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The ductile fracture behaviors of 42CrMo steel are studied by hot tensile tests with the deformation
temperature range of 1123-1373 K and strain rate range of 0.0001-0.1 s21. Effects of deformation tem-
perature and strain rate on the flow stress and fracture strain of the studied steel are discussed in detail.
Based on the experimental results, a ductile damage model is established to describe the combined effects of
deformation temperature and strain rate on the ductile fracture behaviors of 42CrMo steel. It is found that
the flow stress first increases to a peak value and then decreases, showing an obvious dynamic softening.
This is mainly attributed to the dynamic recrystallization and material intrinsic damage during the hot
tensile deformation. The established damage model is verified by hot forging experiments and finite element
simulations. Comparisons between the predicted and experimental results indicate that the established
ductile damage model is capable of predicting the fracture behaviors of 42CrMo steel during hot forging.

Keywords 42CrMo steel, damage model, ductile fracture, finite
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1. Introduction

The ductile damage, such as an internal or surface fracture in
the workpiece, may be often observed during the metal forming
if the processing parameters are not reasonably controlled. So,
the ductile damage is generally considered as a vital index of
formability (Ref 1-3). Finding a way to evaluate the ductile
fracture behaviors and identify the relationships between the
damage evolution and processing parameters are very impor-
tant.

In order to predict the material failure behaviors during the
metal forming, a number of ductile fracture criteria have been
developed. These criteria can be divided into two categories:
the physically based and phenomenological fracture criteria.
Although the physically based fracture criteria may offer a
comprehensive description of the fracture process, several
material parameters have to be calibrated and the complicated
testing procedures are required (Ref 4). Due to their simple
formulation and ease of calibration, the phenomenological
fracture criteria have been widely used in industry. Most of
them relate to the critical plastic work per unit of volume, such
as the Freudenthal criterion, Cockcroft-Latham criterion, and
Normalized Cockcroft-Latham criterion (Ref 5, 6). In these
ductile fracture criteria, the fracture is assumed to initiate when

the critical plastic work is reached. However, the application of
these conventional ductile fracture criteria in the hot working
process is limited. Because they were originally developed for
the cold forming process, the effects of hot working parameters
on the deformation behaviors of materials were not fully taken
into account. In fact, the effects of deformation temperature and
strain rate on the ductile fracture are significant, which should
be considered when the ductile fracture criterion is established.
Considering the combined effects of deformation temperature
and strain rate on the ductile fracture behaviors, the suitable
ductile fracture criteria have been established for
3Cr20Ni10W2 alloy (Ref 7), Ti40 alloy (Ref 8, 9), 30Cr2Ni4-
MoV ultra-super-critical rotor steel (Ref 10), and magnesium
alloys (Ref 11). Yoon and Lee (Ref 12) found that the fracture
mechanism changes from brittle to ductile with increase of the
forming temperature for AZ31 magnesium alloy sheet. Paul and
Kumar (Ref 13, 14) employed a micromechanics-based
approach by means of representative volume element to predict
the flow behavior, plastic strain localization, and plastic
instability of dual phase steels. Shore et al. (Ref 15) optimized
the hot forming parameters for Incoloy 901 alloy to avoid the
risk of premature fracture.

42CrMo steel (American grade: AISI 4140) is a represen-
tative medium carbon and low alloy steel, which is widely
used for many general purpose parts including the automotive
crankshaft, rams, etc. (Ref 16, 17). The preferential use of
42CrMo high-strength steel is attributed to its good balance of
strength, toughness, and water resistance (Ref 18, 19). In
order to study the workability and establish the optimum hot
forming parameters for 42CrMo steel, the compressive/tension
deformation behaviors of 42CrMo steel were investigated over
wide ranges of forming temperature and strain rate (Ref 20-
35). The static (Ref 20, 21), dynamic (Ref 22-24), and
metadynamic (Ref 25-27) recrystallization behaviors of
42CrMo steel have been studied. Meanwhile, the constitutive
relation is generally established to describe the relationship
between the flow stress and deformation parameters (Ref 1, 28).
Based on the experimental results, some physically based and
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phenomenological constitutive models are proposed to accu-
rately describe the plastic deformation characteristics of
42CrMo steel, and these constitutive models are critical for
the correct numerical simulation and the reasonable optimi-
zation of hot forming process (Ref 29-31). Chen et al. (Ref
32) studied the effects of tempering temperature on the impact
toughness of 42CrMo steel. Li et al. (Ref 33) proposed a
novel open-die warm extrusion process of spline shaft with
42CrMo steel to solve the process problems, such as high
forming loads, poor material plasticity, and tooth filled quality.
Wang et al. (Ref 34) investigated the austenite grain growth
behaviors of 42CrMo steel through heat insulation tests, and
established a reliable mathematical model for predicting the
average austenite grain size at constant temperature. Qian
et al. (Ref 35) investigated the radial-axial ring rolling process
for 42CrMo steel large-scale rings, and discussed the effects
of roll sizes on the radial-axial ring rolling process. Although
large amount of efforts have been devoted to understanding
the hot deformation behaviors of 42CrMo steel, little attention
has been given to predict the ductile fracture behavior of this
material during the hot working (Ref 36). In order to produce
sound and reliable forgings, an accurate prediction of ductile
fracture behavior is necessary for optimizing the processing
parameters.

In the present study, the ductile fracture behaviors of
42CrMo steel are investigated by uniaxial hot tensile tests. A
ductile damage model is established to predict the fracture
behaviors of 42CrMo steel during the hot working. The
capability of the established ductile damage model is
validated by hot forging experiments and finite element
simulations.

2. Experiments and Finite Element Simulations

2.1 Hot Tensile Tests

Commercial 42CrMo steel was investigated in this study.
The chemical compositions (wt.%) of the studied material are
listed in Table 1. Cylindrical specimens were machined from
the ingot bar according to the international standard: ISO 6892-
2 (Ref 37). Also, according to ISO 6892-2, the suitable testing
procedures were designed. Hot tensile tests were carried out on
an INSTRON machine. Four different deformation tempera-
tures (1123, 1223, 1323, and 1373 K) and four different strain
rates (0.1, 0.01, 0.001, and 0.0001 s�1) were selected. The gage
length and diameter of specimen are 25 and 10 mm, respec-
tively. Firstly, the specimens were heated to the deformation
temperature at a heating rate of 10 K/mm and held for 20 min
before loading. Then, the specimens were stretched under the
designed deformation temperatures and strain rates. Figure 1
shows the hot tensile testing apparatus and fractured specimen.

2.2 Hot Forging Experiments

Using the experimental results from hot tensile tests, a
ductile damage model was first established based on the
Normalized Cockcroft-Latham criterion. Then, hot forging
experiments and the corresponding finite element simulations
were conducted to verify the established ductile damage model.
According to the practice industry criterion, the deformation
temperatures of hot forging experiments were selected as 1473
and 1223 K. Rectangular workpiece with the dimensions of
50 mm9 50 mm9 120 mm were compressed between two flat
dies on a four-column type hydraulic press with a nominal force
of 3150 KN, as shown in Fig. 2. Prior to the hot forging
experiments, the workpiece were heated to the deformation
temperature and held in the electric resistance furnace for
30 min. In order to avoid the oxidation of workpieces� surface,
the deformed workpieces were immediately put into sands, and
cooled to the room temperature after forging experiments.

2.3 Finite Element Simulations

The finite element simulations for hot forging experiments
were carried out using the commercial software DEFORM-3D.
Before simulation, the established ductile damage model was
firstly implemented into DEFORM-3D by the user subroutine.
Figure 3 shows the finite element model used in the simula-
tions. The workpiece was meshed with tetrahedron element and
fine meshes were generated in the deformation zone. Both the
upper and lower dies were regarded as rigid objects. The
process conditions in the finite element simulation are: (i) The
friction coefficient between the workpiece and dies is 0.7 in
terms of shear friction; (ii) the temperature of environment is
assumed as the room temperature (293 K); (iii) the heat transfer
coefficient between the workpiece and dies is 5 N/s/mm/K, the
convection coefficient to environment is 0.02 N/s/mm/K.

2.4 Experimental Result and Discussion

Generally, the true stress-true strain curve is always used to
analyze the plastic deformation properties of materials (Ref 1,
38, 39). Figure 4 shows the typical hot tensile true stress-strain
curves of 42CrMo steel under different deformation conditions.
From Fig. 4, it can be easily found that the effects of
deformation temperature and strain rate on the flow behaviors
of 42CrMo steel are significant. The flow stress decreases with

Table 1 Chemical compositions of 42CrMo steel (wt.%)

Cr Mn C Si Mo P Cu S Fe

0.960 0.630 0.450 0.280 0.190 0.016 0.014 0.012 Bal.

Fig. 1 Hot tensile testing apparatus and fractured specimen
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the increase of deformation temperature or the decrease of
strain rate. This is because the high temperature promotes the
nucleation and growth of dynamically recrystallized grains and
dislocation annihilation (Ref 40, 41), while the low strain rate
results in long time for energy accumulation. Some new grain
structures are formed via the formation and migration of high-
angle grain boundaries driven by the stored energy of
deformation (Ref 23, 24). Meanwhile, the driving force for
this migration reduces the grain-boundary area itself during the
deformation process. Thus, the flow stress decreases. As shown
in Fig. 4(a), under relatively high strain rates (0.01 and
0.1 s�1), the flow stress firstly increases to the peak value
and then sharply decreases till the final fracture, showing the
obvious work hardening and dynamic softening stages. How-
ever, under relatively low strain rates (0.0001 and 0.001 s�1),
the flow stress increases to a peak value, and then follows a
quasi-stable deformation stage. The fluctuations of flow stresses
during the quasi-stable deformation stage result from the
combined effects of the work hardening, dynamic recovery, and
dynamic recrystallization, as well as the synthetical effects of
localized necking and microvoid coalescence (Ref 2, 3, 42, 43).

Fracture strain can be used to evaluate the ductility of
metals or alloys (Ref 2, 3). Figure 5 shows the relationships

between the fracture strain ( ef ) and deformation temperature
under different strain rates. Obviously, the fracture strains are
very sensitive to the deformation temperature and strain rate.
Under relatively high strain rates (0.01 and 0.1 s�1), the
fracture strain firstly increases, and then decreases with
increasing the deformation temperature. The reason for this
phenomenon is that the dynamic recrystallization easily takes
place with the increase of deformation temperature, which
results in the fine grains (Ref 44). So, the fracture strain
increases correspondingly. i.e., the ductility of the material is
improved by the fine dynamic recrystallized structure. Also,
some other researchers (Ref 45, 46) found that the dynamic
recrystallization is the reason for the improvement of
ductility of alloys when the deformation temperature is
relatively high. However, as the deformation temperature is
continually increased, the dynamic recrystallized grain coars-
ens which weakens the plastic deformation capability of the
material, and the relatively small fracture strains appear.
While under relatively low strain rates (0.0001 and
0.001 s�1), the fracture strain decreases monotonously with
the increase of deformation temperature. This is because the
dynamic recrystallization takes place under the tested condi-
tions, and the low strain rate easily makes the fine
recrystallized grains grow up rapidly, which deteriorates the
ductility of the material.

3. Establishment of Ductile Damage Model for
42CrMo Steel

The basic form of phenomenological ductile fracture
criterion can be expressed as,Z ef

0
f ðrijÞde ¼ C; ðEq 1Þ

where f(rij) is a function of flow stress, ef is the fracture
strain, and C is a material constant (a threshold value).

Within the framework of isotropic continuum damage
mechanics, the damage evolution of material can be described
by a scalar variable w, and the evolution equation of damage
can be expressed as (Ref 47),

_w ¼ � Y

S
_e; ðEq 2Þ

where _w is the damage evolution rate, Y is the damage strain
energy release rate, S is the damage strength parameter that
can be experimentally determined for a given material, and _e
is the strain rate. Assuming S = 1 and Y = f(rij), then Eq 1
can be obtained by integrating both sides of Eq 2 with re-
spect to time until the final fracture. Moreover, Y is the key
state variable in determining damage evolution rate _w, while
the damage strength parameter S is mainly used to normalize
the strain energy release rate Y. Therefore, the physical mean-
ing of S can be regarded as the damage resistance. If Y is a
function of flow stress that is sensitive to the deformation
temperature and strain rate (Ref 48), then S should be also a
function of these two variables,

S ¼ SðT ; _eÞ ðEq 3Þ

Substituting Eq 3 into 2, the damage variable w for ductile
fracture can be expressed as,

Fig. 2 Hot forging experiments: (a) four-column type hydraulic
press; (b) deformed workpiece

Fig. 3 Finite element model for the forging experiment
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w ¼
Z t

0

_wdt ¼
Z t

0

Y

SðT ; _eÞ
_edt ¼

Z e

0

Y

SðT ; _eÞ de; ðEq 4Þ

where t is the deformation time. Then, the ductile fracture cri-
terion can be given as,

wf ¼
Z ef

0

f ðrijÞ
SðT ; _eÞde; ðEq 5Þ

where wf is the damage value at fracture strain ef . Combining
Eq 4 and 5, the normalized damage value (D) can be defined
as,

D ¼ w
wf

¼
Z e

0

f ðrijÞ
wf � SðT ; _eÞde ðEq 6Þ

When the final fracture occurs, the normalized damage value
can be evaluated as,

D e¼efj ¼ w
wf

e¼efj ¼
Z ef

0

f ðrijÞ
wf � SðT ; ln _eÞde

¼ 1

wf � SðT ; ln _eÞ

Z ef

0
f ðrijÞde ¼ 1

ðEq 7Þ

Then Eq 7 can be transferred into,

wf � SðT ; ln _eÞ ¼
Z ef

0
f ðrijÞde ¼ C ðEq 8Þ

As shown in Eq 8, wf � SðT ; ln _eÞ equals to the threshold
value C. It is commonly accepted that the Normalized
Cockroft-Latham relationships can offer a reasonable prediction
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of the ductile fracture during metal forming. Thus, the
Normalized Cockroft-Latham criterion is used to calculate the
threshold value C (Ref 6).
Z ef

0

r�

�r

� �
de ¼ CN C�L; ðEq 9Þ

where r* is the maximum stress and �r is the effective stress.
CN C�L is the threshold value calculated by the Normalized
Cockroft-Latham criterion. In cold metal forming, CN C�L is
usually regarded as a constant. However, this assumption is
not applicable in hot metal forming, since the effects of
deformation temperature and strain rate on the ductile fracture
behaviors cannot be neglected. So, it should be considered in
the ductile fracture criterion. Therefore, a function HðT ; ln _eÞ
is proposed.

HðT ; ln _eÞ ¼ wf � SðT ; ln _eÞ ¼ CN C�L ðEq 10Þ

The function HðT ; ln _eÞ correlates CN C�L with deformation
temperature and strain rate, and this function can be determined
based on the experimental data. Then, the Normalized Cockr-
oft-Latham ductile damage model can be expressed as,

D ¼ w
wf

¼
Z e

0

f ðrijÞ
wf � SðT ; ln _eÞde ¼¼

Z e

0

r�=�r
HðT ; ln _eÞde;

ðEq 11Þ

when D reaches 1, the ductile fracture occurs.
In order to determine the threshold value CN C�L under each

test condition, finite element simulations for the above hot
tensile tests are performed by the commercial software
DEFORM-3D. The Normalized Cockroft-Latham criterion is
first implemented into DEFORM-3D by the user subroutine.
Thus, the values of

R e
0 ðr�=�rÞde can be determined based on

the simulated results. The threshold value CN C�L is taken as the
value of

R e
0 ðr�=�rÞde when the simulated displacement is equal

to the experimentally measured fracture displacement. Table 2
shows the obtained values of CN C�L.

Figure 6 shows the relationship between the threshold value
CN C�L and deformation conditions. Under relatively high
strain rates (0.01 and 0.1 s�1), the value of CN C�L first
increases, and then decreases with the increase of deformation
temperature. However, under relatively low strain rates (0.0001
and 0.001 s�1), the value of CN C�L decreases with the increase
of deformation temperature. Additionally, there is similar
relationship between the fracture strain and deformation
conditions. It results from the combined effects of dynamical
recrystallization and grain coarsening during the hot deforma-
tion.

By the nonlinear fitting method, HðT ; _eÞ can be evaluated
as,

HðT ; _eÞ ¼ � 108:9þ 3:50� 105

T
� 7:2� ln _e� 3:64� 108

T2

� 0:19� ðln _eÞ2 þ 1:65� 104 � ln _e
T

þ 1:2� 1011

T3
� 0:006� ðln _eÞ3 þ 144:3

ðln _eÞ2

T

� 9:6� 106 � ln _e
T2

ðEq 12Þ

Thus, the Normalized Cockroft-Latham ductile damage
model for 42CrMo steel can be established as,

D ¼
R e
0

r�=�r
HðT ;ln _eÞde

HðT ; _eÞ ¼ � 108:9þ 3:50� 105

T
� 7:2

� ln _e� 3:64� 108

T2
� 0:19� ðln _eÞ2 þ 1:65

� 104 � ln _e
T
þ 1:2� 1011

T3
� 0:006� ðln _eÞ3

þ 144:3
ðln _eÞ2

T
� 9:6� 106 � ln _e

T2

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ðEq 13Þ

4. Verification of the Established Ductile Damage
Model

In order to verify the established ductile damage model,
Fig. 7 compares the predicted and measured fracture displace-
ments of the hot tensile experiments under deformation
temperatures of 1123, 1223, 1323, and 1373 K. Obviously,
the predicted fracture displacements well agree with the
measured ones. Additionally, the absolute relative errors
between the predicted ( dP) and measured ( dM) fracture
displacements are computed to evaluate the accuracy of the
established damage model.

Absolute relative error ¼ dP � dMj j
dM

� 100 % ðEq 14Þ

Table 3 shows the absolute relative errors between the
predicted ( dP) and measured ( dM) fracture displacements
under the test conditions. It can be found that the averaged

Table 2 Threshold values CN C�L under different
deformation temperatures and strain rates

Strain rates, s21

Deformation temperatures, K

1123 1223 1323 1373

0.0001 1.96 1.32 1.19 1.0
0.001 0.96 0.77 0.58 0.48
0.01 0.56 0.79 0.63 0.60
0.1 0.67 0.87 0.75 0.57

Fig. 6 Relationship between CN C�L and deformation conditions
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absolute relative error is only 6.01%. This result indicates that
the established model can give an accurate estimation of the hot
tensile fracture behaviors of 42CrMo steel.

5. Application of the Established Ductile Damage
Model in Hot Forging Process

In this section, the established ductile damage model is
applied in hot forging process. Hot forging experiments and the

corresponding finite element simulations are conducted. Fig-
ure 8 shows the fracture initiation sites observed in the hot
forging experiments and predicted by finite element simula-
tions. Obviously, the observed and predicted results are in a
good agreement. The fracture generally occurs in the regions
where the workpiece contacts the corners of dies during the hot
forging.

In order to further study the damage evolution during the hot
forging, the damage degrees at the critical positions (P1, P2, P3,
and P4) are tracked, as shown in Fig. 9(a). It can be found that
the damage evolutions with the deformation degree at the
positions P1, P2, P3, and P4 are similar. Thus, the average
damage value of these positions at each simulation step is
calculated and can be used to characterize the damage degree of
the deformed block. Figure 9(b) shows the variations of the
average damage value with deformation degree under the
deformation temperatures of 1223 and 1473 K. It can be found
that the critical deformation degrees (at which the fracture
occurs) under the deformation temperatures of 1223 and
1473 K are 53% and 44%, respectively.

Table 4 shows the comparisons between the predicted and
experimental ductile fracture behaviors of 42CrMo steel during
the hot forging. In Table 4, �F� represents the occurrence of
ductile fracture, while �NF� indicates that the ductile fracture
does not occur under given deformation conditions. It can be
found that, under the deformation temperature of 1223 K, the
ductile fracture does not occur when the deformation degree is
smaller than 50%, but occurs at 54%. Thus, it can be concluded
that the actual critical deformation degree for the ductile
fracture falls within the range of 50-54% when the deformation
temperature is 1223 K. Similarly, the actual critical deformation
degree for the ductile fracture falls within the range of 40-45%
when the deformation temperature is 1473 K. These conclu-
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Fig. 7 Comparisons between the predicted and measured fracture displacements under the deformation temperatures of: (a) 1123 K; (b)
1223 K; (c) 1323 K; (d) 1373 K

Table 3 Comparisons between the predicted ( dP) and
measured ( dM) fracture displacements

Strain
rate, s21

Deformation
temperature, K

dM,
mm

dP,
mm

Absolute relative
error, %

0.0001 1123 18.92 17.50 7.49
1223 17.00 15.50 8.82
1323 16.08 14.75 8.27
1373 14.94 13.75 7.95

0.001 1123 30.00 31.5 5.00
1223 25.48 26.25 3.02
1323 21.00 18.50 9.01
1373 15.14 16.25 7.33

0.01 1123 17.00 18.25 7.35
1223 23.87 22.00 7.83
1323 19.25 18.00 3.05
1373 18.00 16.50 8.33

0.1 1123 20.00 19.25 3.75
1223 21.70 22.50 3.69
1323 25.50 23.75 4.34
1373 17.60 17.75 0.85
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sions are exactly consistent with those from Fig. 9. Also, from
Table 4, it can be found that there is a good agreement between
the predicted and experimental ductile fracture behaviors. This
indicates that the established ductile damage model is capable
of predicting the ductile fracture behaviors of 42CrMo steel
during hot forging.

6. Conclusions

The hot deformation behaviors of 42CrMo steel are
investigated by the tensile tests over wide ranges of deforma-
tion temperature and strain rate. Based on the Normalized

Cockroft-Latham criterion, a ductile damage model is devel-
oped to predict the ductile fracture behaviors of 42CrMo steel
during hot deformation. In the developed model, the effects of
deformation temperature and strain rate on the critical damage
value are considered. The developed model is implemented into
the commercial software DEFORM-3D to predict the fracture
displacements. There is a good agreement between the
predicted and measured fracture displacements. Also, the hot
forging experiments and the finite element simulations indicate
that the developed ductile damage model is capable of
predicting the ductile fracture behaviors of 42CrMo steel in
the hot forming process.
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