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Abstract In this paper, the constitutive equation parame-
ters (Johnson—Cook parameters) of the 33MnCrB5 material
were determined with the help of tensile tests. Initially,
Johnson—Cook (JC) model was used for performing the
simulations of the sample with finite element analysis with
the help of ANSYS software. For these operations, the
sample was first used at a certain temperature (24 °C) and
low strain rates (1071, 1072, 1073 sfl) and quasi-static
tensile tests were performed. Then, high temperature ten-
sile tests were performed with strain rate values of
1073 s ! at temperatures of 300 °C, 600 °C, and 900 °C,
respectively. Finally, JC parameters belonging to test
materials were found in accordance with the results
obtained from the high temperature tensile and quasi-static
tests. In the last stage, the results obtained from the
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simulation software for the yield stress, maximum stress,
and elongation values were compared with the experi-
mental results. As a result, deviation values for quasi-static
tests are calculated as 5.04% at yield stress, 5.57% at
maximum stress, and 5.68% at elongation, while for high
temperature, yield stress is 9.42%, maximum stress is
11.49% and the elongation value is 7.63%. The accuracy of
JC parameters was verified with the comparison made with
the obtained data.
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1 Introduction

33MnCrBS5 steel is achieved by adding a small amount of
boron to medium carbon steels. Boron steels exhibit an
equivalent hardenability with high carbon steels and
expensive low alloy steels [1-4]. Steels with greater pas-
sive safety, lower weight, and higher strength values are
increasingly being employed in the production of various
automobile parts [5]. As a result, it is important to establish
the suitable area conditions for the automobile industry’s
parts. The only method used in the production of open
sections of steel parts with very high strength value is the
hot forging process of boron steels [6, 7].

Recently, the application of finite element tensile and
compression test simulation tools have been increased
because experimental investigations take a long time and
have a significant cost of implementation[8, 9]. For this
reason, modeling of plastic deformation processes with the
finite element (FE) method offers an alternative method
[10-14]. However, to prove that the material is appropriate
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and applicable, the constitutive equation parameters of the
material must be determined exactly and the material
model must be selected correctly [15-17]. Zerilli-Arm-
strong, JC model and its modified version are extensively
preferred for FE analysis programs [18-21]. For the
determination of the Johnson—Cook model, quasi-static and
high temperature experiments need to be performed
[22-24]. Several studies were performed to determine the
JC material model parameters. In this context, Sahu et al.
determined the JC parameters for AA1100 aluminum alloy
verifying it with finite element simulations [25]. Korkmaz
et al. determined the JC model parameters for the Nimonic
80A alloy and verified it with finite element simulation
[26]. Naderi et al. investigated the mechanical features of
steels with and without boron additives and determined that
the investigated properties of boron added steels were
higher than the steels without boron added. [27]. Zhao et al.
researched the mechanical properties of Q235 low carbon
steel with and without boron additive after hot forming,
and they determined that Q235 steel with boron additive
showed a stronger hot ductility than the other. [3]. After
conducting the literature review, it was observed that there
were many studies on the machinability and modeling of
boron steels [28, 29]. However, due to the lack of a
material model on 33MnCrB5 alloy steel, a study on
deformation processes could not be found. Research on
machining takes a long time and is expensive in terms of
cost. Hence, numerical modeling has been used as an
alternative method in modeling cutting processes. FE
model is a frequently used numerical method in the plastic
deformation process [30-32]. ANSYS, ABAQUS,
DEFORM, etc. software is very useful in predicting cutting
forces, temperatures, and stresses in the plastic deformation
process. In addition, such analysis programs make a sig-
nificant contribution to the realization of transactions at
low costs. Owing to these advantages, the FE method is
preferred for many authors in engineering problems and
analysis of manufacturing processes. The results obtained
from the simulations in which FE modeling is made and the
results obtained in the plastic deformation process (tem-
perature, force, etc.) should match each other [33-37]. For
this reason, accurate modeling is of great importance in
simulation softwares. Correct modeling means that the
results to be obtained are accurate and realistic. The most
appropriate constitutive material model from which correct
modeling parameters can be obtained is the JC material
model. The material models in the material library of the
simulation software are used in most of the simulation
studies. Within the scope of the study, the main purpose is
to determine the JC material model parameter of the
33MnCrB5 alloy material, which is not found in the liter-
ature. Afterward, the created material model parameters
will be adapted to the simulation software, and tensile tests
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will be simulated under quasi-static and high temperature
tensile tests. In the last stage, to determine the applicability
level, the experimental findings and the findings obtained
from the simulation software were compared and evalu-
ated. This research will not only fill the gap in the literature
but also contribute to the automotive industry.

2 Materials and Methods

33MnCrBS5 steel containing high strength boron additive
was used as the test material. It was delivered as two pieces
of 33MnCrB5 steel with the dimensions of @20 mm x
900 mm for use in high temperature and quasi-static ten-
sile tests. The chemical composition of 33MnCrB5 boron
steel is demonstrated in Table 1.

To specify the material parameters of JC for 33MnCrB5
boron steel, quasi-static and high temperature tensile tests
were conducted. The samples prepared from 33MnCrB5
test material were first tested as quasi-static tensile tests at
room temperature (24 °C) and low strain rates (107", 1072,
1072 s7"). Then, they were exposed to high temperature
tensile tests at 300 °C, 600 °C, and 900 °C at reference
strain rate (107> s™1), respectively. The sample size used
for quasi-static and high temperature tensile tests are given
in Fig. 1.

The images of the samples prepared for the tensile tests
are shown in Fig. 2a. The images of the fractured samples
as a result of the quasi-static and high temperature tensile
tests are given in Fig. 2b and c, respectively.

The tensile tests were carried out as per TS EN ISO
6892-1 and TS 206 standards. The Zwick/Roell Z600
Universal tensile-compression test setup at Karabuk
University Iron-Steel Institute was used and the image of
the tensile test device is given in Fig. 3.

3 Determination of JC Parameters

Johnson—-Cook model is the method used to calculate the
strengths of the material depending on the unit strain value,
unit strain rate, and temperature [38]. Unlike other models,
the Johnson—Cook model is extensively used in high strain
rate deformations because it is semi-empirical and easier to
determine the mechanical behaviors of the model. The
yield stress (o) is expressed in Eq. 1.

o = [A + B {1+cm(§)][1 (Y (1)

Here [A + B&"] gives isothermal stress as a function of
strain at the lowest strain rate; |1 + Cln%ﬁ gives the
. . 0
effect of strain rate and [1 — (7*)"] gives thermal effects.
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Table 1 The chemical composition of 33MnCrB5

C Si Mn P S Cr Ni Mo Al
0.36 0.245 1.30 0.017 0.0022 0.299 0.103 0.0531 0.0216
Cu Co Ti v w Pb B Sn Fe
0.223 0.0074 0.0425 0.0016 0.0067 0.0013 0.0015 0.0151 97.3
. - 1=T 2)
Tn —T;

N

Fig. 1 The dimensions of quasi-static and high temperature tensile
test specimen (mm)

The constants (A, B, and n) used in the equation are found
from the stress—strain curve obtained at the reference strain
rate and room temperature. Also, 7 can be expressed as
Eq. 2.

Fig. 2 a The samples prepared
for quasi-static and high
temperature tensile tests. b The
samples fractured at room
temperature (24 °C) and 1071,
1072, 1073 s strain rates.

¢ The samples fractured at
reference strain rate ( 1073 s7h
for temperatures of 300, 600 and
900 °C

Here, T, and T,, are the reference temperature and the
melting temperature, respectively.

4 Results and Discussions

4.1 “A, B and n” Parameters

The “A” parameter in the material model gives the yield
stress at the reference strain rate (107> s™'). The yield

stress value determined for room temperature and reference
strain rate (24 °C and 1073 s 1) according to the test

300 °C ||||III
ll 600 °C

900 °C

(c)
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Furnace for
High
Temperature

Tensile Test

Fig. 3 Zwick/Roell Z600 Universal tensile-compression test setup

results performed as per the given standards is 627 MPa.
The yield stress value is obtained by using the graphic in
Fig. 4.

In the experiments, the yield point has to be assumed as
zero strain for the calculation of B and n parameters. Then,
B and n constants are determined depending on the increase
in elongation and stress values. By using the necessary
equations of the true stress—strain curve and the engineer-
ing stress—strain curve quasi-static tensile test result was
obtained. It has been seen in Fig. 4 that yield points of
engineering and real stress—strain curves are the same.
According to Fig. 4, the strain values at 2.5%, 5%, 7.5%,
and 10% stress values have been determined to be 838,
927, 970, and 991 MPa, respectively. These determined
average stress—strain values are used in the equation
specified in Eq. 3 at certain strains, and the B constant is
916 MPa and the n constant is 0.333.

1000

800

—~
&
E 600
<
»
@
£
& 400
200 +
— Engineering stress strain
True stress strain
0 T T T T
[\] 5 10 15 20

Strain (%)

Fig. 4 Stress—strain graph obtained as a result of the tensile test
performed under room temperature and reference strain rate (24 °C
and 1073 s71)
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" = (A+B()") (3)

4.2 “C” Parameters

The “C” parameter required to create a JC material model
shows the strain rate constant. The changes in the stress
values with the increase in strain rates can be depicted as
shown in Fig. 5. In determining the “C” parameter, only
yield points are taken as criteria. Therefore, only engi-
neering stress—strain curves have been created.

According to the tensile tests performed at 107!, 1072,
1073 s7! strain rates at room temperature (24 °C), it is
observed that yield stress is 627, 632, and 638 MPa,
respectively. This situation shows that the increase in the
strain rates also increases the yield stress values. The same
trend is followed in the literature [39—41]. The graph
shown in Fig. 6, is created by using the equation specified
in Eq. 4. From the graph obtained, the C constant is cal-
culated as 0.0032.

a:a°<1+cm<i—z>) (4)

4.3 “m” Parameter

Tensile tests performed at high temperatures are used for
dynamic applications. Thus, there is a continuous elevation
in dislocation density and a noticeable decrease in tensile
strength due to the material being affected by high tem-
peratures. “m” parameter in the JC material model refers
to the temperature constant. In the process of determining
the “m” parameter in the Johnson—Cook material model,
its appropriate to use temperatures of 900 °C and less.
Figure 7 shows the stress—strain graph for four different
temperature values (24 °C, 300 °C, 600 °C, and 900 °C) in

1000

800 +

600

Stress (MPa)

400

200 +

0.001 s-1

0.01 s-1

0.1 s-1
o T T T T
(V] 5 10 15 20

Strain (%)

Fig. 5 Stress—strain graph obtained as a result of the tensile test
performed at 107%, 1072, 107> s~ ! strain rates at room temperature
(24 °C)
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Fig. 6 Logarithmic relationship for determining “C” parameter
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Fig. 7 Stress—strain graph for 24 °C, 300 °C, 600 °C and 900 °C
temperature at reference strain rate 1073 s7h

the tests performed at the reference strain rate (1073 sfl).
Only the yield points have been taken in the Johnson—Cook
material model for determining the “m” parameter.
Therefore, only engineering stress—strain curves are
created.

From Fig. 7, it can be seen that the yield stresses of the
material at 24 °C, 300 °C, 600 °C, and 900 °C temperature

m
1.8 1,6 14 -12 -1 0.8 0.6 0,4
0
0,2
0,4
0,6
0.8

4.2
14

Fig. 8 Logarithmic relationship for determining “m” parameter

values have been determined as 627, 593, 287 and 32 MPa,
respectively. The graph in Fig. 8 is created by using the
equation specified in Eq. 5. The “m” constant is found to
be 0.782 from the obtained graph.

(- ()

JC parameters created for 33MnCrB5 boron steel after
quasi-static and high temperature tensile tests are given in
Table 2.

S Comparison of Experimental and Simulation
Results

With the help of quasi static and high temperature tensile
tests, JC material parameters of 33MnCrBS5 steel have been
determined. Then the tensile test simulations in ANSYS
have been performed by adapting these JC parameters.
After simulating the quasi-static tensile tests, the images of
the fractured samples for both simulation and experimental
are given in Fig. 9.

As a result of tensile test simulations performed at room
temperature (24 °C) and strain rates of 1071, 1072
1073 57!, respectively, the yield stresses have been deter-
mined as 635 MPa, 659 MPa and 699 MPa. The images of
the fractured samples because of high temperature tensile
tests simulations are given in Fig. 10.

As a result of the tensile test simulations performed at
the reference strain rate (10_3 s_l) and temperatures of
300 °C, 600 °C and 900 °C, respectively, the yield stress is
determined as 582 MPa, 318 MPa and 27 MPa. The results
obtained from the tensile tests simulations performed for
quasi-static and high temperature values are given in
comparison with the results obtained from experimental
studies. When the results are examined, yield stress is
obtained as 627 MPa, 632 MPa and 638 MPa at strain rates
of 1071, 10_2, and 1073 s_l, respectively. In the finite
element analysis, it is found as 635 MPa, 659 MPa and
699 MPa, increased by 1.28%, 4.27% and 9.56%,
respectively.

In experimental studies, the maximum stress has been
measured as 887 MPa, 890 MPa, and 904 MPa, respec-
tively at strain rates of 1071, 1072, and 1072 s7!. In the
finite element analysis, it is obtained as 913 MPa, 934 MPa
and 984 MPa thus increasing by 2.93%, 4.94% and 8.84%
respectively. Elongation values are obtained as 19.67%,
19.14% and 17.47%, respectively, at strain rates of at 10_1,
1072, and 107 s" in experimental studies. In the finite
element analysis, it is found to be 20.29%, 20.27% and
18.87%, an increase by 3.15%, 5.90% and 8.01%,
respectively.

@ Springer
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Table 2 Johnson—Cook material parameters for 33MnCrB5 boron steel

Material A (MPa) B (MPa) n C m & (s7)
33MnCrB5 627 916 0.333 0.0032 0.782 1073
Fig. 9 Experiment and
simulation fractures at strain 634,92 Max 658,69 Max 698,73 Max {
rates of 1073, 1072, 107! s~ 566,62 387,85 623,72

49833 517 548,71

2300 4616 an7

361,74 n3 398,69

29344 304,48 323,68

205,15 336 248,67

156,85 162,79 { 173,66

89559 g 98,647

20,264 Min 21,107 Min 23,636 Min

103 g1 102 g1 1011

Fig. 10 Experimental and
simulation fractures obtained at 582,12 Max 317,55 Max 26,465 Max
300 °C, 600 °C and 900 °C 51951 mwmxn E 1,618
temperatures 45689 W 0m

30428 25,08 L 17,925

0,66 1609 15,078

209,04 467 F 120

20643 112,61 i 93852

143,81 78452 6,5386

8,1% 4429 I 3,602

18,578 Min 10,139 Min 0,84544 Min

300 °C 600 °C 900 °C

After the evaluation of the results, a deviation of 5.04%
in the yield stress, 5.57% in the maximum stress, and
5.68% in the elongation value has been found between the
simulation results and experimental results. The simulation
result with the stress—strain graphs obtained from the
experimental results for the 33MnCrB5 boron steel at strain
rates of 10_3, 10_2, 1073 s7L respectively are shown in
Fig. 11a—c, respectively. The resulting stress—strain graphs
are shown comparatively.

When the results are examined, yield stress is obtained
as 593 MPa, 287 MPa and 32 MPa, respectively, for
300 °C, 600 °C, and 900 °C temperatures in experimental
studies conducted under high temperature. The results
obtained from the finite element analysis deviate by 1.85%,
10.80%, and 15.62%, respectively, and are found to be
582 MPa, 318 MPa, and 27 MPa. Maximum stresses
measured in experimental studies for temperatures of
300 °C, 600 °C, and 900 °C, respectively are 917 MPa,

@ Springer

307 MPa, and 50 MPa. The results obtained from the finite
element analysis deviate by 2.94%, 19.54%, and 12%,
respectively, and are determined as 890 MPa, 367 MPa
and 44 MPa. Elongation values are obtained in experi-
mental studies as 22.57%, 44.92%, and 72.32% for tem-
peratures of 300 °C, 600 °C, and 900 °C, respectively. The
results obtained from the finite element analysis deviate by
5.98%, 5.52%, and 11.40% and are obtained as 23.92%,
47.40%, and 80.57%. When all the values obtained have
been evaluated, it is determined that between the simula-
tion results performed in the finite element analysis and the
results obtained from the experimental studies, there is a
9.42% deviation for the yield stress, 11.49% for the max-
imum stress, and 7.63% for the elongation value. In com-
parison, although the yield stress for the 300 °C,
temperature is low, the deviation at the maximum stress
and elongation values is low, but it is a little bit high for the
600 °C and 900 °C temperature values. The reason is that,
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Fig. 11 Comparisons of experimental and simulation results for a 107> s™', b 1072 s~ and ¢ 10" s~

the FE software cannot consider all microstructural chan-
ges such as changing of grain sizes or boundaries, twin-
ning, phase transformation, etc. However, the temperature
constant (m), which is one of the J-C parameters, and
calculated based on the yield stress obtained from the test
results and so this deviation can be ignored.

In Fig. 12a—c, the stress—strain graphs obtained from the
experimental and simulation results for 33MnCrB5 boron
steel at temperatures of 300 °C, 600 °C and 900 °C,
respectively, are shown.

6 Evaluation of SEM Observations

6.1 Quasi-static Evaluations

When Fig. 11 is examined, the amount of the strain at
failure demonstrated by the material from the tensile stress

to the failure point demonstrates that the material has a
ductile structure. Furthermore, the material’s significant

Strain (%)
(c)

1

plastic deformation and huge quantity of absorbed energy
support the idea that it has a ductile structure [42]. SEM
analyses on broken test materials have also been used to
investigate the ductility or brittleness conditions. Figure 13
shows the SEM analyses acquired from the inspection of
the sample fracture surface following the quasi-static ten-
sile test performed at room temperature (24 °C) and a
strain rate of 107> s~ '.

According to the SEM analysis evaluated for the strain
rate of 1073 s7! in Fig. 13, it has been noticed that the
sample has undergone a ductile fracture under quasi-static
effect. Because of the unhindered dislocation motions, the
grains find a specific moment for elongation and exhibit
high toughness. The dimples are also noticeable. As a
result, the material exhibits a high degree of plastic
deformation. Moreover, cleavage planes are formed in the
sample, tested under quasi-static effect, as expected from
ductile material.

@ Springer
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Fig. 12 Comparisons of experimental and simulation results for a 300 °C, b 600 °C and ¢ 900 °C

Fig. 13 SEM analysis performed at the strain rate of 107> s~'
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Fig. 14 SEM analysis performed at the temperature of 600 °C
6.2 High Temperature Evaluations

Figure 12 shows that the material has a ductile structure.
Furthermore, the ductility or brittleness conditions have
been investigated using SEM analysis on broken test
materials. Figure 14 shows an SEM examination of the
sample fracture surface taken after a tensile test at the
reference strain rate and temperature of 600 °C.

High temperature values have an effect on ductility as
well as softness. As a consequence of the experimental and
modeling investigations, the samples soften at high tem-
peratures, and the elongation values rise as well [43].
Though, ductile fractures arise following the development
and merging of cracked voids, as indicated in the literature
[44]. SEM study done for a temperature of 600 °C shows
the development of fractured voids Fig. 14. Furthermore,
the samples are broken with a complicated structure
because of the high temperature deformation.

7 Conclusions

The material constitutive equation (Zerilli Armstrong,
Johnson—-Cook, etc.) must be discovered in the ANSYS
software, which is a FE program, in order to model the
plastic deformation processes of the material. Recently,
while doing any plastic deformation analysis in finite ele-
ment analysis tools, material constitutive equations have
been employed in the literature. The goal of this work is to
discover the material constitutive equation of 33MnCrB5
boron steel, and add to the literature. For the purpose of the
research, quasi-static and high temperature plastic defor-
mation simulations for 33MnCrB5 boron steel were per-
formed in the ANSYS analysis software utilizing structural

equation parameters acquired from experimental studies.
As a result of the simulations performed,

The yield stresses were acquired as 627 MPa,
632 MPa, and 638 MPa, respectively, at strain rates
of 10_1, 10_2, 1073 s 'in experimental studies. In the
FE analysis, they were observed as 635 MPa, 659 MPa,
and 699 MPa, rising by 1.28%, 4.27%, and 9.56%,
respectively.

e The yield stresses were obtained as 593 MPa,
287 MPa, and 32 MPa, respectively, for 300 °C,
600 °C, and 900 °C temperatures in experimental
studies performed at high temperatures. The results
obtained from the FE analysis diverged by 1.85%,
10.80%, and 15.62%, respectively, and were observed
as 582 MPa, 318 MPa, and 27 MPa.

e MAPE was calculated as 5.04% for the yield stress,
5.57% for the tensile stress, and 5.68% for the
elongation value between the quasi-static tensile tests
and FE simulations.

e MAPE was calculated as 9.42% for the yield stress,
11.49% for the tensile stress, and 7.63% for the
elongation value between the high temperature tensile
tests and FE simulations.

e The correctness of JC parameters of 33MnCrB5 boron
steel was demonstrated by comparisons between exper-
imental and simulation findings. It is known that when
the plastic deformation analysis of this steel is done at
low strain rates and high temperatures in future, the
parameters acquired within the scope of the study will
be used.

e It has been suggested for future studies that JC material
model parameters of 33MnCrB5 boron steel can be
determined by using other material models (Zerilli—

@ Springer
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