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Abstract: To better understand the tensile deformation and fracture behavior of 35CrMo steel during
hot processing, uniaxial tensile tests at elevated temperatures and strain rates were performed. Effects
of deformation condition on the flow behavior, strain rate sensitivity, microstructure transformation,
and fracture characteristic were characterized and discussed. The results indicated that the flow
stress was sensitive to the deformation condition, and fracture occurs immediately after the peak
stress level is reached, especially when the temperature is low or the strain rate is high. The strain
rate sensitivity increases with the deformation temperature, which indicates that formability could
improve at high temperatures. Photographs showing both the fracture surfaces and the matrix near
the fracture section indicated the ductile nature of the material. However, the fracture mechanisms
varied according to the deformation condition, which influences the dynamic recrystallization (DRX)
condition, and the DRX was accompanied by the formation of voids. For samples deformed at high
temperatures or low strain rates, coalescence of numerous voids formed in the recrystallized grains is
responsible for fracture, while at high strain rates or low temperatures, the grains rupture mainly by
splitting because of cracks formed around the inclusions.
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1. Introduction

Because of its good balance between strength, ductility, and wear resistance, 35CrMo steel is
widely used to fabricate critical parts working in harsh environments, e.g., transmission shafts, gears,
and bearings that are usually subjected to high cycles of stress, large loads, and corrosive surroundings;
further, the mechanical properties of the alloy require the full extent, and defects such as cracks and
holes formed during hot working are detrimental [1]. To avoid defects, a good understanding of the
cavitation behavior and the fracture mechanism for the 35CrMo steel is of paramount importance [2].

Uniaxial tensile tests at different deformation conditions were used to a great extent to optimize
the hot deformation behavior of the alloys, with the aim to prevent the cavitation and fracture of the
parts processed [3]. Specifically, the uniaxial tensile test can be used to not only determine the strength
of the alloy but also obtain the ductility data, which is valuable to evaluate various factors affecting
the formability and performance under complex deformation conditions [4]. Using hot tensile testing,
the fracture mechanism and hot deformation behavior of Incoloy 901 was studied by Shore et al.,
and they optimized the deformation parameters to minimize the risk of fracture; they attributed the
observed fracture to the grain boundary decohesion [5]. The fracture morphology and other properties
of AZ31 magnesium alloy were investigated by Jiao Deng et al. by performing hot tensile tests; the
results indicated that the fracture mechanism changes with the deformation conditions and that a
suitable amount of the liquid phase should preferably be present between the grain boundaries for

Metals 2016, 6, 210; doi:10.3390/met6090210 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://www.mdpi.com/journal/metals


Metals 2016, 6, 210 2 of 11

ductility [6]. In 2011, Bai et al. studied the influence of carbides and grain boundary conditions on the
fracture behavior of a Ni-Cr-W-based superalloy and concluded that the strength of the grain boundary
was weakened by the lamellar M23C6 carbides with a 1–3-µm width [7]. A modified Oyane-Sato
fracture criterion was proposed and applied to the cross wedge rolling process of the AA6082-T6
bars by Novella et al. who performed hot tensile tests at elevated temperatures [8]. The effects of
the microstructure on hot tensile deformation behavior of 7075 alloy was evaluated by Wang and his
co-workers [9]. Further, a similar dependence of the fracture behavior on the deformation conditions
was reported for the IMI834 titanium alloy [10], TA15 Ti alloy [11], Mg-9.3Li-1.79Al-1.61Zn alloy [12],
and other alloys [13,14], all of which indicate that hot tensile tests are a powerful tool to investigate
the fracture and high-temperature behavior of alloys. However, there is little information about the
fracture behavior for 35CrMo steel, and most studies to date have focused on the surface treatment and
related performance [15–19]. Therefore, the fundamental cavitation and fracture behavior of 35CrMo
need further investigation.

Hence, in this paper, the effect of strain rate and temperature on the fracture performance
of hot-rolled 35CrMo steel is investigated systematically. Efforts were also made to analyze the
relationships between the fracture morphology and the DRX.

2. Materials and Methods

The experimental material was a hot-rolled 35CrMo steel bar with a diameter of 12 mm. Its
chemical composition (wt. %) was as follows: C: 0.344; Cr: 0.95; Mo: 0.19; Mn: 0.56; Si: 0.21; P: 0.018;
S: 0.005; Al: 0.0032; Fe: Balance. The shape and size of the samples machined from the bars are shown
in Figure 1. Hot tensile tests were carried out at temperatures of 850 ◦C, 950 ◦C, 1050 ◦C, and 1150 ◦C
and strain rates of 0.01 s−1, 0.1 s−1, 1 s−1, and 10 s−1, and the samples were hot stretched to break
using a Gleeble 3500 machine (DSI®, New York, NY, USA). To eliminate the temperature gradient, the
samples were heated to 1150 ◦C at the rate of 10 ◦C/s, and this temperature was maintained for 2 min,
after which the samples were cooled to the deformation temperature at the rate of 10 ◦C/s prior to
loading. Once the samples were elongated to fracture, liquid nitrogen was used to cool them down to
preserve the deformed microstructure.
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Figure 1. Scheme of the tensile specimen (all dimensions are in mm).

After the uniaxial tensile tests, the fracture surfaces were examined by scanning electron
microscopy (SEM, FEI, Hillsboro, OR, USA). Then, the samples were sliced along the longitudinal
direction, mechanically polished, and chemically etched with a solution (2.5 g picric acid, 50 mL H2O,
1 mL HCl, and 2 g detergent) at 60–80 ◦C for 4–10 min to carry out both optical microscopy (OM,
Olympus, Tokyo, Japan) and SEM observations.

3. Results and Discussion

3.1. Hot Tensile Behavior

Figure 2 shows flow curves of the specimens tested under a strain rate of 0.1 s−1 and the
temperature of 850 ◦C after the elimination of effects due to the stress triaxiality according to the
method proposed by Williams [20]. As shown, the flow stresses are significantly affected by the strain
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rate and temperature. The flow stress exhibits work hardening at the initial deformation stage, and
then the strength decreases quickly after the peak stress to fracture. Additionally, the flow stress
varies proportionally with the strain rate but is inversely proportional to the deformation temperature.
Further, the fracture strain tends to increase with increasing strain rate but decreasing deformation
temperature. With decreasing strain rate, the time for the energy accumulation was prolonged, while
the mobility of the grain boundaries and atoms increased with the temperature; this makes annihilation
of dislocations, nucleations, and DRX growth much easier and thus results in a decrease in the flow
stress [21].
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Figure 2. Typical flow stress curves of the studied 35CrMo steel under different conditions. (a) At the
strain rate of 0.01 s−1; (b) at the temperature of 850 ◦C.

As revealed by Hutchinson et al. [22], the strain rate sensitivity can be used to characterize the
strain location and necking in the hot tensile deformation of alloys. The relationships between the
strain rate sensitivity coefficient (m) and temperature for the 35CrMo steel studied is shown in Figure 3.
The figure shows that m increases with the temperature, which indicates the increase in the necking
transferability, diffusion ability, and workability. Further, with increasing temperature, 1/m becomes
closer to 5. This means that dislocation slip and climb are responsible for the deformation; moreover,
these are the main deformation mechanisms of materials with big grains [6], including 35CrMo steel
(as shown in Figure 3c).
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3.2. Fracture Morphology Analysis

The fracture morphologies of the samples deformed at temperatures from 850 ◦C to 1150 ◦C
and at a strain rate of 10 s−1 are presented in Figure 4. All the fracture surfaces are covered with
dimples, which indicate the ductile nature of the material at these deformation conditions. With rising
deformation temperature, the reduction in area and size of the dimples becomes bigger and the number
of dimples on the fracture surfaces decreases, which is extremely obvious when the temperature goes
up from 850 ◦C to 1150 ◦C. Further, tenacity nests are presented for all the fracture surfaces, which
were originated from the form of dislocation creep caused by the atom diffusion. However, with
increasing temperature, the number of blade-type edges decreases, as can be seen from Figure 4h,k;
further, serpentine sliding on the wall of the dimples also becomes more obvious (Figure 4c,f).

Figure 4a illustrates the fracture surface for elongation at 850 ◦C/10 s−1: the surface is covered
with a large number of tearing edges and small dimples. It can be deduced from Figure 4a that
occurrence of internal necking is difficult in the case of the studied 35CrMo steel at 850 ◦C. In fact,
more macroscopic dimples were generated during the deformation, rather than the coalescence of
the dimples formed like the sample deformed at 1150 ◦C as shown in Figure 4j, the fracture of which
can be attributed to the combination of the micro voids. Additionally, inclusions can be found at the
bottom of the dimples in Figure 4a,e, but not for the samples deformed at 1050 ◦C and 1150 ◦C. The
pile up of dislocations around the inclusions can be eliminated for the increased mobility of atoms and
grain boundaries at high temperatures. Further, the plasticity of the inclusions improved, and it can be
elongated in accordance with the matrix without separating from the matrix.

Figure 5 shows the fracture morphology of the samples tested at the deformation temperature
of 850 ◦C and strain rate of 0.01 s−1, 0.1 s−1, and 1 s−1. As can be seen from the figures, with increasing
strain rate, the area reduction and size of the dimples decreased, but the number of the dimples
and blade-type edges increased. On the other hand, the number of blade-type edges decreased with
decreasing deformation temperature, which indicates that occurrence of internal necking becomes
increasingly difficult with the increased strain rate. From the high-resolution figures, as in Figure 5f,
serpentine sliding and tenacity nests are found on walls of the dimples (also in Figure 4c). Tenacity
nests were formed as a result of the dislocation creep, and the serpentine sliding resulted when the
principle stress was perpendicular to the dimple surface [6].
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Figure 5. The fracture morphology under 850 ◦C at a strain rate of (a,b,c) 0.01 s−1; (d,e,f) 0.1 s−1;
(g,h,i) 1 s−1.

3.3. Microstructure Analysis

The size of the dimples on the fracture surface is governed by the number and distribution of
microvoids that are nucleated. When the nucleation sites are widely spaced and few, the cavities grow
to a large size directly before coalescing, which result in the fracture surface having large dimples.
Small dimples are formed when numerous nucleating sites are activated and adjacent microvoids
coalesce, and rupture occurs before they have an opportunity to grow to a larger size.

To reveal the formation and expansion mechanism of the cavities during hot tensile testing,
a better understand of the microstructural evolution is important. Figure 6a–f shows the representative
microstructure for the samples tested at the temperatures of 850 ◦C and 1050 ◦C under the strain rate
of 0.01 s−1 and 10 s−1; these are near the fracture surface, and the grain structure of the sample before
elongation is illustrated in Figure 3c. According to Figure 6, after the tensile tests, DRX is observed,
as-received big grains were crystallized into equiaxed grains, and the recrystallized grain size reduces
with increasing strain rate and decreasing temperature. This phenomenon was also observed and well
explained from the viewpoint of energy accumulation and grain boundaries and atom mobility in
other alloys [23,24].
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Figure 6. Microstructures near the fracture face of the samples tested at (a) 850 ◦C/0.01 s−1,
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Metals 2016, 6, 210 8 of 11

Figure 6e represents the microstructure at the location 5 mm from the fracture surface for the
sample deformed at 850 ◦C/10 s−1: it is partially recrystallized, and small grains can be found at the
bulging site between the grains and grain boundary bulging is the major mechanism of the nucleation
during DRX. Figure 6f presents a location much closer to the fracture surface, with much strain and
full DRX but without cavities. It can be concluded that DRX occurred before the formation of cavities.
Additionally, as can be seen from Figure 6, cavities in the matrix deformed at the strain rate of 10 s−1

are much larger than those in the matrix deformed at 0.01 s−1, both at 850 ◦C and 1050 ◦C. However,
cavities are fewer in number and grain splitting is clear at high strain rates, especially for the one
elongated at 1050 ◦C. Apparently, the DRX has an important role in controlling the cavitation and
fracture behavior, and the number of voids in the matrix increased with the grain size.

The SEM image for the sample elongated at 850 ◦C/0.01 s−1 near the fracture surface is illustrated
in Figure 7a: The matrix can be divided into three different zones roughly as marked. Zone I is
occupied by columnar grain-like microstructures, Zone II has numerous holes, and Zone III seems to be
unaffected. High-magnification image of Zones I and II are presented in Figure 7b, and grains in Zone I
are divided into tiny isolated areas where voids join, with the boundaries parallel to the elongation
direction. However, it should be noted that the voids are not propagated along the grain boundaries,
and the joining of the microvoids in the grains was responsible for the rupture. Additionally, the true
strain increases from Zone III to Zone I, which indicated the rupture that the sample experiences is
due to the process of massive nucleation, growth, and converging of the microvoids.
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The SEM image of microstructure of the samples deformed at 850 ◦C/10 s−1 is illustrated in
Figure 7c: it is quite different from that for the sample elongated at the strain rate of 0.01 s−1. From the
image, the process of microvoid formation and converging is not obvious, but big voids are found, as
depicted in Figure 7c. With increasing strain rate, coalescence and converging of several voids around
the inclusions occur, which is the main reason for fracture. Efficiency decreased with the enlargement
of the cavities, and then splitting occurs with the rupture of the grains, as shown in Figure 7d.

It is well known that nucleation sites for the microvoids originate from the dislocation movement
along the slip plane in the hot stretching process. When the dislocation cannot overcome obstacles,
there will be a dislocation pile-up, and microvoids are created when external stress exceeds the
nucleation threshold of the material [25]. Additionally, as pointed out by researchers [26–28], the true
strain needed to complete the DRX decreases for the increased deformation temperature and decreased
strain rate, which indicated that the initiation of the cavitation for those tested at low temperatures or
high strain rates was delayed, and the formation of the voids occurred earlier in the matrix for those
with high temperatures or low strain rates.

For those tested at a high temperature, atoms and grain boundaries mobility was promoted, the
dislocations around micro-inclusions were eliminated, resulting in the dynamic recovery and DRX,
or were pushed to the grain boundaries. Further, when the strain rate is low, time for the dynamic
recrystallized grains to grow is sufficient, as presented in Figures 6a and 7b, and the grain size increases.
However, dislocations will be generated in the newly formed dynamic recrystallized grains for the
continued deformation, which is beneficial for the cavitation and coalescence of the voids produced in
the matrix. With a high density of microvoids and the increased mobility of the matrix, coalescence of
the voids results in fracture over the surface with connected big dimples. However, the annihilation of
the dislocations was also promoted by the high temperature and low strain rate, leading to the damage
tolerance of the samples tested at those conditions that were increased, and the resistance stresses at
these conditions exhibit a gradual decrease beyond the peak stress, which is obvious when the strain
rate is 0.01 s−1, as illustrated in Figure 2.

With decreased temperature and increased strain rate, more plastic deformation is needed
to complete DRX, and the energy left for cavitation decreases. During the tensile test,
high-dislocation-density locations are more common around the piled-up inclusions, ideal for the
nucleation of the voids. However, coalescence of voids must overcome obstacles like neighboring
dislocations and grain boundaries between them. As shown in Figures 6 and 7, grains were refined and
the number of the voids were reduced, for the decreased temperature and increased strain rate, energy
needed for the voids to cut through the matrix and grain boundaries becomes quite high, making
the coalesce of the voids more difficult, and thus the fracture surface covered with numerous small
dimples. Additionally, the annihilation of the dislocations becomes tougher, because the atom and
grain boundary mobility decreases for the decreased temperature and increased strain rate, and a
sharp rise in the dislocation density will cause the decreased damage tolerance of the samples to be
deformed at these conditions. The samples will quickly lose their efficiency once the voids are formed,
the stress will decrease sharply, as shown in Figure 2, and fracture will then occur.

4. Conclusions

The hot tensile deformation behaviors of 35CrMo steel were investigated at different temperatures
and strain rates, and the effects of deformation conditions on the flow behavior, fracture morphology,
and microstructure changes were characterized and discussed. Our conclusions are as follows:

1. The true stress-strain curves indicated that the hot tensile deformation behavior of 35CrMo
is sensitive to the temperature and strain rate, and the resistance stress decreases when the
temperature increases or the strain rate decreases. Further, neck transferability and workability
of 35CrMo steel can be improved by increasing the tensile temperature.

2. DRX is accompanied by the formation of cavities, and the cavitations are easier to initiate in
the recrystallized grains rather than at the grain boundaries. The grain size reduces for the
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decreased deformation temperature and the increased strain rate, which makes the generation
and coalescence of the cavities more difficult, and voids form around the inclusions, leading to
the fracture surfaces covered with numerous small dimples. However, for the increased mobility
of the atoms and boundaries and prolonged time, void combination is apparently easier under
a high temperature and low strain rate, leading to fracture surfaces with a small number of
big dimples.

3. The fracture mechanism of 35CrMo steel includes the nucleation, growth, and combination of
the microvoids during hot tensile testing. Damage tolerance can be improved with increased
deformation temperature and decreased strain rate. To reduce the probability of the formation of
cavitation in the matrix, deformation after the completion of DRX for 35CrMo steel should be
carefully controlled.
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