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Abstract: Fatigue property is a key evaluation index for the service reliability of railway axle. In this
work, the effect of ultrasonic surface rolling processing (USRP) on the surface characteristic and fatigue
property was investigated in an EA4T axle steel used on high speed trains by several characterization
techniques and the staircase method fatigue testing. The surface characteristics were initially studied
in EA4T axle steel under different static loads of 1.0 kN, 1.5 kN and 2.0 kN, and served as the important
USRP parameter. It was found that the larger static load greatly improved the surface microstructure,
microhardness and compressive residual stress, but also increased the surface roughness. Furthermore,
the rotating bending fatigue endurance limit of the USRP specimen with a static load of 1.5 kN
was obviously enhanced by ~14% (from ~352 MPa to ~401 MPa) relative to the untreated specimen.
The enhanced fatigue limit induced by USRP was attributed to the synergistic effect of the grain
refinement, as evidenced by transmission electron microscope (TEM) observation, work-hardening,
the increased compressive residual stress and the reduced surface roughness. Moreover, the fatigue
limit of the USRP specimen was ~4% higher than that of the rolling specimen with turning off the
ultrasonic system, ~386 MPa, which showed that the role of the ultrasonic impact could enhance the
fatigue property. These findings demonstrate the validity of this technique in modifying the surface
characteristics and thus improving the fatigue resistance of axle material, further ensuring its service
safety and reliability.

Keywords: axle steel; ultrasonic surface rolling processing; microstructure; microhardness; residual
stress; fatigue endurance limit

1. Introduction

Fatigue is a key factor in the failure of structural material [1,2]. It is reported that ~90% of service
failures of metals or metallic components result from fatigue [3,4]. Railway components are typically
subjected to cyclic loading during service [5,6]. With railway transportation proceeding into high
speed and heavy loads, railway components such as the axle and wheel will undergo the worse service
conditions. In order to ensure a safer and longer service life, many efforts for improving the fatigue
property of railway steel have been made [7,8].

The fatigue crack mostly originates at the material’s surface, such as persistent slip bands (PSB) [9],
grain boundaries [10], scratches [11], etc. This demonstrates that the fatigue behavior is sensitive to
the surface microstructure and property. Various severe plastic deformation (SPD) methods have
been performed to produce nano-scaled grains and modify the surface microstructure, such as shot
peening [12,13], laser shock peening [14,15], surface mechanical attrition treatment [16], ultrasonic
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shot peening [17], ultrasonic cold forging technology [18], etc. Simultaneously, these techniques could
introduce a high level of compressive residual stress and work-hardening layer near the specimen’s
surface. The modified surface microstructure and property increase the resistance of materials to
fatigue damage, and thus induce the enhancement of fatigue properties such as the rotating bending
fatigue endurance limit [13,19] and tension-compression fatigue endurance limit [15,20]. Taking the
traditional and widely applicable shot peening as an example, this technique can enhance the fatigue
endurance limit of typical steel by up to ~30% relative to an untreated one [13].

Among the mentioned SPD methods, ultrasonic surface rolling processing (USRP) was developed
recently and attracted great research interest [21–26]. In USRP, a hard tool head is used to dynamically
impact the material’s surface at a high frequency of ultrasonic vibration in the normal direction;
meanwhile, a constant static load is applied to roll the material’s surface. After USRP, uniformly
distributed grains with a small size will be formed in the near-surface layer, with the surface property
improved, including the microhardness, residual stress, etc. The result reported by Wang et al. [24]
indicated that the grain size could be refined to a size as small as ~3 nm on the top surface after USRP, and
that the surface microhardness was greatly increased by ~50%, along with a large compressive residual
stress, at ~850 MPa, in the subsurface. Due to the beneficial effect of USRP on the surface, the mechanical
properties related to the material’s surface, such as strength, wear and fatigue, are enhanced [27–32].
Through the transmission electron microscope (TEM) observation and tensile tests of the widely used
Ti-6Al-4V alloy, Ao et al. [28] found that USRP increased tensile strength slightly and decreased yield
strength, but the USRP specimen possessed a good combination of strength and ductility. The variation
of the tensile property is mainly due to the formation of the gradient nanostructure surface layer and
the phase transformation induced by USRP. Besides, for the fatigue properties of engine steel, it was
reported that USRP could greatly improve its fatigue endurance limit by ~40%, which was also related
to the surface microstructure and characteristics [30].

The axle body, as one of the most important components of the railway axle, is subjected to rotating
bending cyclic loading in railway systems. It is of great importance to pay more attention to enhancing
the fatigue property of axle steel in order to ensure its service safety and reliability. As mentioned
above, great efforts have been made to study the effect of USRP on the mechanical property of some
component materials, while investigations of the USRP effect on the fatigue property of axle steel
are still few. In this paper, EA4T steel, which is widely applied to the axle of high-speed trains, was
selected as the research object. The USRP parameters include the feeding speed, static load, rotation
rate, vibration amplitude, etc. Different static loads, i.e., 1.0 kN, 1.5 kN and 2.0 kN, were utilized to
treat the specimen surface of EA4T steel, and other parameters remained constant. The microstructure
near the surface region was observed, and the surface roughness, microhardness and residual stress
distribution were measured before and after USRP. The rotating bending fatigue endurance limits
between the untreated specimen, rolling specimen and USRP specimen with a static load of 1.5 kN
were measured and compared. Based on the experimental results, the corresponding mechanisms
were discussed in detail.

2. Experimental Section

2.1. Materials and Sample Preparation

The chemical composition of EA4T axle steel is given in Table 1. This axle steel requirement follows
the European standard EN 13261 [33]. The steel was heated by surface quenching and high-temperature
tempering. Then, the specimen was subjected to ultrasonic surface rolling processing (USRP) treatment
using HKUSM30HB equipment (Shandong Huayun Electromechanical Technology Ltd., Jinan, China).
The basic processing parameters were set as follows: the rotation rate of the specimen was 300 r/min;
the feeding speed was 0.1 mm/r; the ultrasonic frequency was 30 kHz; and the vibration amplitude
was 8 µm. The static load was set as 1.0 kN, 1.5 kN and 2.0 kN, respectively, to investigate the effect of
static load variation on the surface microstructure and property.
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Table 1. Chemical composition of EA4T axle steel (wt.%).

C Si Mn P S Cr Ni Fe

0.28 0.34 0.74 0.0129 0.0029 1.07 0.28 Balance

2.2. Surface Characterization

The cross sections of the specimens were ground with SiC papers and polished by diamond
paste to produce mirror surfaces. The specimens were finally etched using a 4% nital solution at
room temperature. The cross-sectional microstructure of the etched specimens was observed with a
Neophot-21 optical microscope (Carl Zeiss AG, Oberkochen, Germany).

The detailed morphology of the surface damage layer was observed by Quanta 400 scanning
electron microscope (SEM) (FEI, Hillsboro, OR, USA). The microstructural features of the transmission
electron microscope (TEM) and corresponding selected area electron diffraction (SAED) were obtained
by a JEM-2100F microscope (JEOL, Tokyo, Japan) with an accelerating voltage of 200 kV.

The surface roughness was measured using a TR-200 contact surface profiler (Time Group Inc.,
Beijing, China). The microhardness of the surface and subsurface layers was measured by a FM-7
Vickers hardness tester with a load of 1.96 N and a dwell time of 10 s (Future-Tech CORP., Kawasaki,
Japan). The cross-sectional residual stress was determined by Proto-LXRD X-ray diffractometer using
the classical sin2ψmethod (PROTO Manufacturing Ltd., Windsor, ON, Canada).

2.3. Fatigue Endurance Limit Measurement

Based on the service condition of the railway axle, the rotating bending fatigue test of cylinder
specimens with a diameter of 9.48 mm was performed by a PQ1-6 testing machine using weight
loading (Tianshui Hongshan Testing Machine Ltd., Tianshui, China). The arm of force was 120 mm.
The cyclic stress obeyed a stress ratio of R = σmin/σmax = −1 and a frequency of 83.3 Hz. The R value
corresponded to the service condition for an axle body under rotating bending. The fatigue test was
terminated if the specimen failed or survived by 107. Based on the staircase method [34], the fatigue
endurance limits of the untreated specimen, rolling specimen (when turning off the ultrasonic system)
and USRP specimen were measured.

3. Results and Discussion

3.1. Microstructure, Surface Roughness, Microhardness and Residual Stress

Figure 1 presents the optical images of the cross-sectional microstructure along the ultrasonic
vibration direction of the untreated specimens and USRP-treated specimens with a static load of
1.0 kN, 1.5 kN and 2.0 kN, respectively. It is seen that the microstructures of the untreated and treated
states both consist of bainite and tempered martensite. After USRP, a severe plastic deformation was
formed in the near-surface layer, owing to the effect of the high-frequency impact and large static load.
The direction of the plastic deformation, as indicated by the flow line in Figure 1b–d, is consistent with
the feeding direction of the rolling ball. The microstructure is obviously refined in the deformation
layer. The thickness of the plastic deformation layer is influenced by the static load. The value of
the thickness can be determined by measuring the distance between the white lines, as indicated in
Figure 1b–d. It is found that the values for the three USRP states are ~100 µm, ~250 µm and ~400 µm,
respectively. The larger static load causes the increase of the thickness value, which is mainly attributed
to the increased plastic strain.

The morphology evolution on the specimen surfaces before and after USRP is shown in Figure 2.
The untreated specimen is subjected to a turning process using the lathe. Large amounts of parallel
lines with peak and valley features emerge on the untreated specimen surface, which are the result
of machine processing. The surface roughness, Ra, termed as the arithmetical mean deviation of the
profile, is measured to be as large as ~0.92 µm for this state, as displayed in Figure 3. After applying
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USRP on the specimen surface, the “peak” material is squeezed into the “valley” region under the
action of the high-frequency dynamic impact and static load [23,27]. The machining marks of the
specimen surface will be eliminated. It is seen that a smooth surface without remarkable machining
marks was formed under a static load of 1.0 kN. The Ra value of this state was greatly reduced to
~0.12 µm, ~87% lower than that of the untreated specimen.

Metals 2020, 10, x FOR PEER REVIEW 4 of 14 

 

result of machine processing. The surface roughness, Ra, termed as the arithmetical mean deviation 
of the profile, is measured to be as large as ~0.92 μm for this state, as displayed in Figure 3. After 
applying USRP on the specimen surface, the “peak” material is squeezed into the “valley” region 
under the action of the high-frequency dynamic impact and static load [23,27]. The machining marks 
of the specimen surface will be eliminated. It is seen that a smooth surface without remarkable 
machining marks was formed under a static load of 1.0 kN. The Ra value of this state was greatly 
reduced to ~0.12 μm, ~87% lower than that of the untreated specimen. 

Under a static load of 1.5 kN, a scale-like feature was observed on the specimen surface, as 
shown in Figure 2c. When further increasing the static load to 2.0 kN, the size of the scale-like unit 
became larger and its boundary became more unambiguous (Figure 2d). The emergence of the 
scale-like feature caused a poor surface quality. The values of Ra for the two static loads were 
increased to be ~0.21 μm and ~0.65 μm (Figure 3), respectively, in agreement with the surface 
features. Despite the fact that the values of Ra in the specimen under a static load of 1.5 kN and 2.0 
kN were still lower than that of the untreated specimen, the value of Ra showed an increasing trend 
as the static load increased. The variation of the Ra value with the static load was consistent with the 
results reported by Wu et al. [35], who also found that the over static load would destroy the surface 
during USRP. The poor surface quality was mainly ascribed to the severe plastic deformation of the 
surface material when applying the over static load. Besides, the over static load probably makes the 
treatment processing unstable, further deteriorating the surface quality. 

 
Figure 1. Cross-sectional metallographic observations of (a) the untreated specimen and ultrasonic 
surface rolling processing (USRP) specimens treated at a static load of (b) 1.0 kN, (c) 1.5 kN and (d) 
2.0 kN. The distance between the white lines represents the thickness of the deformation layer near 
the surface of the USRP specimens. 

 
Figure 2. Surface morphologies in (a) the untreated specimen and (b)–(d) the USRP-treated 
specimens with a static load P of 1.0 kN, 1.5 kN and 2.0 kN, respectively. 

Figure 1. Cross-sectional metallographic observations of (a) the untreated specimen and ultrasonic
surface rolling processing (USRP) specimens treated at a static load of (b) 1.0 kN, (c) 1.5 kN and (d)
2.0 kN. The distance between the white lines represents the thickness of the deformation layer near the
surface of the USRP specimens.
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Figure 2. Surface morphologies in (a) the untreated specimen and (b–d) the USRP-treated specimens
with a static load P of 1.0 kN, 1.5 kN and 2.0 kN, respectively.

Under a static load of 1.5 kN, a scale-like feature was observed on the specimen surface, as shown
in Figure 2c. When further increasing the static load to 2.0 kN, the size of the scale-like unit became
larger and its boundary became more unambiguous (Figure 2d). The emergence of the scale-like
feature caused a poor surface quality. The values of Ra for the two static loads were increased to be
~0.21 µm and ~0.65 µm (Figure 3), respectively, in agreement with the surface features. Despite the fact
that the values of Ra in the specimen under a static load of 1.5 kN and 2.0 kN were still lower than that
of the untreated specimen, the value of Ra showed an increasing trend as the static load increased.
The variation of the Ra value with the static load was consistent with the results reported by Wu et
al. [35], who also found that the over static load would destroy the surface during USRP. The poor
surface quality was mainly ascribed to the severe plastic deformation of the surface material when
applying the over static load. Besides, the over static load probably makes the treatment processing
unstable, further deteriorating the surface quality.
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The micro–Vickers hardness distribution along the cross section of the untreated specimen and
different USRP specimens was measured, as depicted in Figure 4. It is seen that the microhardness of
the untreated state nearly remained constant, ~222 HV, despite the depth. The relationship between the
microhardness and the depth for the three static loads of USRP exhibited a similar variation trend, i.e.,
the microhardness firstly decreased when increasing the depth away from the surface, and then reached
a constant value. The values of the vertical intercept, which represents the maximum microhardness
on the surface, were ~304 HV, ~324 HV and ~332 HV, respectively, for static loads of 1.0 kN, 1.5 kN
and 2.0 kN. The constant value was nearly equal to that of the untreated one. The above result
indicates that the microhardness in the near-surface/surface region was enhanced after USRP, relative
to the untreated one, and increased with an increasing static load. We also obtained the thickness
of the hardening layer after USRP by measuring the abscissa value of the curve knee in Figure 4.
The thicknesses of the hardening layer for the three static loads were determined to be ~386 µm,
~447 µm and ~509 µm, respectively, which was consistent with the variation trend of the thickness of
the deformation layer. The larger static load led to the formation of a thicker hardening layer. It is noted
that the thickness of the deformation layer was measured by optical microscope. The resolution of the
optical microscope was not large enough to observe the nano-scale and submicron-scale deformed
microstructure. This induced the fact that the measured thickness of the deformation layer seemed to
be lower than the thickness of the hardening layer for the three static loads.
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The enhanced hardness in the near-surface layer after USRP is mainly attributed to multiple
dislocations and microstructure refinement [21,36]. It is reported that the strength σf can be theoretically
estimated as [37]:

σ f = σ0 + kd−1/2
f p + αGbρ1/2, (1)

where σ0 is the friction strength, k is the Hall–Petch constant, dfp is the mean free path for dislocations,
α is a constant, G is the shear modulus, b is the Burgers vector and ρ is the dislocation density. The above
equation indicates that the material strength or hardness increases when increasing the dislocation
density and decreasing the grain size. The USRP induces a severe plastic deformation, and produces
a high-density dislocation structure and large area of grain boundaries in the near-surface region.
These microstructure characteristics will improve the resistance to dislocation slipping and eventually
enhance the material microhardness after USRP when compared with the untreated specimen.

The results of the surface residual stress of the specimens before and after USRP treatment
are presented in Figure 5. The surface residual stress of the untreated specimen was compressive,
~228 MPa, probably due to the machining process. After USRP under a static load of 1.0 kN, the surface
compressive residual stress was largely enhanced to ~625 MPa, which was three times as high as for the
untreated specimen. As the static load increased to 1.5 kN and 2.0 kN, the surface compressive residual
stresses were further enhanced to ~690 MPa and ~739 MPa, respectively, indicating that an increase of
the static load promoted the enhancement of the surface compressive residual stress. The generation
and increase of the surface compressive residual stress is related to the severe plastic deformation
induced by USRP [27]. When applying a high-frequency vibration and static load on the specimen
surface, the surface layer and the layer below it will be subjected to different stress levels. This results
in varying plastic strains in different layers. The mismatching of plastic deformation will produce the
compressive residual stress on the surface. Besides, the high-density dislocations in the near-surface
layer cause the distortion of the atomic lattice, further enlarging the compressive residual stress.
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The current experimental results on the static-load effect on compressive residual stress are
in agreement with the theoretical calculations and simulations in previous investigations [38–42].
The finite element (FE) simulation reported by Khan et al. [38] indicated that a higher force produced a
larger compressive residual stress after USRP. Then, a 3D dynamic FE model for the USRP process
was developed by Liu et al. [40], which further confirmed that increasing the static load could
greatly enhance the magnitude of compressive residual stress. Recently, Zhang et al. [41] built a
theoretical model of the compressive residual stress field based on the combination of FE simulation and
elastic-plastic contact theory, and found that the beneficial effect of the static load on the compressive
residual stress was essentially attributed to the variation of the plastic contact radius.
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3.2. Fatigue Endurance Limits of Untreated and USRP-Treated Specimens

As indicated above, the larger static load induces the increase of surface roughness, which may
deteriorate the fatigue property; on the other hand, a larger static load enhances the microhardness and
compressive residual stress, which may be beneficial for the fatigue property. For a comprehensive
consideration of surface roughness, microhardness and compressive residual stress, an intermediate
static load state of 1.5 kN was selected to conduct the fatigue test. The staircase diagrams of the
specimens before and after USRP with a static load of 1.5 kN are shown in Figure 6. By pairing the
fractured and non-fractured specimens under the adjacent stress levels, the fatigue endurance limit σ−1

can be calculated as follows:
σ−1 =

1
m

∑n

i=1
Viσi, (2)

where m is the experimental number, i is the order number of stress levels, n is the number of stress
levels, σi is the stress level and Vi is the experimental number under σi. According to Equation (2),
the 107 fatigue endurance limits for these two states were measured to be ~352 MPa and ~401 MPa.
It was found that the fatigue limit was enhanced by ~14% after USRP with a static load of 1.5 kN,
which indicated the validity of USRP in improving the fatigue property.
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The fatigue limit represents the stress for fatigue crack initiation. The enhancement of the fatigue
endurance limit induced by USRP is mainly explained through the following factors, based on the
perspective of fatigue crack initiation:

(1) Grain refinement and work-hardening. The microstructural refinement in the plastic
deformation layer near the surface of the USRP specimen has been shown in Figure 1. To investigate
the difference of the fatigue limits between the untreated and USRP specimen with a static load of
1.5 kN we further observed the near-surface microstructural features of these two states by TEM, as
shown in Figure 7. Relative to the untreated one, many elongated ultra-fine grains with a width
under ~500 nm could be seen in the USRP specimen. The grain refinement was also supported by the
result of the selected area electron diffraction (SEAD) pattern, which showed the obvious diffusive
diffraction spots. Besides, it was clear that a high density of dislocation lines, dislocation tangles
and dislocation walls were formed in the grain, as marked by the arrows in Figure 7b. The grain
refinement, as well as the dislocation structure, agreed well with the microstructure observation of
the deformation layer after SPD [14,20,43,44]. The mechanism of grain refinement can be explained
through dislocation motion [24,31]. For the current material, the main plastic deformation mode
was dislocation slipping. As the strain increases, the dislocations within the original grains are
largely produced and proliferated. To reduce the system energy, the denser dislocations will slip,
accumulate, interact and rearrange, eventually leading to the formation of dislocation tangles, walls
and cells. These dislocation characteristics gradually break the original grain and transform into the
sub-grain boundaries. When further increasing the strain, the sub-grain boundaries turn into grain
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boundaries with small or big angles. The original grain is subdivided into several small-sized grains.
The small-sized grains become stable, until the generating and annihilating rates of dislocations reach
an equilibrium state. Thus, the dislocation operation is responsible for the grain refinement in the
near-surface layer after USRP.
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The mechanism of fatigue crack initiation in metallic materials has been known [9,45].
Local dislocations activate and slip along the favorably oriented slip plane in the grain under cyclic
loading, eventually leading to the formation of persistent slip bands (PSBs) on the specimen surface.
The continuous slipping of PSBs will generate the extrusion and intrusion. Fatigue cracks are prone to
initiate from the stress concentrators. Once the specimen surface is treated by USRP, larger amounts of
dislocation lines, tangles and walls are introduced inside the surface layer. The high-density dislocation
structure prevents the dislocation slipping and thereby suppresses the fatigue crack origination from
slipping. On the other hand, the USRP refines the original grains into many small-sized grains. As a
result, the area of the grain boundary will be greatly increased. These grain boundaries provide the
obstacle for dislocation slipping, further preventing the initiation of fatigue cracks [32]. Besides, the
surface work-hardening (see Figure 4) induced by the dense dislocation structure and refined grains
also increases the slipping resistance and then provides a beneficial effect for arresting the fatigue crack
initiation [46].

(2) Surface roughness. The fatigue crack tends to initiate from the casting and processing defects,
such as inclusion, pore, scratch, etc. [11,47]. In the untreated specimen, large amounts of machining
marks serve as the local stress concentration sites and are potentially the sources for fatigue crack
initiation. This will accelerate the occurrence of fatigue damage. The USRP can effectively remove these
processing marks, thus resulting in a decreased surface roughness, as mentioned above in Figure 3.
The better surface quality delays the initiation of fatigue cracks.

(3) Compressive residual stress. For the fatigued specimen after USRP treatment (see Figure 5),
a portion of the applied tensile stress is balanced by the compressive residual stress, and then the
applied tensile stress in the near-surface region is decreased [13,18]. This induces the fatigue crack
initiation inside the specimen, rather than from the surface, delaying the initiation of the fatigue crack.
The effect of compressive residual stress caused by different SPD methods on the fatigue property of
various materials has been extensively studied using experiments and simulations, and the results
verify the important role of compressive residual stress in the enhancement of fatigue property [48–50].

For a comprehensive understanding of enhanced fatigue property induced by the USRP treatment,
the schematic diagram of the USRP effect on specimen surface is plotted, as shown in Figure 8.
The beneficial effect of USRP on the fatigue limit of the current axle steel is attributed to the synergistic
effect of the refined microstructure, increased surface hardness, reduced surface roughness and high
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level of compressive residual stress by this surface treatment method, which causes a positive influence
in retarding the fatigue crack initiation.Metals 2020, 10, x FOR PEER REVIEW 9 of 14 
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Figure 8. Schematic illustration of plastic deformation after USRP treatment.

3.3. Comparison of Fatigue Characteristics of the Rolling Specimen and USRP Specimen

During the USRP process, the high-frequency vibration and static-load rolling are simultaneously
applied on the material’s surface by a scrollable tool head. In order to differentiate the role of the
dynamic impact and rolling in the surface treatment and to further understand the effect of USRP on
the fatigue property, the fatigue endurance limit of the rolling specimen was measured and compared
with that of the USRP specimen with a static load of 1.5 kN. We note that the rolling specimen was
surface-treated using the identical equipment when turning off the ultrasonic system. The staircase
diagram of the specimen after rolling is shown in Figure 9. Based on Equation (2), the fatigue limit of
the rolling specimen under a static load of 1.5 kN was calculated to be ~386 MPa, which was lower than
that of the USRP specimen, ~401 MPa. One can see that the introduction of the ultrasonic impact could
improve the fatigue limit by ~4% when compared with the rolling specimen. The enhancement of the
fatigue limit was clarified by the comparison of the microstructure, surface roughness, microhardness
and residual stress between the rolling and USRP states, as follows.
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Figure 10a presents the cross-sectional microstructure of the specimen after rolling. The macroscopic
morphology of the rolling specimen is similar to that of the USRP specimen (Figure 1c), i.e., there exists
an obvious plastic deformation layer with the flow marks near the specimen surface. The thickness of
the deformation layer after rolling was measured to be ~200 µm, which is obviously lower than that of
the USRP specimen, ~250 µm. The larger deformation thickness induced by USRP indicates that the
high-frequency vibration has an important role in treating the surface microstructure.
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Figure 10. (a) Optical micrograph of the cross-section and (b) scanning electron microscope (SEM)
observation of the surface morphology in the specimen with the rolling state.

We observed the surface morphology of the rolling specimen, as shown in Figure 10b. It is seen
that the specimen surface after rolling is covered with the parallel marks. The rough feature is probably
caused by the friction between the tool head and specimen surface. The value of the surface roughness
Ra of the rolling specimen was measured to be ~0.86 µm, which is close to that of the machining
specimen (~0.92 µm) but much higher than that of the USRP specimen (~0.21 µm). It seems that the
rolling has a weak effect in decreasing the roughness and improving the surface quality. The modified
surface quality after USRP mainly derives from the role of the high-frequency impact on the surface.

The microhardness distribution along the cross section of the specimens after rolling and USRP is
presented in Figure 11. For these two states, the microhardness firstly decreased and then remained
constant when increasing the depth from the specimen surface. The microhardness of the USRP
specimen in the near-surface region was higher than that of the rolling specimen. In particular,
the maximum microhardness on the surface after USRP was enhanced by as much as ~11% relative to
the rolling specimen. Besides, the thickness of the hardening layer in the USRP specimen was ~447
µm, which was also larger than that of the rolling specimen, ~378 µm. Based on the above result, it is
found that the high-frequency impact can further promote the hardening ability on the basis of rolling.
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The variation of the residual stress from the surface toward the interior in the rolling and USRP
specimens is shown in Figure 12. Both the rolling and USRP treatments were found to produce a deep
layer of compressive residual stress. The residual stress increased to the maximum compressive value
and then decreased when increasing the depth from the surface, finally changing to a tensile state.
The distribution of compressive residual stress with the depth after rolling and USRP is consistent with
the previous results in the SPD methods [32,51]. For the current two states, the maximum compressive
stress is located at a depth of ~50 µm but not at the surface, which is caused by the heat effect induced by
the high-frequency impact, high strain rate and low thermal conductivity on the surface [52]. Another
reason for the maximum value is that the area of maximum shear stress is located in the subsurface,
based on the Hertz contact model [53].
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The value of the maximum compressive residual stress of the USRP specimen was measured to be
~823 MPa, ~31% higher than that of the rolling specimen, ~628 MPa. The depths of the compressive
residual stress fields for these two states could be also obtained, and they were ~684 µm for the
USRP state and ~381 µm for the rolling state. The comparison of the compressive residual stress
between the rolling and USRP specimens demonstrated the important role of the high-frequency
impact in improving the surface property of the compressive residual stress. The beneficial effect
of the high-frequency impact was also supported by the theoretical analysis model based on the FE
simulation, which showed that the high-frequency vibration energy and the static force simultaneously
applied to the surface could considerably increase the distribution of the compressive residual stress
field, compared with only the static force [41].

Based on the above results, it can be concluded that the surface properties after USRP, including
the surface roughness, microhardness and compressive residual stress, as well as the microstructure,
are superior to those after rolling. This shows the effectiveness of an impact with a high frequency in
improving the microstructure and surface property. The better microstructure and surface property
induced by USRP than the only rolling have a beneficial effect in preventing the fatigue crack initiation,
which eventually results in a larger fatigue endurance limit.

4. Conclusions

We performed a systematic investigation of the effect of USRP on the surface characteristics
and fatigue properties of EA4T axle steel used in high speed trains, and the USRP was proven to
be an effective surface treatment method to improve the surface and fatigue properties of axle steel.
The detailed conclusions are listed as follows:
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(1) The surface microstructure and characteristics of EA4T axle steel can be modified by USRP
treatment. The results indicate that the USRP specimen possesses a refined surface microstructure,
reduced surface roughness, enhanced surface microhardness and residual compressive stress
when compared with an untreated specimen, which is due to the severe plastic deformation in
the near-surface region.

(2) The influence of the static load on the surface characteristics of axle steel was investigated.
When increasing the static load, the surface microhardness and compressive residual stress are
enhanced, while the surface roughness is also increased.

(3) The fatigue endurance limit of USRP axle steel under a static load of 1.5 kN is enhanced significantly
when compared with an untreated one. The enhancement of the fatigue limit from ~352 MPa to
~401 MPa after USRP is attributed to the synergistic effect of the decreased surface roughness,
increased surface hardness and compressive residual stress, as well as the refined microstructure.

(4) The fatigue endurance limits between the rolling and USRP axle steels under a static load of
1.5 kN were compared. An increment of ~4% was achieved after USRP, relative to the rolling.
This verifies that the role of the high-frequency vibration could enhance the fatigue properties.
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