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ABSTRACT: In this work, a material model is presented that predicts the crash-relevant constitutive 

behavior of quench-hardenable boron steel 22MnB5 as function of material hardness. Three sets of sheets of 

22MnB5 are heat treated such that their as-treated microstructures are close to fully martensitic, bainitic and 

ferritic/pearlitic, respectively. Hardness measurements show that the resulting blanks cover the full scope of 

possible hardness values, from 165 HV in the ferritic/pearlitic range to 477 HV in the fully hardened state. 

These three main grades provide the input data for a constitutive model consisting of an extended Swift 

hardening law and a strain-based fracture criterion. The hardening behavior of each grade is determined 

using standard tensile tests. For calibration of the fracture criterion, four different fracture samples are used. 

The developed model predicts the behavior of intermediate hardness grades by piecewise linear interpolation 

between the hardening and fracture models of the three calibrated grades. A newly developed tapered tensile 

test specimen is used to validate the model at hand. 

 

KEYWORDS: Tailored properties, Hot forming, Hardness, Constitutive modeling 

 

 

1 INTRODUCTION 

The hot stamping process is gaining popularity as 

production method for crash-relevant structural 

components in vehicles. Due to the high tensile 

strengths of hot stamped materials, weight reduc-

tions are possible while maintaining, or even im-

proving crashworthiness properties. Some crash-

critical components, however, are found to benefit 

from regions of reduced strength and higher duc-

tility. The B-pillar shown in Figure 1 is an example 

of such a part. For optimal performance in a side 

crash, the bottom part should show a high energy 

absorption capacity, while the upper part should 

ensure a high intrusion resistance [1]. Common 

methods to produce parts with such “tailored” 

mechanical properties are: local reduction of the in-

die cooling rate through the use of tool materials 

with varying thermal conductivities or using in-

creased die temperatures (tempered/tailored tool-

ing), or by post tempering fully hardened parts with 

differential heating in the furnace [2]. 

To be able to fully exploit the possibilities of these 

modern hot stamped steels, it is of paramount im-

portance to attain accurate predictive models of 

their crash response. In the present study, three sets 

of quench-hardenable boron steel 22MnB5 are heat 

treated such that their as-treated microstructures 

cover the full range of hardness values from 165 

HV in the soft ferritic/pearlitic state to 477 HV in 

the fully hardened, martensitic state. These three 

variants form the corner stones of a hardness de-

pendent constitutive model consisting of an ex-

tended Swift hardening law and a strain-based 

fracture criterion. 

 

 

Fig. 1 Tailored B-pillar with corresponding stress-
strain curves. 

2 MATERIAL DESCRIPTION 

The material used for this study is 22MnB5. 

Known by the commercial name Usibor® 1500 P, 

ArcelorMittal has provided the 22MnB5 steel 

grade with an aluminum-silicon coating that pro-

tects the metal against oxidation and decarburiza-

tion during the press hardening process [3]. In the 
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as-delivered state 22MnB5 has a ferritic/pearlitic 

microstructure, an ultimate tensile strength of 600 

MPa, and a uniform elongation of 0.22. After 

quenching in cooled stamping tools, a fully mar-

tensitic microstructure is obtained resulting in an 

ultimate tensile strength and uniform elongation of 

1500 MPa and 0.06, respectively. The chemical 

composition of this material is given in Table 1. 

Table 1: Chemical composition of the 22MnB5 
used in this work (wt. %) [4]. 

C 0.2 – 0.25 Si 0.15 – 0.35 

Mn 1.1 – 1.4 Al ≥ 0.015 

P ≤ 0.025 Ti 0.02 – 0.05 

S ≤ 0.008 B 0.002 – 0.005 

 

3 EXPERIMENTAL WORK 

3.1 MATERIAL PREPARATION 

In order to create material samples with the desired 

material hardness, three sets of 22MnB5 sheets 

were fully austenitized in a furnace at over 900°C, 

after which they were subjected to carefully con-

trolled cooling processes. The first set of sheets 

was transferred to a water-cooled stamping tool. It 

took a total of 11 seconds to take the sheets out of 

the furnace, transfer them to the press and close it. 

At first contact with both tool halves, the sheets 

had cooled down to approximately 700°C. The 

press, which was cooled to a constant temperature 

of 25°C, was solely used to ensure good contact 

between tool surface and sheet, no plastic defor-

mations were applied. After a holding time of 8 

seconds, the sheets were removed and left to cool 

down to room temperature in air. The second set of 

sheets was transferred to a tempered tool. The same 

procedure was applied as for the cooled tool sheets, 

but now with a constant tool temperature of 550°C 

and a holding time of 14 seconds. The third set of 

sheets was left inside the furnace to cool down, 

with the furnace turned off and the door slightly 

opened.  

 

 

Fig. 2 Measured cooling curves of the samples 
superimposed on the CCT diagram of 
22MnB5 (CCT data retrieved from [5]). 

The resulting cooling curves are superimposed on 

the CCT diagram of 22MnB5 and shown in Figure 

2. According to the CCT diagram, it seems likely 

that the cooled tool and open furnace temperature 

curves result in pure martensite and ferrite/pearlite 

phase compositions, respectively. The temperature 

history of the tempered tool sheets indicates that a 

close to fully bainitic microstructure has been ob-

tained.  

3.2 MATERIAL ANALYSIS 

The heat treated sheets have been carefully exam-

ined with a metallographic analysis and hardness 

measurements. For this purpose, small samples 

were cut out of the sheets and mounted in epoxy 

resin. After several grinding and polishing steps, 

some samples were used for Vickers hardness tests, 

and some samples were etched with 3% nital solu-

tion and analyzed under a reflected light micro-

scope. The micrographs from the cooled tool sheet 

showed a fully martensitic microstructure, the 

corresponding hardness value was found to be 477 

HV. The micrographs from the tempered tool sheet 

revealed that this grade consists of upper bainite 

with small portions of martensite, which meets the 

expectations from the CCT diagram in Figure 2. 

The hardness was found to be 239 HV. Finally, the 

micrographs from the open furnace sheets showed 

a fully ferritic/pearlitic microstructure, the hardness 

was measured to be 163 HV. The results are sum-

marized in Table 2. 

The material in the as-delivered state was subjected 

to the material analysis as well. A fully ferrit-

ic/pearlitic microstructure was found with a hard-

ness of 165 HV.  The similarities between hardness 

values and micrographs from the open furnace and 

the as-delivered material suggest that these two 

possess the same mechanical properties. Because 

of the relatively unstable conditions during the 

cooling process in the open furnace, the material in 

the as-delivered state will be used for further char-

acterization and will be denoted as ferrite/pearlite 

grade in the remainder of this work. The tempered 

tool sheets will be denoted as bainite grade for the 

sake of simplicity, although small portions of mar-

tensite were found. The cooled tool sheets will be 

denoted as martensite grade. 

Table 2: Results of the Vickers hardness meas-
urements and the metallographic analysis. 

Material 

grade 

Hardness 

[HV30] 

Microstructure 

Cooled tool 477 Martensite 

Tempered tool 239 Mainly bainite 

Open furnace 163 Ferrite/pearlite 

As-delivered 165 Ferrite/pearlite 
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3.3 Tensile tests 

Standard uni-axial tensile tests according to DIN 

50125 were performed with the three hardness 

grades. Quasi-static strain rates of 0.002 s
-1

 were 

applied. The resulting engineering stress-strain 

curves are shown in Figure 3. Six tests were done 

per grade, of which only the ones that fractured 

inside the range of the extensometer are plotted 

here. The ferrite/pearlite and the martensite sam-

ples show tensile strengths of 600 MPa and 1500 

MPa, respectively, which corresponds to the manu-

facturer specifications for as delivered and fully 

hardened 22MnB5. The bainite grade has an inter-

mediate tensile strength of 750 MPa. 

 

 

Fig. 3 Engineering stress/strain results from the 
standard tensile tests. 

3.4 Fracture tests 

Four different fracture tests were carried out for all 

three 22MnB5 hardness grades in order to collect 

data for the stress triaxiality and Lode angle de-

pendent modified Mohr-Coulomb fracture criterion 

[6]. The four fracture specimens were designed 

such that fracture occurred at locations with well-

defined and constant stress states throughout the 

experiments: uni-axial tension, plane strain tension, 

simple shear and equibiaxial tension. For a detailed 

description of specimen geometries, experimental 

procedures and model calibration, the interested 

reader is referred to [7]. Here, only the results will 

be presented, see Section 4.2. 

 

4 Constitutive modeling 

4.1 Strain hardening 

In order to determine the strain hardening behavior 

of the three 22MnB5 hardness grades, average 

curves are extracted from the engineering stress-

strain diagram in Figure 3. The engineering stress-

es and strains are converted to true stresses ( ) and 

true plastic strains (  ): 

      (        ) (1) 

     (        ) (2) 

in which        is the plastic engineering strain, 

calculated by subtracting the elastic strains from 

the total strains in Figure 3. Equations 1 and 2 can 

only be used up to the strain at which necking 

begins. For all three material grades, the converted 

curves are shown in Figure 4.  

 

 

Fig. 4 True stress-strain curves of the three mate-
rial grades. 

Looking at Figure 4, it is seen that the fer-

rite/pearlite grade shows a flat and almost linear 

strain hardening curve, whereas the martensite 

curve is characterized by its high curvature at low 

strains. Due to this variety in shapes, classical 

hardening laws such as Swift or Voce can be fitted 

either to the martensitic material or to the ferrit-

ic/pearlitic material, but not to both. To overcome 

this inconvenience, a new extended Swift law is 

introduced that can be fitted to the full range of 

22MnB5 grades: 

  (  ̅)   (  ̅    )
 
 
    ̅    

  ̅    
 (3) 

The first term in Equation 3 can be recognized as 

the Swift hardening equation. The additional ra-

tional term brings in extra flexibility at low strains 

and converges to    for   ̅   . To illustrate the 

effect of the additional term, Figure 5 shows the 

best fits of the classical Swift law and the extended 

Swift law for the martensite grade for small strains. 

The extended Swift law provides an almost perfect 

fit, whereas the classical Swift law is unable to 

approximate the right curvature. A second problem 

of the classical Swift law, especially for the harder 

material grades, is the behavior at large strains. The 

classical Swift law is unable to approximate the 

gradient at the point where extrapolation starts. The 

extended Swift law approximates the gradient far 

better and is thus considered to provide a better 

base for extrapolation. The best fits of the extended 
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Swift law for all three hardness grades are shown 

as the solid lines in Figure 4. 

 

 

Fig. 5 Comparison between fitted classical Swift 
and extended Swift hardening equations 
for the martensite grade. 

4.2 Fracture model 

The fracture model used in this work is a strain 

representation of the classical Mohr-Coulomb 

fracture criterion, which says that fracture occurs 

when the combined normal stress (  ) and shear 

stress ( ) reach a critical value: 

(      )     (4) 

where    and    are material dependent parameters. 

Bai [6] transformed this criterion to a strain-based 

form, where the equivalent strain to fracture (  ̅) is 

defined as function of the stress triaxiality ( ) and 

the normalized Lode angle parameter ( ̅). To fur-

ther optimize the model for use with sheet metals, a 

plane stress fracture curve as established by 

Wierzbicki and Xue [8] is used, which allows rep-

resentation of the model in (    ̅)-space. The re-

sulting fracture curves for the three 22MnB5 hard-

ness grades are shown in Figure 6.  

 

 

Fig. 6 Normalized plane stress fracture curves of 
the three 22MnB5 hardness grades (cali-
brated from experiments). 

Looking at Figure 6, it can be seen that for the 

more ductile bainite and ferrite/pearlite grades, 

fracture strains are higher compared to the brittle 

martensite grade. Another important aspect of the 

three fracture curves is that there are no intersec-

tions in the calibrated range, making interpolation 

between them and their corresponding (   ̅   ̅)-

fracture surfaces easier. It should be noted that the 

current strain-based fracture model is related to a 

specific mesh size. Especially in necking zones, 

where high strain gradients are found, the calculat-

ed strain field and thus the found fracture strains 

are highly mesh size dependent. The fracture sur-

faces presented in this work are calibrated to a 

mesh with average element edge lengths of 0.5 

mm. 

4.3 Hardness dependent constitutive model 

Piecewise linear interpolation between the calibrat-

ed material models of the individual grades will be 

applied to create a model that can be used to ap-

proximate the behavior of arbitrary grades. Interpo-

lation will take place separately for the calibrated 

strain hardening equations and the calibrated frac-

ture criteria. The material hardness will be used as 

driving parameter. In the lower hardness range, 

between the experimentally determined fer-

rite/pearlite and bainite hardness values (165 ≤ HV 

≤ 239), the strain hardening and fracture behavior 

is described by: 

  (  ̅   )  (    )       (  ̅)

        (  ̅) 

  ̅(   ̅   )  (    )    ̅   (   ̅)

      ̅  (   ̅) 

(5) 

in which    is the proportion of bainite grade being 

added to the total material model.    is linearly 

related to the hardness through: 

  (  )  
       

        
 (6) 

where      and     are the ferrite/pearlite and 

bainite hardness values. In the higher hardness 

range (239 ≤ HV ≤ 477), the bainite and martensite 

models are mixed according to the same strategy. 

After implementing the model in the modular ma-

terial model (MMM) framework [9] for the explicit 

FEM code PAM-CRASH (Virtual Performance 

Solution), tensile tests are simulated for several 

interpolated material grades, see Figure 7. Note 

that the value of    represents the fraction of bain-

ite being added:      is a fully bainitic material, 

and        in the upper hardness range repre-

sents a mix of 60% bainite and 40% martensite. 

The results seem plausible, because the fracture 
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points all correspond to the typical strength-

ductility banana shape for metals. 

 

 

Fig. 7 Simulation results of the standard tensile 
tests for several interpolated material 
grades. 

5 Validation with tapered tensile spec-

imen 

In order to further validate the proposed hardness 

dependent constitutive model, a tapered tensile test 

specimen with hardness transition zone in the 

gauge section is designed and tested. For this pur-

pose, sheets of 22MnB5 are first fully austenitized 

in a furnace at 950°C, after which they are formed 

to top hat sections in a tailored tool. The tailored 

tool consists of two tool halves separated by a 1.4 

mm air gap. One tool half is cooled to a tempera-

ture of 40°C, the other half is heated to 530°C. 

After a holding time of 20 seconds, the top hat 

sections are ejected and cool down to room tem-

perature in air. Hardness measurements taken along 

the longitudinal axes of the top hat sections show a 

steep transition from 465 HV to approximately 250 

HV over a range of 150 mm. Tapered tensile spec-

imens, of which a detailed drawing is presented in 

Figure 8, are extracted from the top hat sections 

such that the hardness transition zone lies in the 

middle of the gauge section, see Figure 9. 

 

 

Fig. 8 Geometry of the tapered tensile test spec-
imen. 

If width d in Figure 8 would be equal to the width 

at the left-hand side of the specimen (28 mm), the 

tapered tensile specimen would reduce to a stand-

ard uni-axial tensile specimen. With a hardness 

transition zone in the gauge section of a standard 

uni-axial tensile specimen, the specimen would 

always neck and fail in the softest area. To avoid 

this trivial solution, width d at the right-hand side 

of the gauge section is reduced: the smaller width 

d, the further the necking zone moves to the right. 

 

 

Fig. 9 Hardness measurement results along the 
longitudinal axes of the top hat sections 
and positioning of the tapered tensile test 
specimen. 

Using some preliminary simulations, two values of 

d are chosen such that the necking area lies safely 

within the boundaries of the gauge section: d = 14 

mm and d = 18 mm. The resulting force-

displacement curves are presented in Figure 10.  

 

 

Fig. 10 Force-displacement results of the tapered 
tensile test specimens. 

Three experiments have been performed for each 

value of d and confirmed excellent repeatability 

considering both the fracture location and the 

force-displacement curves. The simulated force-

displacement curves are shown in Figure 10 as 

well. It can be seen that the newly developed mod-

el predicts the experimental curves with good accu-

racy, both for the narrow and the wide specimen. 

 

6 CONCLUSIONS 

Three hardness grades of quench-hardenable boron 

steel 22MnB5 have been used to calibrate a hard-

ness dependent constitutive model consisting of an 

extended Swift hardening law and a stress triaxiali-

ty and Lode angle dependent fracture criterion. 
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Piecewise linear interpolation between the calibrat-

ed grades was applied to obtain a model for arbi-

trary grades. 

Simulations of standard tensile tests with some 

selected hardness values showed that the model 

provides plausible results. For further validation, a 

newly developed tapered tensile test specimen was 

used featuring a hardness transition in the gauge 

section. The experiments showed excellent repeat-

ability considering both the fracture location and 

the force-displacement curves, which were approx-

imated by the simulation model with good accura-

cy. 
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