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Abstract: In order to reveal the dislocation evolution law of body-centered cubic axle steel EA4T
during cyclic deformation and provide an experimental basis for the subsequent construction of
cyclic constitutive models based on microscopic physical mechanisms, macroscopic deformation
experiments were first conducted on axle steel EA4T, including monotonic tensile experiments under
different deformation amounts, symmetric strain cycling experiments under a different number of
cycles, and ratcheting deformation experiments under a different number of cycles. Then, systematic
observations of different samples at different deformation stages were conducted using a Transmission
Electron Microscope (TEM) to investigate the dislocation configuration and evolution during strain
cycling and ratcheting deformation. The observed results show that the dislocation evolution law of
axle steel EA4T during the uniaxial tensile experiment, symmetrical strain cycling, and ratcheting
deformation is basically the same, and the dislocation density increases with the increase in plastic
deformation and number of cycles. The dislocation configuration gradually develops from low-
density dislocation configurations such as dislocation lines and dislocation pileups to high-density
dislocation configurations such as severe dislocation tangles and dislocation walls. The microscopic
mechanism of the uniaxial ratcheting evolution of axle steel EA4T can be qualitatively explained by
the dislocation configuration and evolution.

Keywords: axle steel EA4T; dislocation configuration; cyclic deformation; microscopic mechanism

1. Introduction

The accumulation of strain caused by cyclic loading is very important in structural
component design and mechanical engineering. Ratcheting refers to the accumulation of
plastic deformation that occurs in a material during asymmetric stress cycles. Engineering
components inevitably bear asymmetric stress cyclic loadings during actual work processes.
Conducting research on ratcheting behavior is very important in structural component
design and mechanical engineering and has important engineering significance and aca-
demic value. Many researchers have conducted comprehensive and in-depth research on
the ratcheting effect from both experimental and theoretical perspectives, as reviewed by
Ohno [1,2], Kang [3], Chaboche [4], and Sun [5], and more recently by Zhao [6], Kan [7],
Kang [8], Xu [9], MOSLEMI [10], Bai [11], and Xu L [12] et al.

However, these models are mostly macroscopic phenomenological cyclic constitutive
models established based on macroscopic experiments. The macroscopic cyclic constitu-
tive model does not include the microscopic physical mechanism of cyclic deformation,
requiring the introduction of response evolution equations and a large number of mate-
rial parameters, greatly limiting the engineering application of such cyclic constitutive
models. As is well known, the microscopic physical mechanisms of plastic deformation
in face-centered cubic (FCC) and body-centered cubic (BCC) metals at room temperature
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are mainly attributed to dislocation slip in active slip systems. In order to include as much
microphysical information about cyclic deformation as possible in the constitutive model,
cyclic polycrystalline constitutive models based on crystal plasticity have recently been
attempted and developed by Guo [13], Dong [14,15], Ren [16,17], Lei [18], Li [19], and so
on. The establishment of crystal plastic constitutive models provides a new option for
improving the ability to predict ratcheting deformation. However, the establishment and
improvement of these models require a comprehensive understanding of the formation
and evolution of dislocation morphology during cyclic and ratcheting deformation.

In order to reveal the micro-mechanism of cyclic deformation, a series of experimental
studies were conducted. Buque et al. [20] (2001), El Madhoun et al. [21] (2003), Zhang
and Jiang [22] (2005), Feaugas et al. [23] (2008), and Taleb and Hauet [24] (2009) studied
the microscopic mechanisms of cyclic plastic deformation by observing the dislocation
configuration and their evolution during the cyclic deformation of FCC polycrystalline
metals. However, these microscopic observations only focus on the strain-cyclic loading
of the material rather than the ratcheting deformation under asymmetric stress-controlled
cyclic loading.

Bocher et al. [25] and Feaugas and Gaudin [26,27] observed the dislocation structure
of 316 stainless steel after ratcheting deformation under different experimental conditions,
qualitatively explaining that the formation of inhomogeneous polarized dislocation sub-
structures composed of dislocation walls and dislocation cells from the cross slip of screw
dislocations is the microscopic physical mechanism of ratcheting deformation. However,
the dislocation patterns are mainly observed at the end of cyclic loading, and the evolution
of dislocations at different stages of ratcheting deformation has not been studied in detail.

Cheng et al. [28] observed the microstructure evolution of 304 stainless steel during
uniaxial ratcheting deformation and found that when the ratcheting strain reached a certain
value, the strain-induced Martensite transformation occurred during the ratcheting process,
and the amount of induced Martensite gradually increased with the number of cycles. In
order to reveal the microscopic mechanism of ratcheting deformation, Dong et al. [29–31]
and Kang et al. [32,33] recently observed the dislocation structures and their evolution
law of metals with different crystal structures during uniaxial ratcheting and multiaxial
ratcheting through transmission electron microscopy (TEM). It was found that during
the ratcheting deformation process, the dislocation configuration gradually evolves from
low-density dislocation configurations such as dislocation lines and dislocation pileups to
high-density dislocation configurations such as dislocation veins, dislocation walls, and
dislocation cells as the number of cycles increases.

However, there is relatively little research on the microscopic mechanism of metal
ratcheting deformation, especially for metals with different crystal structures (such as
body centered cubic structure metals) and different cyclic softening metal materials. Fur-
ther in-depth research is still needed to obtain the microscopic mechanism of material
cyclic deformation.

Therefore, it is necessary to conduct microscopic observations on dislocation configu-
ration and its evolution during the cyclic plastic deformation of face-centered cubic and
body-centered cubic polycrystalline metals in order to reasonably reveal the microscopic
mechanisms of metal cyclic plastic deformation. These microscopic mechanisms are very
important for constructing cyclic plastic constitutive models based on micro-mechanisms.

This paper will study the microscopic mechanism of EA4T axle steel during cyclic
deformation based on the macroscopic experimental research on cyclic deformation in the
research group [34] in order to provide experimental support and theoretical basis for the
subsequent construction of cyclic constitutive models based on micro-physical mechanisms.

The specific research content of this paper is as follows: Firstly, macroscopic de-
formation experiments were conducted on axle steel EA4T, including monotonic tensile
experiments under different deformation amounts, symmetric strain cycling experiments
under different number of cycles, and uniaxial ratcheting deformation experiments under
a different number of cycles. Then, a systematic observation of different samples at different
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deformation stages was conducted using a Transmission Electron Microscope (TEM) to
investigate the dislocation configuration and evolution during strain cycling and ratcheting
deformation at different deformation stages. Finally, the micro-physical mechanism of the
cyclic deformation of axle steel EA4T is summarized and discussed. At the same time,
the microscopic mechanism of the uniaxial ratcheting evolution of axle steel EA4T can be
qualitatively explained by the dislocation configuration and evolution.

2. Macroscopic Deformation Experiment of Axle Steel EA4T

Axle steel EA4T (25CrMo4 steel) is a low-carbon alloy steel produced by Germany’s
Siemens company and is widely used in hollow axles of high-speed trains. Its main
chemical composition is shown in Table 1.

Table 1. Main Chemical Composition of Axle Steel EA4T (Mass Fraction%).

C Mn Si Cr Mo Ni V S P Cu

0.22~0.29 0.5~0.8 0.15~0.40 0.90~1.20 0.15~0.3 0.3 0.06 0.015 0.02 0.3

The instrument used in the macroscopic deformation experiment of this paper is
the MTS810 material fatigue testing machine (MTS Systems Corporation, Eden Prairie,
MN, USA). The uniaxial deformation experiment requires processing the material into
a solid round bar specimen, with the specific shape and processing dimensions shown in
Figure 1. Three sets of experiments were conducted on axle steel EA4T at room temperature,
including monotonic tensile experiments under different deformation amounts, symmetric
strain cycling experiments under a different number of cycles, and ratcheting deformation
experiments under a different number of cycles. The main experimental conditions are
shown in Table 2.
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Figure 1. Shape and machining dimensions of uniaxial specimens (unit: mm).

Table 2. Experimental Conditions of Axle Steel EA4T.

Experimental
Conditions Number Experimental

Conditions
Loading

Rate
Number of

Cycles

Uniaxial tensile
experiment

1
2

Tension to 5%
Tension to 8%

2 × 10−3/s
2 × 10−3/s

Symmetrical strain
cycling experiment

3
4

±0.7%
±0.7%

2 × 10−3/s
2 × 10−3/s

50 Cycle
300 Cycle

Uniaxial ratcheting
deformation experiment

5
6

75 ± 475 MPa
75 ± 475 MPa

50 MPa/s
50 MPa/s

30 Cycle
110 Cycle

Figure 2 shows the uniaxial tensile curves (i.e., engineering stress-strain curves) of axle
steel EA4T under different deformations (5% and 8%) at a strain rate of 2 × 10−3/s. It can
be seen that different uniaxial tensile curves almost overlap, indicating that the materials of
different samples are basically the same, and the experiment has good repeatability, which
can ensure the effectiveness of microscopic TEM experiments.



Metals 2023, 13, 1379 4 of 13

Metals 2023, 13, x FOR PEER REVIEW 4 of 14 
 

 

can be seen that different uniaxial tensile curves almost overlap, indicating that the mate-
rials of different samples are basically the same, and the experiment has good repeatabil-
ity, which can ensure the effectiveness of microscopic TEM experiments. 

0 1 2 3 4 5 6 7 8
0

100

200

300

400

500

600

700

800

   =8%
   =5%

 

 

A
xi

al
 S

tr
es

s 
  

, M
P

a

Axial Strain  , %

Experiment

 
Figure 2. Experimental results of axle steel EA4T uniaxial tensile curve. 

Meanwhile, through experimental curves, it can be seen that the axle steel EA4T has 
a brief yield plateau at the initial yield point, followed by a significant strain hardening 
phenomenon. The strength limit of axle steel is about 660 MPa, with an upper yield 
strength of about 550 MPa and a lower yield strength of about 520 MPa. 

Figure 3 shows the experimental results of axle steel EA4T under symmetric strain 
cycling at a strain loading rate of 2 × 10−3/s with a strain amplitude of ±0.7%, where Figure 
3a,b show the cyclic stress-strain curves at different cycles of axle steel EA4T, and Figure 
3c shows the relationship curve between the responsive stress amplitude and the number 
of cycles under different cycles. The number of cycles is set to 50 and 300, respectively. 

  

Figure 2. Experimental results of axle steel EA4T uniaxial tensile curve.

Meanwhile, through experimental curves, it can be seen that the axle steel EA4T has
a brief yield plateau at the initial yield point, followed by a significant strain hardening
phenomenon. The strength limit of axle steel is about 660 MPa, with an upper yield strength
of about 550 MPa and a lower yield strength of about 520 MPa.

Figure 3 shows the experimental results of axle steel EA4T under symmetric strain cycling
at a strain loading rate of 2 × 10−3/s with a strain amplitude of ±0.7%, where Figure 3a,b
show the cyclic stress-strain curves at different cycles of axle steel EA4T, and Figure 3c shows
the relationship curve between the responsive stress amplitude and the number of cycles
under different cycles. The number of cycles is set to 50 and 300, respectively.
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In strain cycling experiments, the definition of the responsive stress amplitude is:
σa = (σmax + σmin)/2. In the equation, σmax and σmin are the values of the maximum
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and minimum responsive stresses corresponding to the symmetric strain cycling
experiment, respectively.

From Figure 3, it can be seen that the axle steel EA4T exhibits cyclic softening charac-
teristics in the strain-controlled cycling experiment, that is, the responsive stress amplitude
σa will gradually decrease with the increase in the number of cycles. At the same time, it
can also be seen that the rate of cyclic softening of axle steel EA4T gradually decreases with
the number of cycles, and there is no saturation phenomenon of cyclic softening within the
maximum number of cycles specified in the experiment.

Meanwhile, it can also be seen that the evolution curves of responsive stress amplitude
under different number of cycles almost overlap, indicating that the material has less
dispersion and the repeatability of the experiment is strong.

Figure 4 shows the evolution curve of ratcheting strain of axle steel EA4T under
a different number of cycles with a mean stress of 75 MPa and a stress amplitude of
475 MPa, where Figure 4a,b show the experimental results of stress-strain hysteresis loops
under a different number of cycles, and Figure 4c shows the evolution curves of uniaxial
ratcheting strain at a different number of cycles. The number of cycles is, respectively, set
to 30 and 110, with a loading stress rate of 50 MPa/s.
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(c) evolution curve of uniaxial ratcheting strain.

In asymmetric stress cycles, the definition of ratcheting strain is: εr = (εmax + εmin)/2. In
the equation, εmax and εmin, are the maximum and minimum strain values in the asymmetric
stress cycling experiment, respectively. From the experimental results, it can be seen that
the evolution curves of the ratcheting strain of axle steel EA4T under a different number of
cycles tend to be basically consistent, indicating that the material dispersion is very small
and the experiment has good repeatability.
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From Figure 4a,b, it can be seen that the stress–strain hysteresis loop of axle steel EA4T
exhibits an evolution trend from narrow to wide during the uniaxial ratcheting deformation
process, mainly because axle steel EA4T belongs to cyclic softening material.

At the same time, it can also be seen that the ratcheting strain of axle steel EA4T
increases with the increase in cycling cycles during asymmetric stress cycling. According
to the evolution trend of uniaxial ratcheting strain rate, the evolution curve of the uniaxial
ratcheting strain of cyclic softening axle steel EA4T can be divided into three stages: in the
first stage, the ratcheting strain rate rapidly decreases from large to small with the number
of cycles; in the second stage, the ratcheting strain rate remains constant; in the third stage,
the ratcheting strain rate gradually increases, and the material enters the stage of instability
and failure.

3. Microscopic Mechanism of Axle Steel EA4T during Cyclic Deformation

After the macroscopic deformation experiments, the solid round bar specimen is cut
along the direction parallel to the axis in the gauge length section. Then, it is cut into thin
sheets with a thickness of 0.5 mm using a wire cutting machine and four samples are taken
from each sample. After the wire cutting is completed, metallographic sandpaper from
coarse to fine is used for polishing, and, finally, to 30–40 um is polished. Then, the ground
sample is cut into circular discs with a diameter of 3 mm using a punching machine, and
electrolytic double spraying is performed on the ground sample. Perchloric acid alcohol
solution with a concentration of 15% is selected as the electrolytic double spray solution.
The Transmission Electron Microscope (T EM) experiment uses the Transmission Electron
Microscope (TEM) JEM-2100 produced by JEOL company in Japan. The Transmission
Electron Microscope (TEM) was used to systematically observe the dislocation configuration
of thin film samples under each experimental condition, and rough statistical analysis was
conducted to summarize the dislocation evolution law of the material during monotonic
tensile and cyclic deformation.

It should be noted that the plastic deformation of polycrystals is inhomogeneous at the
grain scale due to the different crystal orientations between grains. The main dislocation
configuration presented under each experimental condition in this article is the result
of rough statistical analysis of the dislocation morphology of many grains in four thin
film samples.

3.1. Dislocation Evolution Law in Uniaxial Tension

Firstly, Figure 5 shows the metallographic structure photos of axle steel EA4T before
deformation. It can be seen that the original structure of axle steel EA4T before deformation
is mainly composed of tempered Martensite and Bainite.
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The original dislocation configuration of body-centered cubic axle steel EA4T before
deformation was observed using TEM, as shown in Figure 6. It can be seen that the disloca-
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tion density in the original sample is relatively low, and the main dislocation configuration
is discrete dislocation lines, as shown in Figure 6a. Some dislocation pileup can be observed
near the grain boundary, but the dislocation density is low, as shown in Figure 6b.
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In order to compare and analyze the dislocation evolution law of axle steel EA4T
during strain cycling and ratcheting deformation, the dislocation configuration of body-
centered cubic (BCC) axle steel EA4T of uniaxial tension under different deformation
amounts was first observed. Figures 7 and 8 show the dislocation configuration of body-
centered cubic structure axle steel EA4T under tensile deformation of 5% and 8%, respectively.
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From the analysis of the results, it can be seen that:

(1) when the uniaxial tensile deformation is 5%, the main dislocation configuration can
be observed by the Transmission Electron Microscope (TEM) as dislocation tangles,
as shown in Figure 7a. Meanwhile, dislocation pileup can be observed at the grain
boundaries, as shown in Figure 7b. When the deformation of uniaxial tension reaches
8%, the main dislocation configuration is high-density dislocation tangle, as shown in
Figure 8a, where a small portion of grains have a tendency to form dislocation walls,
as shown in Figure 8b.

(2) During the tensile deformation, dislocations multiply continuously through a typical
mechanism, and the dislocation density significantly increases with the increase
in tensile plastic deformation. The dislocation configuration gradually develops
from low-density dislocation configurations, such as dislocation lines and dislocation
pileups, to high-density dislocation configurations, such as severe dislocation tangles
and dislocation walls;

(3) The plastic deformation of polycrystalline metal is inhomogeneous at the grain scale,
taking the tensile deformation of 5% as an example. Specifically, dislocation tangles
and dislocation pileup can be observed in most grains, as shown in Figure 7a,b.
However, in a small part of grains, only dislocation lines or dislocation-free zones
can be observed, as shown in Figure 7c. This is mainly caused by different crystal
orientations, which can be seen in references [30,33].

3.2. The Evolution Law of Dislocations during Ratcheting Deformation

Then, the dislocation configuration of body-centered cubic axle steel EA4T during
uniaxial ratcheting deformation (mean stress 75 MPa, stress amplitude 475 MPa) was
observed. Figures 9 and 10 show the main dislocation configuration of body-centered cubic
axle steel EA4T at 30 and 110 cycles, respectively.
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From the analysis of experimental results, it can be seen that:

(1) when the number of cycles is 30, the ratcheting deformation is 1.93%, and the main
dislocation configurations of axle steel EA4T are dislocation tangles and dislocation
pileup, as shown in Figure 9;

(2) when the cycle number is 110 cycles, the ratcheting deformation is 4.53%. The main
dislocation configuration of axle steel EA4T is dislocation pileup, and some crystals
generate severe dislocation tangles, as shown in Figure 10a; The dislocation cellular
structure is not obvious, and very few grains have early sub-grains, as shown in
Figure 10b.

(3) During the uniaxial ratcheting deformation of axle steel EA4T, dislocations are also
constantly proliferating. The dislocation density gradually increases with the increase
in the number of cycles and ratcheting strain, and a small portion of grains will form
early subgrains in the later stage of the ratcheting deformation experiment.

Based on the observed evolution of dislocation configuration, the microscopic mecha-
nism of the uniaxial ratcheting evolution of body-centered cubic axle steel EA4T can be
qualitatively explained as follows:

(1) At the first stage and early second stage of ratcheting strain, i.e., when the number
of cycles is less than 30, the main dislocation configuration of axle steel EA4T has
evolved from discrete dislocation lines to complex dislocation configuration, such
as dislocation tangles and dislocation pileup, with a rapid increase in dislocation
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density. The increase in dislocation density and the formation of complex dislocation
configurations during the initial stage of ratcheting deformation improved the degree
of hardening of axle steel EA4T, resulting in a gradual decrease in ratcheting strain
rate during the first stage.

(2) At the second stage of ratcheting strain, i.e., when the cycle of ratcheting strain is less
than 110, although the dislocation density of axle steel EA4T increases, its main dislo-
cation configuration is relatively stable and still forms dislocation tangles, resulting in
a constant ratcheting strain rate at the second stage. However, the dislocation density
in the second stage of the ratcheting strain is greater than that in the first stage, so the
ratcheting strain rate in the second stage is smaller than that in the first stage.

3.3. The Evolution Law of Dislocations during Strain Cycling

Finally, the dislocation configuration of body-centered cubic steel EA4T during cyclic
deformation controlled by symmetric strain (strain amplitude ±0.7%) was observed by
transmission electron microscopy. Figures 11 and 12, respectively, show the dislocation con-
figuration of axle steel EA4T at symmetrical strain cycles of 50 and 300 cycles, respectively.
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From the experimental results, it can be concluded that:
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(1) During the strain cycling process, the rate of dislocation multiplication is very fast.
When the number of strain cycles is 50, the main dislocation configuration of axle
steel EA4T is high-density dislocation tangles, as shown in Figure 11a. Dislocation
walls with a tendency to form dislocation cells can be observed in certain grains, as
shown in Figure 11b.

(2) When the number of strain cycling is 300, a large number of subgrains can be observed
in the later stage of the strain cycling experiment [30,35], as shown in Figure 12.

(3) During the strain cycling of axle steel EA4T, the dislocation density gradually increases
with the increase in the number of cycles. The rate of dislocation multiplication dur-
ing the strain cycling is higher than that of dislocations during uniaxial ratcheting
deformation. The dislocation configuration gradually forms a high-density inho-
mogeneous dislocation configuration from a low-density dislocation configuration,
and finally tends to form a stable subgrain structure, similar to the stable dislocation
configuration of body centered cubic polycrystalline 20 carbon steel [30,32].

4. Conclusions

This paper first conducted macroscopic monotonic tensile experiments under different
deformation amounts, symmetric strain cyclic experiments under different number of
cycles, and ratcheting deformation experiments under a number of cycles on axle steel
EA4T. The Transmission Electron Microscope (TEM) was used to systematically observe
the dislocation configuration of different samples at different deformation stages. Based on
the comprehensive analysis of the macroscopic deformation experiment and Transmission
Electron Microscope (TEM) experiment results of axle steel EA4T, the following conclusions
can be drawn:

1. Axle steel EA4T exhibits cyclic softening characteristics in strain-controlled cycling
experiments, that is, the responsive stress amplitude will gradually decrease with the
increase in the number of cycles. At the same time, the rate of cyclic softening of axle
steel EA4T gradually decreases with the number of cycles, and there is no saturation
phenomenon of cyclic softening within the maximum cycle set in this experiment. The
ratcheting strain of axle steel EA4T increases with the increase in cycling cycles during
asymmetric stress cycling. According to the evolution trend of uniaxial ratcheting
strain rate, the evolution curve of uniaxial ratcheting strain of axle steel EA4T can be
divided into three stages: in the first stage, the ratcheting strain rate rapidly decreases
from large to small with the number of cycles, while in the second stage, the ratcheting
strain rate remains constant. In the third stage, the ratcheting strain rate gradually
increases, and the material enters the stage of instability and failure.

2. The dislocation evolution law of axle steel EA4T during the uniaxial tensile exper-
iment, symmetrical strain cycling, and the ratcheting deformation experiment is
basically the same, and the dislocation density increases with the increase in plas-
tic deformation and the number of cycles. The dislocation configuration gradually
develops from low-density dislocation configurations such as dislocation lines and dis-
location pileups to high-density dislocation configurations such as severe dislocation
tangles and dislocation walls. A small portion of the grains will form early subgrains
in the later stage of the ratcheting deformation experiment, and a large number of
subgrains can be observed in the later stage of the strain cycling experiment. The rate
of dislocation multiplication during strain cycling is faster than that during uniaxial
ratcheting deformation.

3. Based on the observed dislocation configuration evolution, the microscopic mecha-
nism of the uniaxial ratcheting evolution of body centered cubic axle steel EA4T can
be qualitatively explained as follows: at the first stage and early second stage of ratch-
eting strain, the main dislocation configuration of axle steel EA4T has evolved from
discrete dislocation lines to complex dislocation configuration, such as dislocation tan-
gles and dislocation pileup. The increase in dislocation density and the formation of
complex dislocation configurations during the initial stage of ratcheting deformation
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improved the degree of hardening of axle steel EA4T, resulting in a gradual decrease
in ratcheting strain rate during the first stage. At the second stage of ratcheting strain,
although the dislocation density of axle steel EA4T increases, its main dislocation
configuration is relatively stable and still forms dislocation tangles, resulting in a con-
stant ratcheting strain rate at the second stage. However, the dislocation density in
the second stage of the ratcheting strain is greater than that in the first stage, so the
ratcheting strain rate in the second stage is smaller than that in the first stage.
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