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This paper investigates experimentally the thermomechanical response
of 42CrMo steel under several combinations of temperatures and strain-rate. To char-
acterize the flow stress of this highstrength 42CrMo steel, two distinct test configura-
tions were utilized. The first consisted of conventional uniaxial tensile tests conducted
at room and elevated temperatures of 523◦K, 723◦K and 923◦K and three quasi-static
strain-rates at 0.0015 s−1, 0.015 s−1, and 0.15 s−1. The second test configuration was
carried out under dynamic compression using a drop mass bench at room temperature
with three different dynamic strain-rates of 300 s−1, 400 s−1, and 500 s−1. Particular
attention was paid to key features such as work-hardening (WH), grain size, dy-
namic strain aging (DSA), formation of microcavities, and their coupling with the
influence of temperature/strain-rate combination. The dependence of 42CrMo steels’
flow stress on the quasi-static strain-rate at room temperature was almost insignifi-
cant. However, the strain-rate sensitivity increased with increasing temperatures. At
high temperatures, different factors contributed to modifying the alloy microstructure
which has a significant impact on the alloy’s mechanical properties. Quantification
of the micro-cracks density and fractured specimens’ voids was established using
scanning electron microscopy (SEM) images. The Voyiadjis–Abed (VA) constitutive
model was utilized in describing the flow stress of 42CrMo steels and implemented in
the ABAQUS software to develop a robust finite element model capable of accurately
simulating variant structural responses of 42CrMo steel alloy.
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1. Introduction

Due to various industrial applications, steels have extensively been stud-
ied to determine their properties when exposed to various temperature and load-
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ing conditions. Their behavior has been analyzed in many research studies. Par-
ticular attention has been directed towards investigating the effect of different
temperatures and strain-rates on steels’ strength and damage behavior. In [1],
the authors studied the microstructures of the 304 LN austenitic stainless steel
(ASS) at varying engineering strains and strain-rates using electron backscatter
diffraction. Further investigation on the thermo-viscoplastic behavior of a 304
austenitic stainless steel was shown in [2] where it was revealed that the strain
hardening rate of 304 ASS is strongly affected by the strain-induced martensitic
transformation effect. Gordon et al. [1] studied the porosity, strain localiza-
tion, deformation-induced phase transformation, and microstructural response
of a metastable austenitic stainless steel under a fatigue regime. The results
showed an exceptional fatigue life of metastable 304L produced by directed en-
ergy deposition compared to wrought AISI 304L in the as-built condition. The
compressive flow stresses of a Selective Laser Melt 316L (SLM-316L) alloy and
a commercial 316L (C-316L) allowed under varying strain-rates were investi-
gated in [4]. The authors in [5] investigated the influence of thermal aging on
the life cycle of 316 LN austenitic stainless steel under thermomechanical fa-
tigue. The results revealed that the hardening regime is lesser after thermal
aging compared to the as-welded condition of the 316 LN austenitic stainless.
Abed et al. [6] investigated the mechanical response of EN08 steel at quasi-static
and dynamic strain-rates and varying temperatures. Less rate-dependency of the
strain hardening at room temperature was found, compared to the condition at
high temperature. The same authors [7] studied the thermomechanical behavior
of C45 steel at varying temperatures for strain-rates up to 0.15 s−1. The results
showed a degradation trend of the thermal stresses and an increase in the rate-
dependency behavior with temperature increase.

Several investigations have been carried out on the damage behavior of steels.
Abed et al. [8] evaluated the damage initiation and evolution of steel rebars at
low and intermediate loading rates. The results showed that the increase in plas-
tic strain and strain-rates leads to the intensification of the cracks and voids.
In [9] the authors studied the behavior of two aluminum alloys in high defor-
mation regime. The results revealed higher strain-rate dependence of AA1050
compared to AA7075. Moreover, several micro- and macro-mechanical and dam-
age modeling approaches have been utilized to describe the flow stress for both
low and high-strength steel and alloys [10–16].

The literature exhibits a variety of relevant results derived from significant ex-
periments. Particular attention has been given to the steel 42CrMo (AISI 4140)
as a representative low-alloy and medium-carbon steel of high strength. This
high-strength alloy is copiously employed in many general-purpose parts includ-
ing gears, shafts, crowbars, rams, spindles, etc. The chromium and molybdenum
in the 42CrMO steel act as alloying elements and enhance the steel’s mechanical



Effect of various temperatures and strain-rates combinations. . . 347

properties [17]. It conventionally receives quenching followed by tempering. The
latter increases the ductility and toughness but with a reduction in the yield and
ultimate strengths. Its effect is to form a strong carbide element that is more
complex in nature than the weak carbide formers. Therefore, the steel hard-
ness increases. It was revealed in [18] that, compared to the conventional heat
treatment, nucleation of high density and finely dispersed Fe-Cr rich carbides
results from the temper bead welding in Grade 22 steel. Moreover, molybde-
num, like chromium, forms a strong carbide element producing higher hardness
than ordinary steel when the alloy is tempered at higher temperatures. At high
temperatures, the carbide phase partitions out, keeping the carbide particles nu-
merous and small [18]. This allows the steel to be used in many industries such
as oil and gas and military vehicles [19].

Studies investigating the impact of temperature and strain-rate on 42CrMo
have recently been conducted showing their impact on its mechanical behav-
ior [20]. When elevated temperatures are applied, residual stresses and cracks
appear on the surfaces, causing rapid tool failure to occur in machining [21]. This,
in turn, causes dimensional failure. Additionally, 42CrMo is also prone to under-
going surface failure during welding, as the welded area has a higher probability
of degrading and creating intermetallic compounds in comparison to its parent
metals [22]. Moreover, when 42CrMo is suitably heat treated, the corrosion resis-
tance of the coated structures such as manganese-phosphate-coated substrates
improves [23]. Further studies illustrated that its tensile strength and hardening
abilities are enhanced by quenching time and varying temperatures [24].

Tensile and torsion tests have been carried out under varying temperatures on
the SCM414 low-alloy steel [25]. It was revealed that the strain-hardening rates
are lower with a higher degree of shear deformation via torsion which was due
to the combination of high dislocation density and grain refinement. Increasing
the strain-rate also affects the temperature rising during deformation as well as
the fracture caused by plastic strain localization [26].

Few attempts were made to develop constitutive equations to predict the
flow stress of this high-strength alloy over an extensive scope of temperatures
and strain-rates [27]. Constitutive models that capture sufficient details without
being excessively rigorous are widely preferred in computational applications.
Advanced constitutive models attempt to cover a broader range of parameters
like microstructural features (dislocations evolutions and their interactions, grain
size, etc.) and boundary characteristics. However, increasing the present phenom-
ena in the model increases the number of material constants necessary for the
identification of the model, which in turn may limit the practical applications
of the model. Thus, an optimal model should maximize the number of deforma-
tion phenomena described and simultaneously minimize the number of material
constants. Consequently, experiments are required to define them.
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Understanding the behavior of alloys at different temperatures and strain
rates is necessary for metal forming and cutting processes due to their roles in
the local and overall responses [28, 29]. The results showed a cyclic behavior
of the true stress with increasing strain at each temperature [28]. In addition,
it was shown in [29] that localization of flow and microstructural changes occur
at a lower temperature due to forging. It has been shown during machining, for
example, that the strain can attain values close to 5 [30]. Also, the temperature
in the steel cutting zone increases up to 800◦C as shown in [31]. Hence, the vis-
coplastic response of any metal is always controlled by local mechanisms such as
grain size and recrystallization mode during deformation. To predict these pro-
cesses using numerical tools like finite elements, it is important first to study the
behavior of a given alloy at different temperatures and strain-rates combinations.
Coefficients of the constitutive equations should then be identified, followed by
finite element predictions for a certain process. This methodology was therefore
adopted in this work. The thermomechanical response of steel was investigated
at different quasi-static tensile strain-rates over a wide range of temperatures.
Also, several dynamic compression tests were performed on cylindrical specimens
at room temperature using a drop mass bench. Particular attention was given to
key features related to viscoplasticity, yielding, strain hardening thermally ac-
tivated softening [controlled by dynamic recrystallization (DRX) and dynamic
recovery (DRV)] and the damage behavior of this alloy. Experimental results
were utilized to understand its flow stress and to define the material parameters
of the constitutive equations. Lastly, a finite element model capable of simulating
various loading scenarios was developed for large-scale problems.

2. Characterization methodology

The experimental program performed in this work provides important in-
formation about thermomechanical responses of 42CrMo steel at various tem-
peratures and strain-rates combinations. Several mechanical tests, that are im-
portant for meeting the requirements for high strength steel characterization,
were conducted under different loading conditions. The temperatures used in
this work were chosen based on some published results [32, 33]. Most of them
dealt with high temperatures. Three elevated temperatures of 250◦C (523◦K),
450◦C (723◦K), and 650◦C (923◦K) as well as room temperature, were consid-
ered to provide new additional and complementary results. Besides, temperatures
generated during metal cutting are part of this range. Consequently, testing the
42CrMo steel under such specific conditions (temperatures and strain-rates) gives
other useful information for many industrial applications.

In general, 42CrMo steel exhibits relatively acceptable ductility and tough-
ness capacity ranges. The chemical analysis of the alloy was performed using wet
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methods to determine the average chemical compositions; a summary of these
results, in percentage units, is presented in Table 1. Additionally, local analy-
sis was conducted on the 42CrMo alloy, and the initial microstructure observed
demonstrates the presence of two phases: ferrite and bainite (Fig. 1).

Table 1. Average chemical compositions of 42CrMo steel alloy.

Material C Cr Mn Si Mo Fe
42CrMo 0.39 0.93 0.85 0.17 0.16 balance

Fig. 1. Optical microscope image for 42CrMo alloy’s microstructure.

2.1. Specimen material

In this study, more than 20 tensile samples with a length of 70mm and
a diameter of 12mm were prepared and exposed to different temperatures and
quasi-static strain-rates. Figure 2 presents the specimens’ dimensions. Note that
through the tensile tests at different temperatures, the mechanical properties of
42CrMo steel conducted were presented as engineering stress-strain curves. The
main advantage of tensile testing at elevated temperatures is that the stress-
strain response simulates the conditions under which damage mechanics occur
in several metalworking processes.

For the dynamic tests, the test apparatus consisted of a dynamic-drop mass
bench that strikes samples with falling mass at a specified strain-rate. The cylin-
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Fig. 2. Dimensions of the high-temperature coupon specimens (in mm) and Zwick/Roell
3-zone high-temperature furnace mounted on the testing machine.
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(1) drop mass, (2) striker, (3) sample, (4) dynamic load cell, (5) photocells, (6) displacement transducer 
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Fig. 3 Instruments used for measuring drop mass bench (a) components, (b) monitoring unit 

 

 

(b)

Fig. 3. Instruments used for measuring drop mass bench (a) components: 1 – drop mass,
2 – striker, 3 – sample, 4 – dynamic load cell, 5 – photocells, 6 – displacement transducer;

(b) monitoring unit.
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drical specimens had a height of 12mm and a diameter of 6mm, as shown
in Fig. 3. Hammer masses that weighed 17 kg, 22 kg, and 36.4 kg were used to
test the specimens and were released from elevations of 4m, 3m, and 2m, respec-
tively. All tests were performed at room temperature. The mean axial strain-rate
was determined by ε̇ = ε/∆t, where ε and ∆t are the total strain and test pe-
riod, respectively. These assigned parameters correspond to mean strain rates
of 500 s−1, 400 s−1, and 300 s−1, respectively. This was done to guarantee that
the three strain-rates had approximately equal energy levels, i.e. guaranteeing
the iso-energy concept. The true stress-true strain performance of the steel was
observed through the displacement and force values that the machine recorded.
Other tests were performed if deemed essential.

2.2. Quasi-static and dynamic tests

A universal testing machine (UTM) (Instron type 5582) was used to conduct
the quasi-static uniaxial tensile tests. The strain-rates applied at varying temper-
atures were 0.0015, 0.015, and 0.15 s−1, corresponding to 5, 50, and 500mm/min
cross-head speeds, respectively. Several plots of engineering stress-strain curves
were presented. Figure 4 illustrates the 42CrMo quasi-static responses at room
temperature. The recorded results are not affected by the strain-rates. That is,
the response of the alloy does not significantly vary with the differences in these
quasi-static strain-rates.
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Fig. 4. Stress-strain curves at room temperature and different quasi-static strain-rates.

To evaluate the specimens’ behavior at higher temperatures, an inde-
pendently controlled Zwick/Roell 3-zone high-temperature furnace was placed
around the UTM (Fig. 3). The behavior of the material was studied at 523◦K,
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723◦K, and 923◦K temperatures and 0.0015 s−1 and 0.15 s−1 strain-rates. A fur-
nace controller (model ME44-180) was used to maintain the specified tempera-
tures over the gage length of the specimen within a ±1◦C range. Each zone was
fitted with one thermocouple (Ni/CrNi) while the top, middle, and bottom sec-
tions of the specime’s gage length were directly fitted with three thermocouples.
Each specimen and load train were covered with plates on both the upper and
lower ends to conduct the tests. The load was applied when the thermocouples
installed on the specimen specified the required temperature with a difference
no greater than ±3◦C.

Under dynamic configuration, a dynamic drop mass bench with a 2.5 kJ max-
imum kinetic energy and a 10m/s maximum impact velocity was utilized to ex-
periment. Equipped to the machine is an accelerometer of 5000 g, a laser beam
displacement transducer (series M5L of international Bullier) with a 100mm
measuring bracket, and a 20-ton dynamic load cell. All these machines were
linked to a rapid acquisition chain of 2.5MHz to guarantee that the force, accel-
eration, and displacement are concurrently recorded. The true strain (εtr) and
true stress (σtr) were calculated from the engineering values (εeng and σeng) as
εtr = ln(1 + εeng) and σtr = σeng(1 + εeng), respectively [13]. Two photocells,
shown in Fig. 3, were also used for the same purpose. The photocells’ installa-
tion and position are essential and are dependent on the location of the striker
before impact.

2.3. Temperature and strain-rate effects

The stress-strain results of 42CrMo at the four specified temperatures and
0.0015 and 0.15 s−1 quasi-static strain-rates are shown in Figs. 5 and 6, respec-
tively. General, and typical, patterns in the behavior of the material can be cap-
tured. These curves illustrate that, at a given strain-rate, higher strength (i.e.
ultimate and yield tensile strength) is observed at lower temperatures. At the
lower temperatures of 298 and 523◦K, the alloy displayed plastic behavior with
a significant strain hardening evolution, i.e., behavior showing only phase (i) and
phase (ii). In contrast, at the higher temperatures of 723 and 923◦K, the alloy
displayed stress softening immediately after yielding (Fig. 5). In other words,
they demonstrate the four phases, especially at the highest temperature. Ac-
tually, at 923◦K specifically, the material shows a short work-hardening period
effect before displaying viscoplastic behavior accompanied by a negative harden-
ing up to failure. When the strain-rate is 0.15 s−1 (Fig. 6), the most significant
difference in the alloy’s behavior compared to the aforementioned case is that
at 723◦K. The stress-strain curve at 523◦K and 0.15 s−1 shows that the flow stress
experiences a pronounced degradation starting at the 0.05 strain; whereas a fur-
ther slight increase at 723◦K is observed with a crossing occurring at a strain
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Fig. 5. Stress-strain curves at room temperature and different quasi-static strain-rates.
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Fig. 6. Stress-strain curves at 0.15 s−1 quasi-static strain-rate.

value of nearly 0.08 (Fig. 6). At 523◦K, the failure occurs at an approximate
strain of 0.09 with a slope similar to that recorded at 723◦K after practically
a strain of 0.1, followed by a failure occurring at a 0.15 strain. At any strain-
rate, a stability of deformation is generally observed at the peak temperature
used (i.e., 923◦K) as shown in Figs. 5 and 6. Instabilities appear in the cases
of low (T/Tf < 0.3) and semi-elevated (0.3 ≤ T/Tf ≤ 0.5) temperatures. It is
observed that variations in stress-strain curves’ shape are obvious for these em-
ployed temperatures of 250◦C and 450◦C as also mentioned in [34]. A softening
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phenomenon becomes then dominant with a negative slope of the stress-strain
relationship. Changes in the deformation mechanism of the plastic provoked this
softening. Dynamic recrystallization influenced the observed dislocation mobility.
The alloying elements, acting as obstacles, have a slight field of stress that may
lead to dislocation climb. It could also be controlled by the dynamic strain ag-
ing phenomenon which generally appears at temperatures lying in the 20–400◦C
range [32]. Plastic deformation can be used to enhance the nitrides and carbides
formation in solid solution; however, this is sensitive to the deformation temper-
ature employed [34]. Due to technical difficulties in grasping such mechanisms,
very few works have been undertaken. At elevated temperatures, T = 923◦K,
(T/Tf > 0.5), as also discussed above (Fig. 1) the four phases are driven by
the competing forces of work softening and hardening (due to DRV, DRX, and
variation of the grain size during deformation) and are controlled by changes in
the microstructure, regardless of the quasi static strain-rate used.
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Fig. 7. Stress-strain curves demonstrating the combined effect of strain rates and elevated
temperatures on the mechanical behavior of 42CrMo.

Figure 7 illustrates the combined test results from which the conclusion that
applied strain-rate affects the material response at any applied temperature can
be deduced. Note that at 523◦K, the behavior of the alloy at a 0.15 s−1 strain-
rate compared to that of 0.0015 s−1 was different, and a lower ultimate tensile
strength, work-hardening, and ductility were observed (Fig. 7). This requires
further investigation and may be attributed to the microstructure instability of
this alloy during plastic deformation. In addition to this observation, a prominent
softening regime was detected at higher temperatures through the stress-strain
curves; subgrain structure coarsening might be the cause of this, as discussed
in [35–37]. The combination of temperature and strain-rate might be altered
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during the deformation of the local dislocation mechanism prompted by DRV,
DRX, grain size, etc. This also requires further investigation to fully comprehend
such behavior under these thermomechanical cases.

2.4. Young modulus and strength

Strain-rate, temperature, and temperature/strain-rate affect 42CrMo steel’s
Young modulus, as demonstrated in Fig. 8. To determine the Young modulus
and accurately measure the elastic and plastic strains, the neck cross-section of
the specimens was fitted with strain gauges at room temperature. Afterward, all
tests were conducted up to failure without the installation of strain gauges at
higher temperatures (523◦K, 723◦K, and 932◦K) and strain-rates (0.0015 s−1

and 0.15 s−1) since the elastic modulus had already been determined. Instead,
a strain correction procedure was applied to the experimental results to define
the different Young moduli values and identify any differences at varying tem-
peratures and strain rates. Accordingly, the results indicated that Young moduli
do not vary significantly when the temperatures lie in the 298◦K to 723◦K range,
irrespective of strain-rate (less than 13% variation). The Young moduli at both
strain-rates considerably decrease at the highest temperature (923◦K) in con-
trast. This disparity may be attributed to the viscous effect of 42CrMo steel on
its elastic behavior (i.e. viscoelastic behavior). At 932◦K, the Young modulus
is 82.7GPa and 128.6GPa at 0.0015 s−1 and 0.15 s−1 strain-rates, respectively,
which corresponds to a reduction of 58.7% and 35.7%. It should be mentioned
here that accurate measurements of the elastic properties at higher tempera-
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tures require careful attention. Lindgren and Back [38] developed a theoreti-
cal model for steel alloys to predict the elastic properties such as shear modulus,
Poison’s ratio, and Bulk modulus that accounts for the temperature dependency.
They also showed a strain-rate dependency of these elastic properties which sup-
port the above-mentioned variations in the elastic modulus.
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Fig. 9 Yield strength evolution versus temperatures at 0.0015 s-1 and 0.15 s-1 strain-rates 
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Fig. 9. Yield strength evolution versus temperatures at 0.0015 s−1 and 0.15 s−1 strain-rates.

Similarly, the dependence of yield strength on the temperature, strain-rate,
and temperature/strain-rate combination were assessed. The yield stress was ex-
amined at 0.2% strain offset. The general decreasing trend in the yield strength
at increasing temperatures is seen in Fig. 9. From 298◦K (room temperature)
up to 723◦K, the yield strength decreased by no more than 17% at both strain-
rates. However, at 923◦K, significant reductions of 70% (σy = 277MPa) and 49%
(σy = 470MPa) were observed at 0.0015 s−1 and 0.15 s−1 strain-rates, respec-
tively. Accordingly, 42CrMo shows more sensitivity at temperatures much higher
than room temperature for an applied strain-rate.

2.5. Work-hardening modulus

Aside from the yield strength, the work-hardening modulus was used to char-
acterize work-hardening behavior. The stress-strain curve’s slope can be utilized
to obtain the work hardening modulus, which varies with time during trans-
formation. The effect of the three factors: (i) temperature, (ii) strain-rate, and
(iii) temperature/strain-rate combination on the work-hardening modulus was
studied. Figures 10 and 11 illustrate the variations of the hardening moduli with
the strain for 0.0015 s−1 and 0.15 s−1 strain-rates, respectively, validating the
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Fig. 11 Hardening modulus evolution against strain at different temperatures and a 0.15s-1 strain-rate 
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significance of the three aforementioned parameters on this modulus. A positive
hardening evolution phase and a negative hardening evolution phase were taken
into consideration, irrespective of the temperature and the strain-rate, and the
zero-hardening modulus corresponded to the ultimate tensile strength (or the
end of the phase (ii)). Generally, at lower temperatures (i.e., 298◦K and 523◦K)
and lower strain-rate, higher hardening is observed. At 0.0015 s−1, the evolution
of positive strain-hardening moduli was noted (Fig. 10). The values of the zero-
hardening moduli were deduced at 0.074 and 0.06 strains for 298◦K and 523◦K,
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respectively. At higher temperatures (i.e. 723◦K and 923◦K), in contrast, less
hardening is observed. The induced zero-hardening moduli were deduced at ap-
proximately 0.018 strains for both temperatures. However, for higher tempera-
tures, the negative moduli behave differently. At 723◦K, stress-softening occurs
relatively gradually until failure (Figs. 5 and 10). On the other hand, a negative
hardening evolution with a low rate of change occurs at 923◦K, as shown in
Fig. 10. This is fully controlled by these local mechanisms mentioned above.

At the same temperatures but at a higher strain-rate (0.15 s−1), higher mod-
ulus evolutions are noted (Fig. 11). Indeed, at 723◦K, the modulus does not de-
velop as anticipated because of the deformation mechanism of the alloy changes
under this thermomechanical combination due to the instabilities of microstruc-
tures. One of these instabilities is the dynamic strain aging. Because of phase (iii)
and phase (iv) effect, a negative modulus is recorded at this strain-rate across
a long scope of plastic strain at 923◦K, the highest temperature.
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Fig. 12 Zero-hardening modulus strain evolution versus temperature under 0.0015 s-1 and 0.15 s-1 strain-rates 
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Fig. 12. Zero-hardening modulus strain evolution versus temperature under 0.0015 s−1

and 0.15 s−1 strain-rates.

Figure 12 conveys the strains that correspond to the zero-hardening moduli,
for the applied temperature and strain-rate. From the observations made thus far,
the behavior of 42CrMo alloy deviates from the general trend at 723◦K compared
to other temperatures, which requires further examination at the local level.

2.6. Dynamic strain aging

Irregularities in flow stress curves of low-carbon steels and aluminum alloys
often describe dynamic strain aging (DSA). The different features of the DSA
depend on the microstructure of the steel. This impinges on the nucleation dy-
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namics and deformation bands propagation as shown in [39, 40]. DSA becomes
more pronounced at specific strains lying in a particular regime of strain-rates
and temperatures (0.2–0.5Tm) [41]. Primarily, the DSA mechanism is attributed
due to the dynamic interaction between mobile dislocations and diffusing solute
interstitials such as C and N [42–44]. Once the temperature increases, this leads
to improving the diffusivity of solute atoms and the mobility of dislocations.
Therefore, one can expect that the DSA intensity arises via a specific tempera-
ture and strain-rate combination.

The DSA behavior was determined at three strain levels of 0.002, 0.05,
and 0.09 for four different temperatures, and two strain-rates of 0.0015 s−1 and
0.15 s−1 were plotted, respectively in Figs. 13 and 14. The three strain levels were
chosen to cover a uniform deformation range. A degradation curve concaved up-
ward typically illustrates the relationship between flow-stress degradation and
increasing temperatures. The peaks/jumps in the flow stress can clearly be noted
at different strain rates and temperature combinations, which correspond to ac-
tive DSA. At ε̇ = 0.0015 s−1. The DSA performance is noticeably observed at
523◦K and 723◦K at strain levels up to 0.05 (Fig. 13). However, the stress jump
was only observed at 723◦K for strain level of 0.09. Similar observations were
made at ε̇ = 0.15 s−1, where DSA was active within the same range of tem-
peratures and was also observed at 723◦K for strain level of 0.09 (Fig. 14). It
is obvious that, for a given strain-rate, temperature is not the only factor that
affects the DSA, but also the level of plastic deformation. The effect of DSA on
yield strength is still somewhat ambiguous; however, the effect is improved with
increasing levels of plastic deformation. One possible explanation is: increasing

13 

Fig. 13 Stress variation versus temperatures for 0.0015 s-1 strain-rate at various strain levels
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Fig. 13. Stress variation versus temperatures for 0.0015 s−1 strain-rate at various strain
levels.
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Fig. 14 Stress variation versus temperatures for 0.15 s-1 strain-rate at various strain levels
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Fig. 14. Stress variation versus temperatures for 0.15 s−1 strain-rate at various strain levels.

the plastic strain can improve the dynamic interchange between mobile disloca-
tions and solute atoms due to the appearance of the dislocation mobility [45–47].

2.7. Scanning Electron Microscope (SEM)

The 42CrMo steel microstructure at failure should be studied to gain a deeper
understanding of the thermomechanical performance of metals. The different
loading rate/temperature combinations induce void nucleation, growth and co-
alescence which require further investigation. These internal damages are con-
centrated close to the fracture surface at which the highest localization of plas-
tic strains and the related stresses is observed. Scanning electron microscopy
(SEM) is one of the well-known tools that are able to measure the damaged
areas (area fraction of voids), providing qualitative and quantitative analysis.
Figure 15 shows samples of 42CrMo micrographs which examine the surface of
the tensile specimens during fracture under different temperatures and at suit-
able magnifications.

Defect-area fractions observed at room temperature were lower than those
observed for fracture surfaces exposed to higher temperatures (Fig. 15). At in-
creasing temperatures, for a given strain-rate, more damage evidently occurs in
the specimens (i.e., void area fraction increases). The highest damage area is
noted at higher temperatures as presented in Fig. 15, which also shows a higher
fraction of void area at the more elevated temperatures (i.e., greater than the am-
bient valueas indicated by the darker areas on the images). This observation can
be attributed to the high strain-sensitivity of 42CrMo steel at increasing temper-
atures (viscoplastic damaged response). Moreover, for greater strain-rates at the
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Fig. 15 Sample of SEM images of fractured 42CrMo specimens at a 0.0015s-1 strain-rate and room and high temperatures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Sample of SEM images of fractured 42CrMo specimens at a 0.0015 s−1 strain-rate
and room and high temperatures.

same temperatures, this observation is less pronounced. An explanation for this
behavior could be because the voids do not expand as much due to the shorter
time span. Beyond this, it should be highlighted that 42CrMo’s sensitivity to
the strain-rate increases with increasingly elevated temperature; therefore, the
overall accumulated strain then is considered a central part in the determination
of the fraction of void area.

2.8. Dynamic behavior – drop hammer tests

The dynamic response of 24CrMo steel can be influenced by two major ele-
ments: (i) metals’ flow-stress and sensitivity to the strain-rate applied and (ii) the
inertia forces’ effect on the deformation mode of the structure. Specimens, as
such, show consistent deformation when exposed to quasi-static loading and
a non-uniform deformation at dynamic conditions, because of the shock-wave
effect [48]. When the impact velocities used are comparatively low (below 30m/s)
and the mass ratio of the striker/specimen is above 14 [49–51], the effect of in-
ertia forces is negligible. Because of the applicability of these two values to the
dynamic assessments performed in the work presented in this paper, the speci-
mens were assumed to deform uniformly. A Chebyshev filter was used to smooth
the force-displacement curves measured to reduce the shock effect. The true
strain-true stress curves for 42CrMo were plotted and are shown in Fig. 16.

It is relatively complex to identify the yield strength and flow stress for
this alloy through this test setup. Generally, it was observed that after im-
pact, the stresses instantly increase until the ultimate dynamic stress is attained.
After, the stresses start to decrease. The variations noted in these three scenarios
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Fig. 16 Dynamic true stress–true strain curves for drop mass bench tests under different strain-rates 
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Fig. 16. Dynamic true stress-true strain curves for drop mass bench tests under different
strain-rates.

pertains to the ultimate stresses which increase with increasing strain-rates (as
three different hammer masses and drop-heights were used).

The true stress – true strain curve of the cylindrical samples tested with
a 36.4 kg mass dropped from a 2m height is illustrated in Fig. 16. These test
parameters resulted in the lowest stress-strain response as they correspond to
the lowest applied strain-rate of 300 s−1. Conversely, the highest stress level
was observed from the highest drop-height of 4m, which corresponds to the
highest applied strain-rate of 500 s−1. Figure 17 illustrates the ultimate stress

17 

Fig. 17 Evolution of ultimate stress and its percentage increase versus dynamic strain-rate 
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development with respect to the dynamic strain-rate. As portrayed by the figure,
the ultimate stress increased by up to 14% at a 500 s−1 strain-rate.

3. Constitutive modeling

Steel flow stress can be described by incorporating an evolution mechanism
for the damage into a precise plasticity model to observe the high strength alloy’s
stress-strain behavior. Note that the damage-induced anisotropic behavior is due
to the microcrack distributions and the way they develop within metals. Many
authors have proposed various damage models that consider anisotropic and/or
isotropic expressions when calculating the damage variable [13–15, 52]. While
the nature of the damage is anisotropic, assuming it as isotropic still yields
probable results in many cases. A damage model based on energy was proposed
by Abed et al. [13] using continuum damage mechanics principles to predict
the nature by which defects in steel alloys evolve. In this model, the evolution
equation of the damage variable, φ, is directly related to the increase in the
material dissipated energy, Up, as shown in Eq. (3.1):

(3.1) φ = φf

(
Up
UTp

)α
,

where SEM images are used to measure the damage at fracture, φf , UTp represents
total dissipated energy, and α is a constant that defines the damage evolution
trend across the process of deformation, typically taken as 2.0 for most steel
alloys [13].

Many flow stress models have been constructed to explain the nonlinear be-
havior of materials exposed to elevated strain-rates and temperatures. The mod-
els developed describe the variations in the mechanical properties and can be
of various types, including semi-empirical, empirical or based on the material
accumulated deformation. In this work, the Voyiadjis–Abed model (VA), which
is physically-based, was used in describing the steel alloy’s flow stress.

In 2005, the VA model was introduced to predict the flow stress of FCC,
BCC and HCP pure metals, with a focus on the microstructure [53, 54]. Disloca-
tions interactions mechanisms and thermal activation were both considered when
deriving the model. The model’s framework relates the constitutive equation’s
coefficients to the microstructure so that it considers the coupling dependence of
strain-rate and temperature on deformation. Recently, various microstructures
of pure metals’ failure mechanisms have been combined in the VA model to ac-
curately predict the flow stress for ferrite and austenite steel alloys [55, 56] as
well as titanium alloys. The former is utilized in this work for the simulation of
the thermomechanical response of 42CrMo steel in the applied temperature and
strain-rate range.
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The 42CrMo alloy’s observed experimental results shows that initial yielding
mainly controls the thermal mechanism whereas the strain hardening has a lower
dependence. The flow stress definition proposed by the VA model for this alloy
is decomposed additively into 2 parts: thermal and athermal; the relationship
between these parts and the hardening and yielding can be represented by:

(3.2) σ =

athermal stress︷ ︸︸ ︷
c1 + c2ε

c3
p +

thermal stress︷ ︸︸ ︷
c4(1− (c5T − c6T ln ε̇p)

1/q1)1/q2 ,

where the exponents q1 and q2 are constants that define the short-range barrier’s
shape, considered as 1.5 and 0.5 in this study, respectively. The variables c1 to c6

are material constants and are mathematically correlated to the microstructural
physical quantities as shown below:

(3.3) c1 ∝ µ

√
b

Dg
, c2 ∝ µb, c4 ∝ µ0

b2

A0
, c5 ∝ bν0ρ, c6 ∝

K

G0
,

where K is Boltzmann’s constant, G0 represents the reference Gibbs energy at
absolute temperature T in Kelvin, µ is the shear modulus, µ0 is the sheer modu-
lus value at absolute temperature, Dg is the grain diameter, A0 is the dislocation
activation area, ρ is the dislocation density, b is the Burgers vector magnitude,
and ν0 = d/tw is the reference dislocation velocity with d representing the aver-
age distance moved by the dislocation between barriers and tw representing the
time taken by a dislocation while waiting at a barrier.

Table 2 summarizes all the experimentally derived VA model constants for
42CrMo steel alloy. The utilization of these material constants plays an important
role in the prediction of flow stress via finite element simulation, as is discussed
next. However, it is important to note that revisions may be required to deter-
mine the model constants’ accuracy by expanding the scope of strain-rates used.
In addition, the role of solute/dislocation interaction was not considered in this
work; hence, the model prediction may not be accurate at strain, strain-rates,
and temperatures lying in the range whereby dynamic and static strain aging
are prominent.

Table 2. Parameters of the VA model for 42CrMo steel alloy.

Material C1 [MPa] C2 [MPa] C3 C4 [MPa] C5 C6

42CrMo 150 770 0.20 1850 0.00091 2.1× 10−5

4. Finite element simulation

The finite element (FE) simulation discussed in this section was utilized
mainly to validate the VA model and to verify its applicability in simulating the
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drop hammer test performed experimentally. The commercial software ABAQUS
was used to conduct the FE modeling [57]. Two FE models were designed and
developed for achieving the aforementioned purpose, as is discussed next.

4.1. VA model validation

Before simulating large-scale cases, the VA model FE implementation was
validated using a simple uniaxial tensile test of one element. The dimensions em-
ployed in this analysis is 20 mm×20 mm. Due to the symmetry present, modeling
a quarter of the problem is adequate. To guarantee that strain-rate values are
equal to 0.0015 s−1, 0.015 s−1, and 0.15 s−1, loading profiles, expressed with re-
spect to applied displacement, were employed at 1.5×10−5 m/s, 1.5× 10−4 m/s,
and 1.5× 10−3 m/s velocities, respectively.

After developing the model, the uniaxial stress-strain results were obtained
by incorporating the FE analysis into the model. The predicted stress-strain re-
sults obtained from the VA model and the 42CrMo experiments were compared;
these comparisons are shown in Fig. 18. The VA model was able to reasonably
predict the stresses trends and values at room temperature for the two quasi-
static loading rates. Thus, the results of the verification analysis were deemed
satisfactory and the model was considered adequate in simulating the material
behavior under room temperature.

Fig. 18. FE prediction of stress-strain curves for 42CrMo steel at 0.0015 s−1 and 0.15 s−1

strain-rates.

4.2. Drop hammer test simulation

A simulation of the drop hammer tests conducted during the experiments was
done by utilizing a test arrangement identical to the one previously discussed
with respect to the drop heights, specimen dimensions, and hammer weights.
An axisymmetric FE formulation was used when modelling the specimen due to
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Fig. 19 Drop Hammer test’s FE deformation process and mesh configurations for a Drop-Hammer test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

   
Fig. 19. Drop hammer test’s FE deformation process and mesh configurations

for a drop hammer test.

it being shaped as a cylinder. The drop hammer test FE model comprised of
rigid and solid portions; the base and the hammer were considered as rigid while
a deformable solid model was used for the specimens. Axisymmetric elements
were used to mesh every part; however, the configurations of the mesh differed
for each portion, as displayed in Fig. 19. Small elements (i.e. fine meshing) were
used to mesh the specimen in a uniform fashion. The hammer and the ground
parts, on the other hand, utilized two distinct mesh controls while meshing; fine
mesh configurations, similar to the specimen’s mesh control, were used to model
the areas directly contacting the specimen while a coarse mesh configuration was
assigned to the areas that were not close to contacting the specimen.

It is important to accurately mimic the drop hammer tests loading conditions;
therefore, the hammer free fall simulation was allocated a gravitational load with

20 
 

 

Fig. 20 A comparisons experimental and FE simulation results for the specimen’s shape of deformation 

 

 

Fig. 20. A comparisons experimental and FE simulation results for the specimen’s shape of
deformation.
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a 9.81m/s2 acceleration value. A self-contact interaction mechanism is adopted
between the specimen surfaces of the specimens at both the hammer and base
ends. Since these types of tests results in intermediate deformation strain-rates,
the analysis considered adiabatic deformation by assuming that the dissipation
of the generated heat (due to the plastic work) to its surroundings is 50%. An
example of the process by which the drop hammer deforms at varying time
increments is displayed in Fig. 20.

To verify the drop hammer test FE simulation, the computational and exper-
imental results were compared with special regards to the shape of deformation
and the specimen failure. The specimen deformed configuration and final dimen-
sions were acceptably comparable to their experimental counterparts. Figure 20
illustrates an example of one of the comparisons performed.

5. Summary and conclusions

It is necessary to investigate 42CrMo high strength steel thermomechanical
behavior and response for various purposes, including design and construction.
In this study, 42CrMo steel behavior is studied for a wide scope of temperatures
and strain-rates. The results showed three deformation regimes due especially to
the applied temperature ranges (low, semi-elevated, and elevated temperatures).
To inspect the thermomechanical behavior of this alloy, multiple uniaxial tensile
tests were performed at varying quasi-static strain-rates (0.0015 s−1, 0.015 s−1,
and 0.15 s−1) and temperatures (298◦K, 523◦K, 723◦K and 923◦K). Addition-
ally, a drop mass bench was used to conduct dynamic tests at room temperature
at 300 s−1, 400 s−1, and 500 s−1 compressive dynamic strain-rates. To ensure
iso-energy conditions are maintained during the characterization of the steel dy-
namic behavior, three different hammer masses were released from three distinct
heights to test multiple cylindrically shaped samples.

During plastic deformation that is being affected by the temperature/strain-
rate combination, key features like work-hardening and thermally activated soft-
ening are driving forces modifying the alloy microstructure. They have a substan-
tial role in the determination of the alloy’s mechanical properties. Results showed
that 42CrMo steel quasi-static responses at room temperature were almost in-
significantly dependent on the quasi-static strain-rate. Sensitivity to strain-rate
increases in effectiveness with increasing temperatures at which hardening-sof-
tening competition occurs. Therefore, the impact of strain-rate, temperature,
and their coupling on the Young’s modulus, yield strength, work-hardening, and
its modulus was investigated.

On the other hand, certain temperature/strain-rate combinations led to the
occurrence of dynamic strain aging (DSA); the DSA increased with increasing
strain. Characterization of DSA is mostly done by examining the abrupt jumps
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in thermal stress as it varies at different temperatures. At 523◦K and 723◦K, this
DSA phenomenon was noticeable in 42CrMo steel for both quasi-static strain-
rates.

Identification of the material constants present in the constitutive, phy-
sically-based VA model was established by utilizing the stress-strain responses
of 42CrMo. The parameters of the VA model that were extracted from the exper-
imental data displayed good results, particularly at temperatures and strain-rate
combinations where the DSA was not effective. The experimental results were
then reproduced by implementing the VA model into ABAQUS, an FE software,
and the dynamic hammer tests were simulated. It is important to note that
the objective of this work is to target applications that give rather intermediate
strain-rates than high rates. Thus, the drop hammer represents an appropriate
choice from the point of view of the strain rate. The numerical analysis was
mainly utilized to develop a robust FE model capable of expanding and simulat-
ing a variety of structural problems involving the usage of 42CrMo in large-scale
practical applications exposed to various loading conditions.

Scanning electron microscopy (SEM) was employed in understanding the
material microstructure and measuring the internal voids and micro-cracks at
fracture for each test condition. The impact temperature and strain-rate exert
on micro-cracks and/or voids within these steel at fracture were analyzed. For
this steel, the damage accumulation was significantly dependent on the strain-
rate, temperature, and plastic straining quantity at fracture.
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