

Time (s) 

Figure 7. Comparison of measured and simulated forming force in the validation test. 

5 DISCUSSION 

By use of inverse modelling and compression tests with continuous cooling, it is possible to find stress-
strain data that are difficult to obtain with use of conventional methods alone (under the condition that a 
suitable function to describe the flow stress acceptable good can be found). For the boron steel in the 
austenitic phase, the Nemat-Nasser model is found to describe the material hardening with acceptable 
agreement within the temperature and strain interval studied in the experimental validation. It should be 
noticed that the validation experiment gives the forming force history that corresponds to the global 
response and do not give any information of the local stress-strain behaviour within the steel strip with 
the used experimental setup. Other important aspects to be aware of are that the models used do not 
account for the possible effects of transformation plasticity and multi phased elasto-plastic behaviour. It is 
assumed for the steel grade examined that no other phases/microstructure constituents are present during 
the actual compression cycle other than austenite. 
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Abstract 

To more correctly predict the stamping force, strains, residual stresses and final 
product shape in numerical simulations of the hot stamping process, reliable mate-
rial data is crucial. Traditionally, the material is characterized by several isothermal 
compression or tension tests at elevated temperatures and strain rates. This type of 
approach can be both time consuming and expensive. However, the greatest disad-
vantage of traditional methods is the possibility of obtaining an increased amount of 
unwanted phases for some test temperatures and durations. In the present work, an 
alternative approach is proposed to reduce the number of experiments and to obtain 
good results by using Gleeble compression tests at continuous cooling with different 
compression start temperatures. With the proposed method, the isothermal me-
chanical response is established by means of inverse modelling. In the present work, 
the three different expressions describing the flow stress as function of temperature 
and plastic strain have been tested and compared in usefulness for the Boron steel 
grade examined. The main object function used consists of three parts, one from 
each compression temperature interval. The object function in the inverse problem 
is based on the deviation in compression force-displacement data and radial dis-
placement at the mid point of the specimen. Minimization of the objective function 
with respect to the material parameters is performed using an in-house optimization 
software which is based on the subplex method. The established material response is 
evaluated by comparison with data from a separate forming test. For the boron steel 
in the austenitic phase, the Nemat-Nasser model is found to describe the material 
hardening with good agreement within the temperature and strain interval studied 
in the experimental validation. Sensitivity and confidence interval estimations for 
the parameters in the model are included. 

Keywords: High temperature mechanical response, Boron steel. Gleeble 
compression test, Continuous cooling, Inverse modelling, Parameter estimation 
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1 Introduction 

The use of ultra high strength steel components has increased in the automo-
tive industry, owing to the need of higher passive safety and reduced weight. 
One technique to produce open section ultra high strength steel components, 
for example side impact and bumper beams, is the hot stamping technique 
using Boron steels. At present, the lack of reliable material data, especially 
at higher temperatures and large strains with the present models and data, 
it is not possible to achieve enough accuracy in the resulting stamping forces, 
strains, residual stresses and achieved final product shape. The quality of nu-
merical simulations depends not only on the models and on methods used, 
but also on the accuracy and appropriateness of the input data. The material 
model and the related material property data must be consistent with the con-
ditions of the material in the process of interest. In the case of simultaneous 
forming and quenching, the material is subjected to a temperature history of 
heating and subsequent cooling. Since the complete thermo-mechanical history 
will influence the material properties, similar deformation and temperature 
histories must be used in the material testing. Traditionally, the material is 
characterized by several tension, compression or torsion tests at elevated tem-
peratures and different strain rates. This is often both time consuming and 
expensive. Furthermore, this method assumes homogenous stress and strain 
fields within the test piece, which often is not the case. Another important 
aspect of isothermal tests at elevated temperatures is the increased possibil-
ity of obtaining unwanted phase mixtures within the material for some test 
temperatures and durations. In this work a method with continuous cooling 
and compression tests have been used. Corresponding Finite Element  (FE)  
simulations have been performed in an optimization loop to find an optimal 
set of material parameters (for a given equation to describe the flow stress) 
that can characterize the material response in a broad temperature interval, as 
described in coming sections. The material model used in the  FE  simulations 
is described in Bergman and Oldenburg [1]. In  Eriksson  et al. [2] a similar 
technique is used to estimate the material parameters (by a single compres-
sion test), but the technique is here extended to give more information to the 
material characterization. 

2 Experimental Procedure 

In this work compression tests have been conducted in a Gleeble 1500 thermo-
mechanical test equipment. The material used in the tests is a boron steel 

* Tel.:  +46-920-492095;  fax:  +46-920-491047.  
Email address:  Paul  .AkerstromOmt .luth .  se (P.  Åkerström).  
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manufactured and delivered by Swedish Steel AB, see Table 1 for chemical 
composition for the Boron 02 steel. The test specimens used are cylindrical 
with the height 5.5 mm and a radius of 2 mm. The test procedure can shortly 
be described by the following steps: 

(1) Insertion of the cylindrical specimen into a vacuum chamber, 
(2) Resistive heating to the austenitic temperature and hold for 5 minutes, 
(3) Continuous cooling at a rate of 50 °C/s and compression start at desired 

temperature to the true lateral strain of 0.5 with a strain rate of 0.08 s-1. 

During the test the compression force, compression depth, diametric increase, 
temperature ari ,  measured and logged. The diametric increase is measured 
with a resist ;Intl ,  potentiometer. The temperature is measured using a Pt/PtRh-
thermocouple welded on the surface of the specimen (mid height). To reduce 
the friction and prevent sticking between the tungsten carbide anvils and the 
test specimen. graphite and tantalum foils are used. For the strain rate 0.08 
s-1, three overlapping temperature intervals for the compression have been 
performed in order to provide a wide range of deformation-temperature com-
binations. The temperature intervals for the strain rate of 0.08 s-1  are: high 
- (936,630), medium - (788,481) and low - (638,350). Two specimens at each 
temperature interval have been tested, to assure that the obtained data are 
reasonable and that the deviations between the tests are acceptable small. The 

Table 1 
Chemical composition for Boron02 in weight percent.  

C[%] Si[%]  Mn[%]  P[%] S[%]  Cr[%]  B[%] 

0.20-0.25 0.20-0.25 1.00-1.30 0-0.025 0-0.015 0.15-0.25 0.0015-0.0050  

continuous cooling diagram (CCT), which indicates the hardenability of the 
steel, provided by the steel manufacturer is shown in Figure 1. As can be seen 
in the CCT diagram, with a cooling rate of 50 °C/s, the final microstructure 
should contain martensite only. 

3 Numerical Procedures 

The parameter estimation process is based on the inverse approach, see  Eriks-
son  et al. [2]. Here the  FE-method is applied to solve the equations of motions 
of the direct problem and an optimization algorithm is used to find the most 
suitable material parameters to a model describing the material flow stress. 
The approach is to repeat the direct problem computation with different mate-
rial parameters, provided by the optimization routine, until acceptable agree-
ment with the reference response is obtained. 
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Figure 1. CCT diagram for the Boron 02 steel given in the manufacturer's technical 
specification. 

3.1 The direct problem 

The direct problem consists of computing the response of the  FE  model, which 
is subjected to variations of the material parameters. In the present work the 
explicit  FE  program LS-Dyna  [3] is used for solving the direct problem. The 
real Gleeble compression cycle takes about 6 seconds. In the  FE  simulations, 
the corresponding compression time is a factor 100 shorter (0.06 seconds). 
Thus, the mass density is increased by a factor 1000, to reduce the analysis 
time. LS-Dyna  uses the central difference method to integrate the equations of 
motion, which are ordinary differential equations in time. However, the explicit 
integration scheme is conditionally stable, which means that if the time step 
is too large the solution will be unstable. According to Courant's criterion, 
the time step size must not exceed the time for a sound wave to propagate 
through the smallest element in the model. 

In an explicit analysis with small elements (small characteristic length), the 
time steps are usually very small, leading to time consuming calculations with 
many steps. The appearance of undesired dynamic effects must be carefully 
monitored when using mass scaling. 

The material model used is a rate independent thermo-elastic-plastic model, 
see Bergman and Oldenburg [1, 4]. The plastic behavior of the material is 
described by a von Mises isotropic condition, an associated flow rule and a 
non-linear isotropic hardening law defined as tabulated values of yield stress 
and effective plastic strain. The axisymmetric  FE  mesh used in the optimisa-
tion of the Gleeble experiments is shown in Figure 2. The dimensional increase 
of the  FE  specimens due to the resistive pre-heating are not accounted for. The 
mesh, which is a quarter of the actual geometry due to symmetry conditions, 
consists of 68 nodes and 47 four-node fully integrated quadrilateral elements 
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(volume weighted Galerkin elements, see Hallquist [3]). Displacement bound-
ary conditions are applied to the anvil, taken from the experiments. The anvil 
is modelled as rigid. Contact between the anvils and the specimen is included 
and the friction is assumed to follow Coulomb's friction law. During each  sim- 

Anvil 

Specimen 

Figure 2. Axisymmetric  FE  mesh of the Gleeble model. 

ulation, the temperature variation within the specimen is neglected and is 
assumed to be homogenous and prescribed. To control the validity of this as-
sumption, coupled thermo-mechanical simulations have been conducted. The 
results can be seen in section 4.6. 

In this study, three different models have been tested for their usefulness to 
describe the flow stress for the Boron 02 steel as function of the temperature 
in the interval 389 to 936°C and the effective plastic strain. 

The first model is the Johnson-Cook expression (see [5]) without the strain-
rate term, according to 

ay 	T) =- (ao  A[T-P]n) (1 ( 	T
7
°
0
)  m) 	 (1) 

where V' and T are the effective plastic strain and the temperature, respec-
tively. The variable ao is the initial yield stress and A is a constant. The 
exponent  n  is the hardening parameter and m is a parameter to give a non-
linear temperature dependence. To  is a reference temperature and T„, is the 
materials melting temperature. This model contains 4 parameters ((To, A,  n  
and m) to be determined. 

The second model is a modified power law obtained from curve fitting from 
isothermal Gleeble compression tests. see  Eriksson  et al. [6] for more informa-
tion regarding the isothermal tests. Here the flow stress dependence of effective 
plastic strain and temperature is written as 

o-y (-E-1),T) ao(T) A(7.P)T-B(M 	 (2) 
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where 
cro(T) = poT-P1  (3)  
A( )) = ao(r)a' (4)  

B(-6--P) = b0( ))14  (5)  
and Po, pi , ao, al ,  bo  and  bi  are the 6 material parameters. 

Finally the third model is an physically-based model developed for both bcc 
and fcc metals by Nemat-Nasser [7]. Most parameters of this model have clear 
physical meaning. The athermal and thermally activated flow stress originally 
defined for commercially pure tantalum and OFHC copper can be written as 
(for a more thorough treatment see [7]) 

(
1 
	kT  (

in 
 t 	inf 	

T)
)  )  1/  q)  1/P f 	

T)+0,ctog(p,  dg.  ...). 
 

Go 

(6)  
In (6), 	is the effective strain rate, V)  is the effective plastic strain, T is 
the temperature, a° is an effective stress value to be determined empirically,  
k  is the Stefan Boltzman constant and Go  is the magnitude of the energy 
barrier that the dislocations must overcome. t.0  is a reference strain rate related 
to the density and the average velocity of the mobile dislocations and the 
barrier spacing. The function f (rP ,T) is defined in sequel for fcc metals, and 
cr,b(V),d9,...) is the athermal part of the flow stress (depending on density and 
distributions of the dislocations, here approximated by V' and the grain size  
dg).  The parameters  p  and  q  define the shape of the energy barrier (not the 
same  p  as the superscript in  :-&-P  which means "plastic"). The function represents 
the ratio of the initial to the current average dislocation spacing. For fcc metals 
(in this case fcc austenite), the dislocation spacing defines the barrier spacing, 
and changes with the density of the dislocations. As for the oxygen free high 
conductivity copper, OFHC copper, the following representation is assumed 
to work sufficient good for the austenitic state of the Boron steel 

f (7P , T) = 1 + a(T)1/47 	 (7) 

and that a(T) can be chosen as 

a(T) = ao  (1 —  (-
7
7:

7
)

2) 	 (8) 

where Tr, is the melting temperature, and ao  depends on the initial aver-
age dislocation spacing. Note that it is assumed that the last term in (6),  
g(, dg,  ...) can be approximated by 

(V')n1  . 	 (9) 

In this model there are 8 parameters to be determined ( a°, k/Go, to, ao, q,P, cja°  
and  ni).  

= cr°  
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3.2 The inverse problem 

The solution of the direct problem together with the experimental results gives 
the necessary input data to the optimization problem. In the Gleeble applica-
tion, the  FE  simulation provides output data in the form of axial reaction force 
and radial increase at mid-height (surface) of the specimen as function of the 
model parameters and the friction coefficient. In the current case, three differ-
ent  FE  simulations have been used for the definition of the objective function. 
The  FE  simulations have been processed in parallel on different machines on 
a Linux cluster to reduce the analysis time. 

The objective of the inverse problem is to find the parameters used to generate 
the stress strain data, which gives the best possible match between the  FE  
solutions and the experimental reference data. This procedure is however not 
straightforward, because the data cannot be matched exactly. An optimization 
approach is utilized for estimating the M material parameters, which minimize 
the following objective function 

3 

(Ptot (Di) 	E cpk (Di),  i  = 1,2,..., M  (10) 
k=1 

where  

r7)  —  f  f en'  (Di))
2 	

(de.xP — df-e (Di))
2 	

(11)  (pk (D 	Nk  (3 
	3  	± 	3 	.3  

2 	,f  _rexp 	 de.xP  
j=1 	Ji 	 3 3  

Here  fr  , f1em  d7 and d3f en' are the experimental and calculated forces and 
diametric increases for point  j  on respective curve. Di  denotes the M different 
material parameters and the terms (i/C') and (1/d3exP) are normalization or 
weight factors that are applied to avoid adding terms of diverse orders of mag-
nitude. The minimum of Equation (10) gives a closest match in a least-square 
sense (weighted least-squares fitting) between the  Nk  sample points of each  
FE  solution and corresponding experimental data (index  k  is used to represent 
the different temperature intervals). To be useful, a procedure to fit should 
provide; parameters, error estimates on the parameters and finally a statisti-
cal measure of goodness of fit. If the third item suggests that the goodness of 
the fit is poor, then the parameters and the corresponding error estimates are 
then probably not useful, see [8]. In the Gleeble tests, the uncertainties associ-
ated with the set of measurements are not known in advance, then we assume 
that all measurements have the same standard deviations (s -3f  s3d = s), and 
that the model fit well. Then we can proceed by first assigning an arbitrary 
constant value, in this case s:f = s3d  = s =1, to all points, next fitting for the 
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model parameters by minimizing (10) and finally computing 

	

2 	EN—ki (f xP  — [f ern  (Di )) 2  
(4)  

(Nk  — M) 

	

2 	EliV-1-'1 (Clj xP  4em(A))2  

	

(4) 	(Nk  — Al) 

where (f)2  and ( d)2   are the variance for the forces and diametric increase 
in test number  k  (calculated to measured data). The standard deviations for 

the corresponding curves are ,1(4)2  and \/(SZ)
2 
 . Obviously, this approach 

prohibits an independent assessment of goodness of fit. When the measurement 
error is not known, this approach at least allows some kind of error bar to be 
assigned to the points (see section 4.4). In section 4.5 sensitivity and confidence 
intervals for parameters in the model proposed by Nemat-Nasser are treated. 
In searching for the minimum value of Equation (10), the subplex algorithm 
proposed by Rowan [9], has been used. The subplex algorithm is a direct search 
method for unconstrained optimization, i.e. there is no need for calculating 
the gradient of cpk(Di ). The subplex method is well suited for optimizing noisy 
objective functions. Usually, one or several constraints must be satisfied in 
order to keep the solution in a feasible region of the parameter space. The 
numerical properties of the subplex method make it possible to use penalty 
functions to apply constraints. 

The inverse problem is solved by a set of customized subprograms; analyzer 
programs, interface programs and a connecting network. The analyzer pro-
grams are the  FE  program with a user defined material subroutine and the 
optimization software. Interface processors are in-house programs for setting 
up the correct input format for each analyzer program. The connecting net-
work is the Linux operating system, which can be programmed through shell 
programs to control the data flow and to manage the necessary data commu-
nication. Figure 3 shows a schematic structure for the optimization process. 

4 Results 

The results section is divided into four main sections. The first section will 
present some results from microstructural examinations of the three specimens 
used in the compression tests. The following three sections will be devoted to 
each tested model characterizing the flow stress. Separate (pre)optimizations 
have been conducted to get model parameters that best fit the available stress 
strain curves from isothermal compression tests, conducted in  Eriksson  et al. 

(12)  

(13)  
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(START)  

- -- 
Integrate the equations of motion for 
models of the experiment by using LS-
Dyna  for each temperature interval and 
a new set of design variables. 

Minimize the total objective 
function using the subplex method. 

(STOP)  

Figure 3. Basic flowchart of the inverse problem. 

[2]. These model parameter values will serve as start values in the inverse prob-
lem. The friction between the tungsten carbide anvils, tantalum foil, graphite 
foil and the Boron specimen in the vacuum chamber at elevated temperatures 
is not readily obtained. The static and dynamical frictional coefficients are 
nonlinear relations, dependent on relative sliding velocity, contact pressure, 
temperature, atmosphere and the nature of the surfaces. In experiments per-
formed by Boyd and Robertson [10] at high pressures (up to 2750 MPa) and 
with solid material as lubricants are showing very low friction coefficients. 
When using graphite as lubricant [10], a friction coefficient in the interval 
0.036-0.058 was obtained. During the Gleeble tests the mean pressure on the 
specimens contact surfaces reaches 1100 MPa. Normally at room temperature 
and normal atmosphere, the friction coefficient in steel to graphite contact 
is near 0.1, according to Bowden and Tabur [11]. When studying the speci-
mens after the test, it can be seen that the bulging effect is quite moderate, 
indicating that the friction coefficient between the specimen and the foils is 
low. This is especially prominent for the compression test executed at the 
lowest temperature interval. For the two first flow stress models, a constant 
friction coefficient of 0.08 was assumed (both static and dynamic). For the 
third model, Nemat-Nasser, different constant friction coefficients have been 
tested, and in one optimization run the friction coefficient has been included 
as a design variable. In the following sections the terms high, medium and low 
are used in diagram legends to characterize the different temperature intervals 
as defined in section 2. In the  FE-simulations of the Gleeble compression test, 
the compression time is limited to 5 seconds (stop temperature of 389°C) for 
the low temperature interval to avoid the influence of martensite formation 
during the cooling/compression cycle. 
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4.1 Microstructure 

In this section, the microstructure of the different specimens are presented. 
For each specimen used in temperature interval high,medium and low, the mi-
crostructure in a lateral cross section have been examined by usual microscopy 
examination and by hardness measurements. Table 2 shows measured hardness 
in the points corresponding to schematic Figure 4 for each tested specimen. 
Figure 5(a,  b  and  c)  show the microstructure for each specimen compressed 
in the temperature ranges high, medium and low during continuous cooling 
with 50 °C/s. 

(1  2 3) 

Figure 4. Hardness measurement points in a cross section of the specimen. 

Table 2 
Hardness  (HV  10) for selected points within the tested specimens. 

Point High  [HV]  Medium  [HV]  Low  [HV]  

1 366 351 488 

2 366 350 530 

3 351 340 488  

Avg.  361 347 502 

a)  b) c)  

Figure 5. Micrographs showing the typical microstructure obtained for the speci-
mens deformed in temperature interval a) high  b)  medium and  c)  low. Note that 
the pictures are taken at a magnification of 1000, and that the total length of the 
length scale corresponds to 100µm. 

A more thorough treatment of the micro structural evolution during different 
thermal/deformation combinations can be found in Somani et al. [14] for the 
actual steel grade. 
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4.2 Johnson-Cook model 

In the pre-optimization for finding start values. the Johnson-Cook model, 
Equation (1), shows insufficient ability to represent the stress-strain curves 
from the isothermal compression tests. Here the isothermal curves are sup-
posed not to differ much from the "correct" stress-strain curves in the tem-
perature interval, 400-900°C, and to give sufficient good start parameters for 
the inverse Gleeble run. Figure 6 and 7 shows the results from the inverse 
analysis after 267 iterations, ending with an objective function value of 15.52 
(the start value is 17.00). Initial and optimized model parameters from the 
Gleeble inverse analysis are shown in Table 3, with specified parameter limits 
used in the optimization. 

Figure 6. Tested and simulated compression forces for the Johnson-Cook model. 
Table 3 
Initial and estimated parameters used in the inverse problem for the Johnson-Cook 
model. 

Parameter Initial value Estimated value Parameter limits 

cro  [1\1Pa] 1.392 *102  1.044 0.0 < cro < 1.0* 103  

A [MPa] 2.266 * 103  4.633 * 103  0.0 < A < 5.0* 104  

n  2.713 *10-1  2.532*10-i  0.0  <n  < 5.0 

m 2.454 *10-1  1.245 *10-1  0.0 < rn < 5.0 

4.3 Modified Power Law model 

The results from this model shows better agreement to the experimental re-
sults than the Johnson-Cook model. For temperatures lower than approxi-
mately 500°C, the model seems to overestimate the flow stress, due to the 
formulation of the model. The deviations arise from the curve fits of the iso-
thermal compression tests, where the iso-thermal flow stress for the lower 
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Figure 7. Tested and simulated diametric increase for the different temperature 
intervals (Johnson-Cook model). 

temperatures (400-500°C) are too high, leading to a overestimation of the 
compression force. This is most likely due to the experimental procedure to ob-
tain the isothermal curves. In this inverse simulation, the need of user-defined 
constraints within the optimization program were obvious when the obtained 
stress-strain curves were inspected. The unconstrained curves showed a non-
physical shape with a negative slope (beginning at relatively low strains). This 
causes the obtained force levels in the two higher temperature intervals to be 
underestimated. To achieve more realistic shape of the obtained stress-strain 
curves, a user defined constraint were applied to avoid negative slopes. By ap-
plying the constraint, the obtained stress-strain curves shows a more realistic 
shape, but still overestimates the yield stress level for the lower temperatures 
and underestimate the flow stress levels for the higher temperatures. Figure 8 
and 9 show results from the analysis with the constant friction coefficient of 
0.08. This run converged after 903 iterations with an objective function value 
of 9.628 (the start value is 11.712). In Table 4, initial and estimated model 
parameters with corresponding user defined limits are shown. 
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Figure 8. Tested and simulated compression forces for the Power-Law model. 
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Figure 9. Tested and simulated diametric increase for the modified power law model. 

4.4 Nemat-Nasser model 

The Nemat-Nasser model, according to Equation (6), appear to be the most 
suitable model to represent the Boron steel material response in the actual 
temperature and strain interval among tested models. Four different opti-
mization runs with constant coefficients of friction (0.04, 0.08, 0.12 and 0.16), 
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Table 4 
Model parameters with limits used in the inverse problem for the modified power 
law model. 

Parameter Initial value Estimated value Parameter limits 

Po 3.064*107  6.036*105  0.0 < po < 5.0 *108  

Pi 1.902 1.306 0.0 <Pi  <5.0 

ao 1.311* 1011  1.314* 1011  0.0 < ao < 5.0*1011  

al 2.700 2.699 0.0 <a1  <5.0  

bo  3.182 3.174 0.0 <b0  <5.0 

14 1.537*10-1  1.541*10-1  0.0 <  bi  < 1.0 

have been conducted. The objective function indicates decreasing values when 
reducing the friction coefficient. Therefore, an optimization run with the fric-
tion coefficient included as an additional design variable have been conducted, 
resulting in a minima for it--0.02. Figure 10 shows the objective function value 
as function of the friction coefficient. No additional user-defined constraints 
within the optimization routine have been applied. The inverse runs with the 
Nemat-Nasser model generally needed a great amount of iterations to converge 
(500 - 1200). 

oo  0.05 0.1 0.15 

Figure 10. Objective function value for different friction coefficients. 

The friction and material parameters are coupled variables; a variation of 
the friction coefficient gives a new set of material parameters (and different 

bulging") and therefore variations of the strains and stresses within the spec-
imen. The maximum effective plastic strains for the friction coefficients 0.02, 
0.08 and 0.16 with corresponding optimized parameters are 0.520, 0.616 and 
0.720, respectively. 

The obtained compression forces and diametric increase for different friction 
coefficients together with test curves and plotted in Figures 11 to 14. The 
material parameters are specified in Table 5. The effect of the friction  vari- 
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ations on the obtained stress-strain curves is illustrated in Figure 15 for the 

temperatures 500 and 800  °C.  
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Figure 11. Tested and simulated compression forces for the friction coefficients - 
µ=0.02. µ=0.08 and µ=0.12 used in the simulations (Nemat-Nasser model). 
Table 5 
Optimized parameters in the Nemat-Nasser model. 

/2  0.02 0.04 0.08 0.12 0.16 

a°  102[141Pal 8.885 8.396 7.483 7.760 6.818 

k/Go  10-5[K-1] 1.267 1.476 1.454 1.524 1.540 

to 10111s-1] 0.470 3.047 2.487 2.154 3.472 

ao 2.310 2.622 3.059 3.029 4.028 

q 10-1  8.008 8.464 7.829 7.714 8.049 

p 10-2  6.839 10.150 8.002 7.735 8.357 

o-12 102  [IVIPal 1.375 1.478 1.916 2.325 2.482 

n1 10-1  1.370 1.594 2.070 2.605 2.827 

Table 6 summarizes the calculated standard deviations between measured and 
calculated data, according to Equation 12 and 13, for the different temperature 
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Figure 12. Tested and simulated diametric increase - p=0.02 (Nemat-Nasser model). 

intervals and friction coefficients. 

Table 6 

Temp. interval high medium low 

s.f. 	[N]  4 10-5  [m] 4  [N]  4 10-5 [m] s•4  [N]  4 io-5 [m]  

p  -,--- 0.02 279 3.57 196 8.22 157 1.33  

p  --- 0.04 329 2.21 199 6.83 147 1.95 

/.2 = 0.08 387 1.39 252 4.45 146 3.81  

p  = 0.12 463 2.87 297 2.64 222 5.61 

µ = 0.16 534 4.38 356 1.70 324 6.89 

To check the influence of the mass scaling and the use of a finer mesh, a 
separate optimization run has been conducted. The  FE-model consists of 69 
elements and 93 nodes (compared to 47 elements and 68 nodes). The mass 
scaling is reduced from a factor 1000 to 10, remaining settings are maintained. 
Figure 16 illustrates the effect of these combined changes on the obtained flow 
stress. 
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Figure 13. Tested and simulated diametric increase - /1=0.08 (Nemat-Nasser model). 

4.5 Sensitivity and parameter confidence interval estimation 

In this section a sensitivity and confidence interval estimation is performed 
for the different model parameters. This is performed for the Nemat-Nasser 
model with a friction coefficient of 0.02. For a more detailed description of the 
procedure see for example Forestier et al. [12] and Fletcher [13]. 

4.5.1 Sensitivity 

An indicator of the quality of the parameter estimation can be achieved by the 
Gauss-Newton matrix,  G,  that is a first order approximation of the Hessian 
matrix for co ,- tot • The objective function for temperature interval no.  k  can be 
written as 

(pk(D) = E (rii(D) + rl(D)) = (rT(D)ri(D)+ r(D)r2(D))  (14) 
t=1  

where 

rii(D) f iexP  f1fem )W11 
	

(15) 
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Figure 14. Tested and simulated diametric increase - ft=0.12 (Nemat-Nasser model). 

Figure 15. Friction influence on obtained stress-strain curves for the temperatures 
500°C and 800°C. 

and 

r21(D) = (cr — dtem)ww. 	 (16) 
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Figure 16. Mesh size and mass scaling influence on obtained stress-strain curves for 
the temperatures 500°C and 800  °C.  The legend ms - /0 indicates a mass scaling 
of 10 and the finer mesh. The legend ms - /000 indicates a mass scaling of 1000 
and the original mesh. 

The nonlinear objective function is then approximated by a second order Tay-
lor series 

c,k (p)+ ak(D)  AD  + l ApTa2k  
ap 	2 	alD2  An 	(17)  

a
8

24
2
` v2e In Equation (17) the term  e  =  ,,,,k  is the gradient and 	= 	H  

is the Hessian . Differentiation of Equation (14) gives 

ae(D) _ JT(D)ri g(D)r2 	 (18)  ap  

where  J  is the Jacobian matrix that holds the first partial derivatives. Finally 
differentiation of the gradient, Equation (18), gives the Hessian  

H = Jr(D)Ji(D) + g(D)J2 (D) + rr(D)Fi(D) + r(D)F2 (D) 	(19)  

where F contains the second partial derivatives. Since r is minimized in the 
least square sense, it is often the case that the components of r are small. 
This makes a first order approximation of the Hessian matrix possible. This 
is equivalent to making a linear approximation to the residuals r. It is in this 
way the sums of squares is taken into account and the statistical evaluation 
presented in Forestier et al. [12] can be used. In the Gauss-Newton method the 
Hessian is approximated by the first order terms of Equation (19) according 
to  

H .=:--•• JTJi +172:J2  = G. 	 (20) 
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G  can be calculated as follows 

(9(Ptot  a(PiOt 	3  Nk 	2 8f  fem  8f  fem 
 ±(tudfacitem  ad  em 

 
u  — 	aD,' aD )= 	

(  
E E  ( ) 3 	k=1 1=1 	 aDi 8D3 	aD2 aD3 / • 

(k21) 
Here  Nk  is the number of measured points in temperature interval  k.  (w[)2  
and (wìi )2  are weight factors according to Equation (11). To approximate the 
sensitivity terms ail m  laDm  and adf en  yap, the forward difference approach 
is applied as 

aft —  E'en' (13 + AD7n ) — fife'  (Dm)  
ap, 	 AD„ 

and 
Or(' clfem(Dm  + AD.m) — di fern(D.m) 

(23) 
aD, 	 AD, 

To select appropriate step sizes for the different model parameters used in the 
calculation of the sensitivity terms in Equations (22) and (23), a method to 
determine "optimal" steps has been used. The procedure described by  lott  et 
al. [15] and Gill et al. [16] has been used. An estimation of the correlation 
between two derivatives (cosine) can be calculated by 

(22) 

Cii =- COS 
cz3  (aot a(ptot  

OD, apj ) 
(24) 

For the actual case, the  c-matrix becomes 

1 -0.95711 -0.95801 0.98106 -0.99020 0.96436 0.81035 -0.62425 

1 0.99996 -0.91437 0.98004 -0.99573 -0.92460 0.75872 

1 -0.91674 0.98063 -0.99546 -0.92233 0.75407 

1 	-0.95866 0.92107 0.73500 -0.49784 

1 	-0.97815 -0.846603 0.67198  

sym 	 1 	0.92505 -0.75651 

1 	-0.91169 

1 	j  

When an off diagonal element (the cosines between two sensitivity vectors) is 
close to ±1,  G  is ill-conditioned and the confidence intervals becomes wide. 
Then the parameters in question are linearly dependent and may be expressed 
in terms of each other, which means that the influence of two parameters on the 
data is similar. The three vector combinations that are most closely correlated 
(close to ±1) are  

	

asotot aAot)  _ 	ci ann6 
C23 = cos ( 	, aD3  — 

20 

c= 



D1  e (737.0, 1040.0) 

D2  e (-2.763 *10-7, 2.561 *10-5) 

D3  E (-1.097 * 1011, 1.191 * 1011) 

D4  e (1.842,2.779) 

D5  E (0.775,0.826) 

D6  e (0.063,0.074) 

D7  e (122.0, 153.1) 

Dg e (0.113,0.162) 

a(ptot)  - -0.99573 C26 — COS ( 3_2
, D aD6 

C36 = cos ( 	, 
3sct6t)  _ 
aD6 	 Go ,  

0.99546  where  D2  = —k  D3  = and D6  = p. 

4.5.2 Confidence interval estimation 

To estimate confidence intervals for the individual material parameters, the 
following expressions can be used 

I = («Pt  — t VVii,D + t 

where the variance call be calculated as 

[G(D0Pt)]-1  (ptot(D°Pt) v= 
Ntot — 111 

where G(D°Pt ) is the Gauss-Newton matrix calculated in the neighborhood of 
the optimal model parameters. Art,t  is the total number of points in measured 
data and t depends on the confidence level, a 90% confidence interval gives 
t = 1.645 and a 95% confidence interval gives t = 1.960. M is the number of 
design variables (parameters). For Equations (25) and (26) to be applicable, 
the difference between the optimal computed and experimental data (residu-
als) is due to additive un-correlated Gaussian perturbations with zero mean 
and constant deviations. Even if exceptions from the above exist, confidence 
intervals give some information about the accuracy of the estimation. Confi-
dence intervals are therefore used as a warning. If the parameters are strongly 
correlated, the confidence intervals are important. Table 7 shows the estimated 
parameter intervals. 

Table 7 
Parameter confidence intervals (95% . 

(25)  

(26)  
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4.6 Temperature distribution in the cylindrical specimen 

Coupled thermal-mechanical simulations have been conducted to verify the 
validity of using a homogenous temperature distributions within the speci-
men. This only affect the obtained mechanical properties marginally. In these  
FE  simulations the heat transfer coefficient between the anvil and specimen in 
combination with the temperature of the anvil are adjusted to obtain a tem-
perature drop close to that measured in the experiments. Measured and cal-
culated temperature histories for the highest temperature interval are shown 
in Figure 17. The maximum temperature difference within the specimen for 
this case is about 30°C after 0.5 seconds and decreasing to a difference of 
10°C at 6 seconds analysis time. Similar temperature differences for the other 
temperature intervals were obtained. Figure 18 and 19 shows the obtained 
compression force and diametric increase, respectively. The coupled analysis 
is shown together with the ordinary analysis (homogenous temperature dis-
tribution, with a friction coefficient of 0.08). 

— Measured 
—1— Calculated 

4 	5 
	

6 
Time (s) 

Figure 17. Measured and simulated temperature histories at specimen mid height 
surface. 

.7 Strain rate effects 

In this section results from Gleeble compression tests at higher strain rates 
are presented together with corresponding  FE-simulations. The compression 
start temperatures correspond to those used for the reference strain rate 0.08 
s' used in previous sections. The natural lateral strain rates tested are 0.5 
and 5.0 s-1. In the simulations, the Nemat-Nasser model was used to generate 
the stress-strain data, based on the optimized parameters. The final natural 
lateral strain is 0.5. The experimentally measured temperature on each tested 
specimen was used in the simulation as a prescribed homogenous temperature. 
Figure (20) and (21) shows the measured and calculated compression forces as 
function of time. For the strain rate 0.5 s' the mean measured cooling rate was 
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Figure 18. Diametric increase of specimen mid in simulations with  (H  temp) and 
without homogenous temperature distribution  (N-H  temp) within the cylindrical 
specimen. 
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Figure 19. Compression force in simulations with  (H  temp) and without homogenous 
temperature distribution  (N-H  temp) within the cylindrical specimen. 

50-57  °C  s-1. For the compression tests carried out at the strain rate 5.0 	it 
was not possible to cool the specimens during the short duration compression 
cycle. For these specimens an increase in temperature of 1-22°C were observed 
(the highest temperature increase for the lowest start temperature). The rise 
in temperature is due to the plastic deformation within the material. When 
the rate of heat generation is greater than the heat loss to the anvils (and 
surroundings), the temperature within the material increases. 

4.8 Evaluation of obtained stress-strain data 

To evaluate the obtained data from the optimization procedure with the 
Nemat-Nasser model, a separate forming test has been carried out. 

23 



0.2 0.4 	0.6 
Time (s) 

0.8 

— High—measured 
- - - High—calculated 
— Med—measured 
- - - Med—calculated 
— Low—measured 
- - - Low—calculated  

0.02 0.04 	0.06 
Time (s) 

0.08 0 1 

15 
— High—measured 
- High—calculated 

— Med—measured 
- - - Med—calculated 
— Low—measured 
- - - Low—calculated  

Figure 20. Measured and calculated (Nemat-Nasser model) compression forces at 
the true lateral strain rate 0.5 s-1. 

Figure 21. Measured and calculated (Nemat-Nasser model) compression forces at 
the true lateral strain rate 5.0 s-1. 

4.8.1 Test 

The principle of the test is to hot-form a simple hat-section with a conventional 
tool, according to schematic Figure 22, from a piece of hot boron steel strip. 
The tool material is SS2242. The Boron02 steel strip was heated in a electrical 
furnace to approximately 930  °C,  and hold for 300 seconds, to achieve a fully 
austenitizised structure. Figure 23 shows the dimensions of the steel strip. The 
forming test has been carried out in a Roell Amsler HBS500 test machine. 
During the test the upper tool was given a constant velocity of 10 mm/s. 
The process time, forming force, temperature and displacement were recorded 
during the test. The total time to finish the forming operation was 5 seconds. 
Only the force in the actual deformation step is of interest, not the force when 
the upper tool hits the bottom and the final cooling and hardening take place. 
The temperature was measured in several points in the upper/lower tool and 
at one point on the steel sheet strip edge, see Figure 23. 
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Figure 22. Schematic forming tool that gives a hat section with a profile height of 
53 mm. 

Figure 23. Boron steel strip used in the test, dimensions in meters. 

4.8.2 Simulation 

The coupled thermal-mechanical simulation model for LS-Dyna  970, consists 
of 2746 nodes, 112 shell and 1558 brick elements. The boron steel strip is 
modelled using four node Hughes-Liu shell elements, see Hallquist [3], with 
9 through thickness integration points. For the thermal calculations of the 
steel strip, the shells are treated as twelve node brick elements to allow heat 
conduction through the thickness of the shell, see Bergman and Oldenburg 
[1] for a more detailed description. The tool parts consists of eight-node brick 
elements. Only a quarter of the real set up is modelled due to symmetry. The 
initial temperature in the steel strip is 827°C (taken from the test) and is 
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750 

assumed to be homogenous distributed. In the simulation, the average tem-
perature, 26°C, taken from the measured points in the test tool was used as 
a homogenous initial temperature approximation. In the simulation, a heat 
transfer coefficient of 6500 Wm-2K-1  has been used. The gap on each side of 
the shell element, when thermal contact is considered was set to 6.0*10-5  m. 
Radiation heat exchange is considered between the surfaces of the strip and 
its surroundings. The surrounding temperature is assumed to be 30°C and 
the view factor of the strip is set to 1. An emissivity of 0.6 corresponding to 
oxidized steel has been used. The radiation exchange between the tool parts 
and the steel strip is not accounted for. The static and dynamic friction co-
efficient used between the tool and boron sheet was assumed to be 0.30. The 
actual forming time was 5 s. A speed up factor of 50 was used, which gives a 
simulated time of 0.01 s. Instead of scaling the thermal conductivity, the heat 
transfer coefficient and the radiation factor; the specific heat for the tool and 
boron steel are reduced by a factor 1/50 to compensate for the speedup. The 
tool material was modelled as rigid. 

4.8.3 Results 

Figure 24 shows the measured and calculated temperature histories in the 
boron steel strip. At the measurement point, the temperature drop is almost 
90°C during the forming operation. This gives a mean cooling rate of 18°C 

Figure 25 shows the simulated temperature variation within the boron 
steel after 5 seconds. Note that the temperatures are mid surface values. The 
maximum mean cooling rate within the sheet is about 63°C 	. Note also that 
the thermal contact during the forming process is one-sided except when the 
upper tool approaches its lowest level. Simulated and experimental forming 
forces are shown in Figure 26. The maximum effective plastic strain in the 
simulation reached 0.24 slightly below the upper radius. Maximum effective 
plastic strain at the upper and lower radius are 0.2 and 0.1, respectively. 
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Figure 24. Measured and simulated temperature histories on the boron sheet. 
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Figure 25. Simulated temperature distribution within the sheet mid surface after 5 
seconds (quarter model). 

Figure 26. Tested and simulated forming forces in the validation test case  (NN  - 
stress strain data from optimization, Nemat-Nasser model; TD - stress strain data 
from iso-thermal tension tests). 

5 Discussion and conclusions 

In the current paper a methodology for estimation of material parameters for 
the boron steel grade using thermo-mechanical compression experiments and 
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inverse modelling is presented. The approach has been to extract as much 
information as possible from a conventional compression experiment set-up. 
Continuous cooling tests are performed instead of traditional isothermal test-
ing. Three different starting temperatures have been considered. The strategy 
has been to use three overlapping temperature intervals in order to give ad-
ditionally useful information about the temperature dependent mechanical 
response. 

The objective function is a least square functional, containing the measured re-
action forces at the anvils and the mid-specimen diameter change. The choice 
of a least-square criteria has been justified on the basis of the central limit 
theorem. Thus assuming that the sum of several different contributions will 
tend to be normally distributed, irrespective of the probability of the individ-
ual contributions. The least square approach also provide an attractive way 
of computing the confidence with which the parameters are determined. 

Three different flow stress functions have been investigated for its appropriate-
ness to describe the temperature dependent yield behavior. For the boron steel 
in the austenitic phase, the Nemat-Nasser model seems to be able describe the 
material behavior satisfactorily, for the temperature and strain range that has 
been experimentally validated. 

The difficulty of the presented method is the influence of friction between the 
specimen and the anvils during compression. The constant Coulomb friction 
model used shows that a reduction of the friction coefficient, tend to reduce 
the slope of the flow stress curves. The maximum shift in yield stress is about 
40 MPa for a change in the friction coefficient from 0.04 to 0.12 at 500°C. 
The corresponding stress shift is 22 MPa at 800  °C.  

The uniqueness of the solution has been tested by, altering the start parame-
ters. Different minima are found, i.e. the final parameters change slightly when 
different start values are used. However, the parameters reach realistic values 
and the final objective function value does not change much. An explanation 
to this behavior can be based on the correlation analysis, which reveal that 
the optimization problem to some extent is rather ill conditioned. Maybe some 
regularization method can be used to circumvent this problem. 

The aim of the work has been to test an inverse modelling methodology to es-
timate material parameters for a suitable flow function to describe the thermo-
mechanical behavior of boron steel in the austenitic state. It has also been of 
interest to reduce the number of necessary experiments for this procedure. In 
conclusion, both these goals have been achieved to a large degree. However, it 
is important to become acquainted with the optimization problem, to be able 
to understand and question the results. Use of physically realistic and sound 
values of the material and friction parameters must be assured before using 
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them in actual predictive simulations. 

A continuation of the current work will include modelling of the phase transfor-
mations in the material. The finial properties of the manufactured components 
are strongly dependent on the microstructure evolution. It is significant to in-
clude such effects in the numerical simulation of the manufacturing process. 
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Austenite decomposition during press 
hardening of a Boron steel - computer 

simulation and test  
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Division 	s )1n1 Mechanics, Luleä University of Technology, SE-97187 Luleä, 
Sweden 

Abstract 

In this work a model to predict the austenite decomposition into ferrite, pearlite, 
bainite and martensite during arbitrary cooling paths for thin sheet boron steel. 
The model is based on Kirkaldy's rate equations. The basic rate equations has been 
modified to account for the austenite stabilization effect from the added boron. The 
model is implemented as part of a material subroutine in the Finite Element program 
LS-DYNA  970. Both the obtained simulated volume fractions microconstituents and 
hardness profiles shows promising agreement to the corresponding experimental 
observations. 

Keywords: Austenite decomposition modelling. Press hardening, Boron steel, 
Hardness estimation 

1 introduction 

When producing thin ultra high strength steel components with the press 
hardening process (hot stamping) it is essential that the final component 
achieves desirable material properties. This applies in particular to passive 
automotive safety components. Often the desirable microstructure consists of 
mainly bainite or a mix of martensite and bainite. Therefore, it is of great im-
portance to accurately predict the final microstructure of the component early 
in the product development process. Numerical simulation is a convenient tool 
for making such predictions. Design changes of a component or tool can easily 
be done prior to manufacture of the production tools and this allows to great 

* Tel.:  +46-920-492095;  fax:  +46-920-491047.  
Email address:  Paul  .Akerstrom@ltu .  se  (P.  Åkerström).  

Preprint submitted to Elsevier Science 



savings both in costs and time. If precise predictions of the microstructure can 
be obtained with numerical simulations, it is possible to create components 
with tailored properties and functionality in different zones of the component. 
As an example from the automotive industry; a  b-pillar (u-beam shaped com-
ponent) can be manufactured with a softer material zone at one of its ends. 
By "allowing" a controlled buckling in this lower area, severe buckling at a 
higher location with a possible penetration into the passenger compartment 
at critical human regions, is prevented. 

In the following, numerical simulations of the austenite decomposition into 
daughter phases and their compounds based on Kirkaldys [1] rate equations 
are presented. Only the diffusional, or civilian, transformations (austenite to 
ferrite, pearlite or bainite) are predicted using these equations and the marten-
site evolution is modelled using the Koistinen and Marburger relation [2]. 
Some authors have used the models proposed by Kirkaldy to predict the mi-
cro structure evolution during welding operations, for example Watt et al. 
[3], Henwood et al. [4] and Oddy et al. [5]. Many authors uses the transfor-
mation model based on the work of Avrami [6, 7, 8]. The models proposed by 
Kirkaldy have been chosen in this work, due to the fact that the models are 
well suited for numerical implementations. Further, the models can be used 
to simulate the phase transformations in many steels with a total alloy con-
tent of approximately 2-3 wt% without prior information from transformation 
diagrams. 

2 Examined steel grade 

The steel grade used in this work is a fine grained boron steel produced by 
SSAB, with the trade name Boron 02 and is hot or cold rolled, depending 
on sheet thickness. Table 1 shows the specified and a typical, measured alloy 
content. The CCT-diagram based on austenitization at 900°C for 300 seconds 
is shown in Figure 1. 

Table 1 
Chemical composition for Boron02 in weight percent, specified and measured.  

C[%]  Si[%] Mn[701  P[%]  S[%] Cr[%] B[ppm] 

Specified 0.2-0.25 0.2-0.25 1.0-1.3 0-0.025 0-0.015 0.15-0.25 15-50 

Measured 0.230 0.29 1.25 0.013 0.003 0.211 30 

The initial average grain size of the hot rolled sheets used is 22µm which cor-
responds to an ASTM size of 8.0. The specific heat and thermal conductivity 
as functions of temperature for the different phases used in the present work 
is taken from  Sjöström  [9] and are not repeated here. Note that the data is 
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Figure 1. The manufacturer's CCT diagram for the Boron 02 steel. 

for the British standard steel En352 that is close to the Swedish standard 
steel 5S2511. The main difference in chemical composition between this grade 
and the examined one is that the boron steel do not contain any addition of 
nickel (0.8-1.2wt% for SS2511) and the amount chromium is lower, 0.15-0.25 
compared to 0.60-1.00wt%. The change in enthalpy (latent heat) for the dif-
ferent austenite decomposition reactions are also taken from  Sjöström  [9], and 
is for the ferrite, pearlite and bainite reactions equal to 590 MJ/m3. For the 
martensite reaction the corresponding value used, is 640 MJ/m3. 

3 Tool steel 

The material used in the tool parts is SS2242-02. Table 2 shows the chemical 
composition for the steel grade. Table 3 shows the specific heat and thermal 
conductivity as function of temperature, from Bergman [10]. 

Table 2 
Chemical composition for the tool steel SS2242-02 given in wt%.  

C[%] Si[%]  Mn[%] Cr[%] Mo[%[  V[%] 

0.35-0.42 0.8-1.2 0.3-0.6 5.0-5.5 1.2-1.6 0.85-1.15 

Table 3 
Heat capacity and thermal conduct"vity for SS 2242-02. 

T[ °C] Cp[J/kg °C] k [W/m °C] 

20 460 24.6 

400 460 26.2 

800 460 27.6 
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4 	Experiment al setup 

In this section a description of the experimental procedure will be given. The 
tests are performed in an Amsler-Roell 500 machine. The tool consists of two 
parts, an upper and lower part, Fig. 2. Both parts are designed with a 60 mm 
slot to achieve different cooling rates along the sheet. The hot austenitizised 
boron sheet is inserted between the two tools. The upper tool is given a dis-
placement towards the lower until a force of 126 kN is reached, and the force is 
maintained until the highest sheet temperature is below 60°C. The magnitude 
of the holding force is selected to yield a mean contact pressure of 20 MPa. 
The temperature was measured in four locations in the lower tool, Fig. 2. 

Figure 2. Plane hardening tool consisting of a upper and lower part, temperature 
measurement points are indicated with circles, all dimensions are given in mm. 

The thickness of the sheets used in the tests was 3.5 mm. The temperature on 
the sheet surface is measured at two locations, Fig. 3, using type  K  thermo-
couples. 

Temperature measurement points Mid section 

Figure 3. Temperature measurement points on sheet surface. 
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5 Simulation model 

This section presents the Finite Element model used, the austenite decompo-

sition model and the hardness estimation model. 

5.1 FE-model 

The  FE-code LS-DYNA 
 970 [111 has been used in all numerical simulations of 

the thermal and austenite decomposition evolution with time. The 
 FE-model 

used corresponds to a quarter of the actual geometry, due to symmetry. The 
tool parts are modelled with 8-node fully integrated thermal brick elements, 
with a size distribution as shown in Fig. 4. The size of the elements close to the 

thermal contact surface is 1.67 mm in the  y
-direction to catch the measured 

temperature transients. From a depth of 5 mm from the contact interface 
the elements are gradually coarsened to a maximum of 10 mm at the tool 
base. A constant element width and depth of 4.5x5 mm is used. The initial 
temperature of the tool parts is set to that measured and equals 27°C. 

Figure 4.  FE
-model represented as a quarter of the actual geometry due to symme- 

try. 
Two types of thermal shell elements have been used in the sheet model. The 
first is a standard thermal shell element with bilinear in-plane temperature 
interpolation and a constant through thickness temperature assumption. The 
second element is fully described in Bergman and Oldenburg [121 and is within 

the  FE
-code treated as a twelve node solid element with quadratic temperature 
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interpolation through the thickness (will be denoted tshell_l in the following). 
Hence, this element permits a temperature gradient in the shell thickness 
direction, which is especially prounounced in thicker sheets at the beginning 
of a quenching operation. The element size used to model the sheet is 2.5 - 5 
mm in the  x-direction according to Fig. 4. 

A heat transfer coefficient of 6000 W/m2  °C  is chosen for the contact interface 
between tool and sheet, see Bergman and Oldenburg [12]. 

The initial temperature of the sheet is taken from the experiment (surface 
temperature) and is approximately 825°C for the sheet thickness used (this 
temperature varies within 5  °C  between the tests due to the time elapsed to 
position the specimen into the tool). A combined convection and radiation 
heat transfer coefficient as function of temperature is specified in table 4. It 
should be noted that this combined boundary condition only applies to the 
sheet elements that are not in contact with the tool parts. 

Table 4 
Combined radiation and convection heat transfer coefficient as function of temper- 
ature 
T[T] he  f f [W/m2  °C]  

27 0 

127 30.0 

227 34.0 

427 36.0 

627 40.4 

827 59.0 

1027 92.3 

5.2 Austenite decomposition model 

The model used to simulate the austenite decomposition into diffusional con-
trolled daughter products, the model proposed by Kirkaldy and Venugopalan 
[1], is used in a slightly modified form. This model has been used by several 
researchers to model the HAZ (heat affected zone) during welding operations 
or predicting TTT and CCT-diagrams, see for example [5, 3]. The choice of 
the model for use in simulating the press hardening process is motivated by 
its relative simplicity and its sitebility to be incorporated as a subroutine in 
numerical  FE-codes. Furthermore, the model is capable of describing the diffu-
sional components resulting from austenite decomposition with good accuracy 
for many low alloy steels. The set of equations which model the austenite de- 
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composition reactions (civilian) can all be written in a general form as 

dX, 
	= f(C)  f  (C)  f (T) f  (X,), 
dt  

where f indicates a general functional relation. It is assumed that a single 
equation can be used to describe both the nucleation and subsequent growth 
of the daugther phases. In Eq. (1), f(C) is the effect of the austenite grain 
size; f(C) the effect of alloy composition; f (T) is a function of temperature 
and f  (X,)  gives the effect of current fraction formed. 

The grain size effect in the original formulation of Kirkaldy and Venugopalan 
[1] is given as 

f(C) = 2(G-1)/2 	 (2) 

where  G  is the ASTM grain size number for the austenite. In this work a 
constant austenite grain size is assumed during the cooling. During welding 
simulations, the need of grain growth models become important due to high 
temperature transients and following grain growth. 

For the original formulations of f  (C)  and the different reactions, see section 
5.2.1. The temperature term, f (T), describing the temperature dependence of 
the reaction rate is expressed as 

f(T) = (T„ - Tr -Qi/RT 	
(3) 

T„—T represents the supercooling where T„ is either Ae3, A -el (A,3 and Ael  are 
the critical temperatures from the Fe-C  equilibrium diagram) or  B,  (bainite 
start temperature) and is calculated as a function of the alloying elements 
and T is the current temperature. The exponent  n,  depends on the type of 
reaction; a value of 3 is recommended for boundary diffusion and 2 for volume 
diffusion [1]. C2, is the activation energy of the diffusion reaction and  R  is the 
universal gas constant. 

Finally, the term giving the effect of the reaction rate based on the current 
fraction formed, can be written as 

) -  f(X)- 	Y  
(4) 

where  X,  is the normalized fraction formed, called the ghost fraction by 

(1) 
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Kirkaldy. The factor  Y  is for the ferrite and the pearlite rections equal to 
1. For the bainite reaction,  

Y = e  

where Cr. is a bainite retardation coefficient that is alloy dependent. 

(5) 

The diffusionless transformation from austenite to martensite is modelled us-
ing the relation proposed by Koistinen and Marburger [2], which is formulated 
as  

X,  = X.y  (1 — e-a(ms-T)) . 	 (6) 

In Eq. (6), Xu, is the volume fraction martensite, Xy  is the volume fraction of 
austenite available for the reaction. The factor a is a constant, which can be set 
to 0.011 for many steels and (M8 —T) is the supercooling below the martensite 
start temperature, Ms. It should be mentioned that the factor a = 0.011 is 
based on an assumption that the M90  (90% martensite formed) temperature 
is 210°C below Ms. 

5.2.1 Modification of Kirkaldys rate coefficients 

Many authors have studied the effect of the addition of boron as an alloy-
ing element in steels, see for example Bhadeshia [13],  Morral  and Cameron 
[14]. It have been shown that boron additions increases the hardenability of 
steels by retarding the heterogenous nucleation of ferrite at the austenite grain 
boundaries. A common explanation of this effect is the reduction of interfacial 
energy when boron segregates to the austenite grain boundaries. This means 
that the presence of boron increases the incubation time for the formation 
of ferrite and lowers the nucleation rate after the onset of ferrite formation, 
see [13]. Too large additions of boron leads to the formation of  borides  at the 
grain boundaries and these are known to enhance the nucleation of ferrite. 
The added boron should be in solid solution in the steel because boron ox-
ide or nitride are not effective. Boron has a very high affinity to oxygen and 
nitrogen. Therefore addition of alloying elements such as Al and Ti are often 
employed, in order to "protect" the boron. In order to account for the boron 
added to the present steel, the following modifications have been done to the 
original alloy composition terms used in Eq. (1) for the different reactions. 

The originally proposed alloy dependent factor is stated as 

f  (C)  = (59.6Mn + 1.45Ni + 67.7Cr + 244A/o) -I- 

for the ferrite reaction, and is modified to 

f  (C)  = (59.6Mn + 1.45Ni + 67.7Cr + 244Mo + K1B)-1. 
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The composition factor for the pearlite reaction is modified from 

f (C) -= (1.79 + 5.42(Cr +  Mo  + 4MoNi))-1  

to 

f  (C)  = (1.79 + 5.42(Cr +  Mo  + 4111oNi) + KB)'. 

Finally, the original and used bainite composition term is given by 

f (C) = ((2.34 + 10.1C + 3.8Cr + 19/1/o)10-4)-1. 

For the specified steel grade, the following values for the factors  K f  and  Kp  
have been chosen;  Kf  =- 1.9 • 105  and  Kp  = 3.1 • 103. 

5.2.2 Latent heat 

During the evolution of each daughter product latent heat is released, giving 
a raise in temperature within the material. This must be taken into account 
when solving the heat equation, here given in cartesian coordinates [15]: 

a (aT) a (aT) a (aT)  
(12)  

where T is the temperature, t the time, is the heat generated per unit volume 
and unit time. It includes external heat sources as well as transformation heat 
and heat generated by plastic deformations. The terms  k, ep  and  p  are thermal 
conductivity, specific heat and mass density, respectively. 

In the simulation model, the generated heat rate per unit volume and unit 
time for each austenite decomposition product,  i  is calculated as 

dx • Atr ___  A 	z  
— dt 

Ax, 
H, 	

At 
(13)  

where Ail, is the enthalpy of the transformation for the specific reaction and 
dx 
—L is the transformation rate for the true volume fraction. The total internal  dt  
heat rate per unit volume and unit time is therefore 

sturn_products  
•tr 

— 
• tr  (14) 

j=1 
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5.2.3 Mixture law for thermal properties 

A linear rule of mixture for the thermal conductivity and specific heat is 
applied. This can be written as 

wurri_products 

= c 
j  

(15) 

for the specific heat and in the same way for the conductivity for any temper-
ature T. 

5.2.4 Solution methods of the rate equations 

In this section a brief explanation of the methods used for solving the Eq. 
(1) for the reaction type in question. Four different solution schemes have 
been implemented in the austenite decomposition routine. The first is the 
standard Euler's method which in most cases needs very small time steps to 
achieve good precision. The second uses a second-order Runge-Kutta method, 
which can be provided with parameters to give the modified and improved 
Euler methods. The third solution method uses a fourth-order Runge-Kutta 
method, which reproduces a Taylor series including order 4 terms. Finally, 
the fourth method is an iterative Newton-Raphson procedure which will be 
described below, see for example Belytschko et al. [16]. The iterative Newton-
Raphson technique to solve the ODE for each daugther product (equation 
1) has successfully been employed by Chandran and Michaleris [17] during 
welding and sensitivity simulations. 

Equation (1) can be written as 

(16) 

By rewriting Eq. (16) into residual form as 

dX  

R 	f  (X)  
(17)  

or  

R  	f  (X) 	 (18) 
At 

where X0  is the fraction at the beginning of the time step. Expanding the 
residual as a Taylor series about the value of the ghost fraction from the 
previous time step,  n  and setting the residual equal to zero, gives for the 
current time step, Ti ± 1 and iteration a + 1 

sepn+1 Dn+1 _DR in+1 A yn+1 _L nu A vn+1)2 \  .= 0  
1La+1 	 ax 
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where 
AX ' xa

n4E
1
]. xv-1. 	 (20) 

Here Xcin2 is the fraction at iteration a + 1 and X(7)1+1 	X is the fraction 
at the beginning of the time increment. Omitting terms of higher order than 
linear in AX gives the linearised model of the non-linear equation. Isolating 
AXandtil  in Eq. (19) gives the correction to  X  from the previous iteration as 

Rri 
 (

aR  1-±1) -1  ax  a 

The new value for  X  in each iteration step is obtained from Equation 20 as 

+ A yn+1 
-̀ 4 	 • (22) 

The iterative process is continued until the residual is below a user defined 
tolerance. 

5.3 Hardness estimation model 

The Vickers hardness,  HV,  of the final microstructure is estimated with the 
expression suggested by Maynier et al. [18] for the ferrite and pearlite. For 
the bainite hardness calculation, an expression based on the data given in 
Bhadeshia [13] is used. For the hardness of martensite, an expression based 
on the data given in Honeycombe [19] is used. 

HVf p  = Kfpi 	K f52/ogioV, (23)  

HVb  = 259.4 — 254.7C + 4834.1C2  (24)  

and 
HV, ----  181.1  ±  2031.9C  —  1940.1C2 . (25)  

In Eq. (23) to (25) the subscipts  fp,  b  and m stands for ferrite/pearlite, bainite 
and martensite respectively. The different  K  for the ferrite/pearlite products 
depends on the alloying elements and are not shown here. V is originally stated 
as the cooling rate at 700°C ( °C/h). But in this work the average cooling 
rate between 800 and 500°C for V has been used. In Eq. (24) and (25),  C  
is the carbon content. It should be noted that the hardness is not calculated 
continuously during the cooling cycle, and only when the temperature is below 
the Ms  temperature. This means that all austenite retained after the diffusion 
controlled transformations is regarded as martensite. According to Smith [20], 
retained austenite at room temperature does not become significant during 
quenching of Fe-C  alloys until approximately 0.4wt%  C  is used. 

(21) 
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6 Results 

This section presents the experimental and simulated results that include ther-
mal histories, hardness profiles and obtained phase fractions. 

6.1 Temperature histories 

The measured and calculated temperature histories in the lower tool, with 
measured points numbered as 1-top left, 2-top right, 3-mid, 4-low according 
to Fig. 2, are shown in Fig. 5. The measurement points on the sheet surface 
is numbered as 5 and 6 according to Fig. 3. The measured aid calculated 
temperature histories are presented in Fig. 6. The hump on P5 in Fig. 6 is 
due to the formation of ferrite. The temperature histories from the simulation 
with tshell_l are very similar to those of the ordinary shell, and are therefore 
not presented. It should be noted that the temperature variation through the 
thickness for tshell_l is greatest at locations in contact with the tool where the 
cooling rate is high. The maximum temperature difference for these elements 
is 50°C. At locations 5 and 6 on the sheet, the temperature difference is less 
than 2°C. 

200 
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50 

• • 
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%• 
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- - - Calculated P1 

Calculated P2 
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... ....... .... 

....... .......... 
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Figure 5. Measured and calculated temperatures in lower tool. 
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Figure 6. Measured and calculated temperatures on sheet surface. 

6.2 Hardness profile 

The hardness have been measured in several points along the sheet according 
to Fig. 7. Fig. 8 shows the measured and calculated hardness as function of 
position. The hardness variation in the thickness direction for tshell_l is less 
than 5  HV  for any element in the sheet. 

Hardness measurement line 

1_4
,
f 

(mm) 
	

0 	30 	 75 

Figure 7. The hardness was measured along a line in the mid thickness. The thick 
lines in the figure indicates the zones of the sheet in contact with the tool parts. 

6.3 Phase fractions 

The volume fractions of microconstituents have been determined in 6 points 
along the sheet according to Fig. 7 and are given as function of the x-coordinate. 
The evaluation have been made by the Swedish Institute for Metals Research. 
The individual fractions of upper and lower bainite are not presented, only the 
total of the amount. Table 5 summarizes the measured and calculated volume 
fractions microconstituents. Figure 9 (a to f) show the typical microstructure 
for  x  = 0,10, ..., 50 according to Fig. 7. 
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Figure 8. Measured and calculated hardness as function of distance from sheet mid 
according to Figure 7. 

Table 5 
Measured and calculated volume fractions microconstituents obtained at specified 
locations. F=Ferrite, P=Pearlite, B=Bainite and M=Martensite. 

Measured  vol.  fractions Calculated  vol.  fractions  

x  [mm] F[%]  P[%] B[%]  M[%] F[%]  P[%] B[%]  M[%] 

0 73 11 - 16 75 5 - 20 

10 76 9 - 15 75 10 - 15 

20 37 1 44 18 36 8 48 8 

30 3 - 94 3 1 - 98 1 

40 - - 95 5 - - 58 42 

50 - - 95 5 - - 45 55 

7 Discussions and conclusions 

In the present study, a model that calculates the daughter products during a 
press hardening cycle for a boron steel grade has been developed. The model is 
included as a subroutine in the  FE-program LS-DYNA  970. It has been shown 
that the model originally proposed by [1], in a modified form that account 
for the addition of boron, can be used with acceptable accuracy to predict 
phases formed during cooling. Even if the calculated fraction martensite for 
x=40 and x=50 mm is too high. It is interesting to note the high fraction 
bainite found in areas of the sheet in contact with the tool. According to the 
simulation, the average cooling rate in this part is as high as 170 °C/s (800 to 
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e) f) 

Figure 9. l\Iicrographs showing the typical microstructure for a) x=D, b) x=JO, c) 

.T=20, d) x=30. e) x=40 and f) .T=50. 
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400°C). Referring to Fig. 1, a cooling rate higher than 35 °C/s would produce 
a microstructure consisting of mainly martensite. To clarify this fact, further 
investigations need to be done. Future simulations and tests are thought to 
give useful insights to further improve the model. 

It is of greatest importance to include the effects of the latent heat release in 
the model, otherwise completely unrealistic temperature histories may appear, 
especially in areas without good tool contact. This would certainly influence 
the amount and distribution of the daughter phases. As a consequence, neither 
the calculated specific heat nor the thermal conductivity would be correct. A 
sufficiently dense mesh to ensure good contact treatment and heat transfer 
between the surfaces is crucial to achieve accurate temperature histories. Dur-
ing press hardening operations where the contact between sheet and tool is 
partially one sided, non negligible temperature gradients through the sheet 
thickness may occur. Then the need for using a element able to describe this 
gradient become important, not only for phase decomposition calculations but 
also the quench stresses and component distortion. 

An important aspect not included in this paper is the effects of stress and 
strain on the different diffusional reaction, nucleation and growth rates. This 
can however be incorporated into the model by modifying the relevant rate 
equation. According to [21], the incubation time for the ferrite reaction start 
is a function of strain while the growth rate is not significantly affected. A 
thorough discussion regarding the effect of stress and strain on the bainitic 
and martensitic transformations can be found in Bhadeshia [13]. This type 
of effects will be included in a forthcoming work as well as studies of the 
mechanical properties of individual and composite phases in the material. 
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