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A B S T R A C T  

In this paper, the surface modification of 25CrNi2MoV steel was carried out by using electropulsing-assisted ultrasonic surface rolling (EUSR) process. Nano-gradient structures were prepared on the surface and  subsur-  face of the material. The surface roughness was remarkably reduced. The surface hardness, the surface residual compressive stress and the fatigue resistance of the shaft steel are improved by EUSR treatment. The effect of EUSR treatment on the surface properties and fatigue properties of 25CrNi2MoV steel was systematically studied. The fatigue crack growth mechanism of the specimens after EUSR treatment was mainly discussed. It was concluded that the depth of the hardened and residual stress layers was significantly increased by the EUSR treatment. The fatigue life of the specimens was obviously increased by EUSR treatment. The misorientation of adjacent grains is an important indicator that affects fatigue crack growth.





1. [bookmark: 1 Introduction][bookmark: 1 Introduction]Introduction

25CrNi2MoV steel is a new type of shaft material for high-speed and heavy-duty vehicles. Shaft parts are usually in service under compli- cated working conditions such as high temperature, heavy load and corrosive medium [1,2]. Among them, rotating bending fatigue is one of the most important failure modes of shaft parts [3]. The nucleation and propagation of fatigue microcracks on the surface of materials are the main factors affecting the fatigue life of materials. How to suppress the initiation and propagation of cracks is one of the most discussed issues. Therefore, it is an urgent need to improve the fatigue resistance of materials and extend the service life through surface modification technology [4,5,6,7].
Recently, advanced surface modification technologies include laser peening (LSP), ultrasonic surface rolling (USR), chemical vapor depo- sition (CVD) and physical vapor deposition (PVD) [8,9]. Among them, the simplest and most effective method for preparing the surface modification layer is the physical method. In the past studies, it has been proved that the preparation of nanostructures on the surface of materials through plastic deformation can increase the surface hardness of the materials, introduce residual stresses, and increase the fatigue life

[5,7,8,9,10]. USR is to apply constant pressure while introducing ul- trasonic vibration to the tip of the machining tool, and use the rolling tip to carry out surface modification treatment on the material. USR is excellent in reducing surface roughness [11,12]. Zhang et al [13] treated 17-4PH stainless steel with USR technology, he pointed out that ultra- sonic vibration energy provides energy for dislocation distribution at lattice defects and formation of new dislocations. Pandey et al. [14] pointed out in the study that 7075 aluminum alloy exhibited random crystallographic orientations after USR treatment, there is a large den- sity of dislocation network, dislocation tangle and elastic distortion in
the grains, and the low cycle fatigue strength is obvious improve. Dekhtyar [15] studied the influence of USR on the fatigue life of α-Ti
materials, and the results showed that the high-cycle fatigue perfor- mance of the material was slightly improved, mainly due to the reduc- tion of surface roughness. Although USR has excellent performance in reducing surface roughness. However, the ability of USR to improve the grain structure of the subsurface layer of the material is insufficient. This is because the energy provided is very limited.
Electropulsing-assisted manufacturing technology has developed rapidly in recent years. The electropulsing-assisted process is to apply a high-density current to the material, and pass high-intensity energy
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inside the material for a short time. The “thermal effect” will be caused by Joule heating when the instantaneous high-density current passes through  the  material  [16,17,18].  In  addition,  the  pulse  current will
accelerate the movement of the dislocation, reduce the resistance of the dislocation to pass through the defect, and improve the plasticity of the
material. This effect is called “electroplasticity” [19,20,21,22,23,24,25].
Okazaki et al. [25] reported that under the action of pulsed current, the dislocation movement speed in Ti was significantly accelerated even at room temperature. Zhu et al. [26] studied the electrical-assisted stretching behavior of ZA22 alloy and found that the elongation of the material after the electropulsing treatment was increased by 437% compared with the original material treatment. This is mainly due to the acceleration of the movement of dislocations and the increase in the density of movable dislocations. The research shows that electropulsing can reduce the deformation resistance of materials and improve the thickness and mechanical properties of nano-layers[27]. Zhang et al.
[28] studied the effect of electropulsing-assisted laser shock peening on Ti64 alloy and found that compared with continuous current, pulse current reduces the flow stress of Ti64 alloy more effectively and a deeper grain refinement layer was obtained. Many current researches only involve the effect of electropulsing-assisted ultrasonic surface rolling (EUSR) treatment on the internal structure of materials, and there is still a lack of in-depth research on the effect of electropulsing on the fatigue behavior of materials.
In this study, 25CrNi2MoV steel was surface modified by EUSR process. The purpose of this study was to investigate the effect of grain refinement layer on fatigue properties after EUSR treatment. The in- fluence of electropulsing on material hardness, surface roughness and residual stress was discussed in detail. The mechanism of fatigue crack propagation in the plastic deformation layer of the specimen after EUSR treatment was clarified. It provides useful information for the strength enhancement of 25CrNi2MoV steel in engineering practice.
2. [bookmark: 2 Materials and methods][bookmark: 2 Materials and methods]Materials and methods

2.1. [bookmark: 2.1 Materials][bookmark: 2.1 Materials]Materials

25CrNi2MoV steel is a new type of steel material for transmission shaft of high-speed and heavy-duty vehicle gearbox. Chemical compo-
sition of 25CrNi2MoV steel is shown in Table 1. To obtain the untreated specimen (UT), the receiving material was austenitized at 850 ◦C for 0.5
h, then oil quenched, and tempered at 200 ◦C for 2 h. The tensile strength of the UT specimen is 1583 MPa, and the yield strength is 1308 MPa. For surface treatment, the specimen was machined into a round bar specimen with a diameter of 9 mm and a length of 200 mm.
2.2. [bookmark: 2.2 EUSR experiment][bookmark: 2.2 EUSR experiment]EUSR experiment

 (
=
=
)The EUSR process is shown in Fig. 1. Electric pulses were applied to the specimen by using a pulse power supply (WSM-400 T). Ultrasonic vibration was provided by an ultrasonic generator (HK30G). In the experiment, the experiment parameters were controlled by the com- puter. The rolling line speed V1 7 m/min and the feed rate V2 1.2 mm/min. The ultrasonic vibration frequency was 27 kHz, the USR static pressure was 1,000 N, and the specimen surface was machined 7 times. Due to the need for insulation between the ultrasonic equipment and the specimen, the rolling tip used in this experiment was a silicon nitride ball with a diameter of 9 mm and a hardness of 78 HRC. The test pa- rameters are shown in Table 2. Mobil 600XP150 lubricating oil was used in rolling to achieve lubrication.

[bookmark: _bookmark3]Table1
Chemical composition of 25CrNi2MoV steel (wt.%).
2.3. [bookmark: 2.3 Fatigue test][bookmark: 2.3 Fatigue test]
Fatigue test

The cantilever beam type rotating bending fatigue test machine (QBWP-10000X) was used for normal temperature fatigue research, and the rotating bending fatigue test was carried out in accordance with the
GB/T 4337–2015 standard. The specimen size is shown in Fig. 2. The
 (
=
)fatigue specimen was machined first and then processed by EUSR. The stress ratio of the fatigue test R -1, and the frequency was 100 Hz. In this study, the step method was used to obtain the fatigue limit of the
specimen. The test was terminated when the specimen fails or the number of cycles reaches 107 cycles. The maximum stress value when the specimen reaches 107 stress cycles without failure is called the fa-
tigue limit. Each group of specimens was subjected to 9 fatigue tests.

2.4. [bookmark: 2.4 Measurement method][bookmark: 2.4 Measurement method]Measurement method

The metallographic specimens were polished with 600, 800, 1200, and 2000 grit silicon carbide sandpaper before mechanical polishing. A scanning electron microscope (SEM, NOVA NANOSEM 430) was used to observe the microstructure of the cross-section of the metallographic specimen. Moreover, a microhardness tester (SCTMC HV-50) was used to measure the cross-sectional hardness gradient of the specimen. Measured from the surface of the specimen, the depth gradient was 20
μm, the maximum load was 200 N, and the holding time was 15 s.
 (
×
)Moreover, SEM was used to observe the morphology of the fatigue fracture. The surface profile of the specimen was characterized by a three-dimensional white light interference surface profilometer (RTEC UP Dual Model). The measurement area was 0.6 mm 0.8 mm. In addition, the surface roughness was calculated by using Gwyddion software.
X-ray diffractometer (XRD, Smartlab-Rigaku) was used to charac- terize the phase structure and grain size of the specimen. The diffraction angle was 20◦-90◦, and the interval step was 0.02◦/s. The X-ray stress
tester (XSTRESS3000-G2) and the classic sin2ψ method were used to measure the residual stress on the surface of the specimen and along the
depth of the layer [29], the residual stress in the axial direction was measured in this study. The tube voltage and tube current were 30 kV and 8 mA, respectively. The residual stress distribution along the depth of the layer was measured by the chemical peeling method, and the
peeling rate was about 1 μm/min. The grain distribution and  crystallo-
graphic orientation of the specimen were measured by electron back-
scatter diffraction (EBSD, Thermo Apreo 2) at a voltage of 20 kV. The step size of EBSD orientation mapping was 0.005 μm. The characteristics of the gradient structure in the cross-section of the surface layer of the
specimens were observed by transmission electron microscopy (TEM, JEM 2100F-JEOL) at 200 kV. The TEM specimens were prepared using the focused ion beam technique (FIB, Helios Nanolab 600i).
3. [bookmark: 3 Results][bookmark: 3 Results]Results

3.1. [bookmark: 3.1 Microhardness][bookmark: 3.1 Microhardness]Microhardness

Fig. 3 shows the microhardness of various specimens. The surface hardness of the UT specimen was 448.3 HV0.2. The surface hardness of the USR specimen reached 499.7 HV0.2. As shown in Fig. 3(a), the sur- face hardness of the EUSR specimen was significantly greater than that of the USR specimen, and the surface hardness of EUSR-2 reached the maximum value of 624.5 HV0.2. As the pulse current density increases, the surface hardness and the depth of the hardened layer of the specimen increased significantly, as shown in Fig. 3(b). Compared with the USR
 (
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2
)

	Element
	C
	Ni
	Cr
	Mn
	Si
	Al
	Mo
	V
	Cu
	P
	S
	Fe

	Content
	0.260
	2.100
	1.550
	0.660
	0.260
	0.097
	0.011
	0.105
	0.030
	0.016
	0.007
	Bal.
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[bookmark: _bookmark4][bookmark: _bookmark5]Table 2

Fig. 1. Schematic diagram of EUSR processing.

3.2. [bookmark: 3.2 Surface roughness][bookmark: 3.2 Surface roughness]Surface roughness

EUSR test parameters.	

The fitted surface profile and surface roughness of the different

specimens	Frequency
(Hz)

Root- mean- square current
density (A/mm2)

Peak current density (A/mm2)

Duration (μs)

Surface equilibrium temperature (◦C)

processed specimens in the axial direction, as shown in Fig. 4. A clear
 (
=
)turning profile was observed on the surface of the UT specimen, and the surface roughness of the UT specimen was the largest, Ra 0.8169 μm. After the USR treatment, the turning profile of the specimen surface was
corrected, but the deeper grooves were not effectively eliminated. It can

UT	–	–	–	–	29
USR	–	–	–	–	29
EUSR-1	700	0.261	1.072	90	120.3
EUSR-2	700	0.504	1.583	90	181.6
EUSR-3	700	0.755	2.264	90	207.3
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[bookmark: _bookmark6]Fig. 2. Fatigue specimen.

specimen, the surface hardness of the EUSR-2 specimen increased by 24.9%. Moreover, the depth of the hardened layer was increased by 100
μm, which reveals that EUSR can significantly increase the depth of the
surface hardened layer of 25CrNi2MoV steel.

be seen in Fig. 4 that the undulating valleys introduced by turning were completely  eliminated  after  EUSR  treatment.  An  extremely smooth
 (
=
)surface profile was obtained. The surface roughness of EUSR-2 specimen was the lowest, Ra 0.1173 μm. It is noteworthy that the surface profile of EUSR-3 was slightly higher than that of EUSR-2. The possible reason is
that as the plasticity increases, the USR tool caused scratches on the surface of EUSR-3 specimen.

3.3. [bookmark: 3.3 XRD analysis][bookmark: 3.3 XRD analysis]XRD analysis

The XRD method was used to analyze the crystal structure, grain size, peak and other important characteristics of the surface of the specimens before and after the surface treatment. Fig. 5 shows the XRD patterns of various specimens. In Fig. 5(a), it can be seen that the diffraction peak (110) has the highest intensity. It showed that the matrix was composed of martensite. Fig. 5(b) shows an enlarged view of the (110) peak. It can be observed from the figure that the diffraction peaks of the USR and EUSR specimens were significantly shifted compared with the UT specimen. Further, the Bragg diffraction peaks of the main peak (110) were obviously broadened. This is attribute to lattice distortion caused by strong plastic deformation. According to the Scherrer-Wilson method [30], the average grain size was calculated from the full width at half maximum (FWHM) of Bragg diffraction peak of (110). It should be noted that the grain size of the UT specimen cannot be calculated by this method because the grain size is greater than 100 nm. The surface grain sizes of USR, EUSR-1, EUSR-2, EUSR-3 were 81.3 nm, 21.6 nm, 6.3 nm and 5.9 nm, respectively. The results indicated that ultra-fine nano- crystalline layer was prepared on the surface of 25CrNi2MoV steel by
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[bookmark: _bookmark7]Fig. 3. The microhardness of various specimens: (a) surface hardness, and (b) hardness gradient.

[bookmark: _bookmark8]depth of the plastic deformation layer of EUSR-1, EUSR-2 and EUSR-3 specimens was much greater than that of USR specimen, reaching 80
μm, 150 μm and 160 μm, respectively. Furthermore, plastic deformation
was accompanied by severe refinement of surface grains. The results showed that the depth of the plastic deformation layer on the surface of the specimen increases with the increase of the current density of EUSR treatment.
Fig. 7 shows the gradient microstructure of the specimens before and
after the surface treatment. As shown in Fig. 7 (1-a), the martensite width and carbide width of the UT specimen was about 1 μm. In Fig. 7(2- a), it can be observed that the surface layer of the USR specimen was
lamellar martensite. The plastic deformation of martensite at a depth of 10 μm was limited, and only the upper half of the martensite showed slight deformation. At the depth of 30 μm, the USR specimen showed the
original grain. Fig. 7 (3-a) shows the surface microstructure of EUSR-2 specimen. It was found from the figure that an amorphous layer appeared on the surface of the specimen, and the grains of the surface layer were severely refined. Moreover, the carbide size was significantly
reduced to 0.2 μm. The pinning effect of ultra-fine carbides on disloca-
[image: ]tions increase the hardness and helps to enhance the strength of dispersion strengthening [31]. Insoluble ultra-fine carbides are benefi- cial to improve the wear resistance and fatigue properties of 25CrNi2- MoV steel. Broken martensite and carbide can be observed in Fig. 7 (3-b, c). This may be because the randomly distributed dislocations rearrange and move along the slip line under the action of pulse current and stress. As the deformation continues and the crystallographic orientation in- creases, the dislocation tangles with high density leads to the fracture of lath martensite and carbides, forming ultra-fine grains and carbides

Fig. 4. Surface roughness of specimens before and after surface treatment.

EUSR treatment. It is noted that the diffraction peak of Fe3O4 was observed  in  the  XRD  pattern of  the  EUSR-3  specimen, because the
temperature of the EUSR-3 specimen reached 200 ℃ during the EUSR
treatment. The surface of the specimen undergoes oxidation reaction at high temperature and generates a small amount of Fe3O4, which is the reason why the hardness of EUSR-3 specimen is slightly lower than that of EUSR-2 specimen.

3.4. [bookmark: 3.4 Plastic deformation][bookmark: 3.4 Plastic deformation]Plastic deformation

Fig. 6 shows the morphology of the surface microstructures of various specimens. In Fig. 6(a), it can be observed that the UT specimen was composed of lath martensite, and a small amount of granular car- bide was contained in the lath martensite collective. Fig. 6(b) shows the microstructure of the USR specimen. The plastic deformation layer of
the USR specimen was only 10 μm, which was caused by the high plastic
deformation resistance of 25CrNi2MoV steel. As depicted in Fig. 6, the

[32]. Fig. 7 (3-d) shows the microstructure at 50 μm below the surface of
the EUSR-2 specimen. Lath martensite presented a fibrous structure, and the metal flow direction was consistent with the processing direction. The plastic deformation layer and hardened layer of EUSR specimens consist of this gradient structure.

3.5. [bookmark: 3.5 Residual stress][bookmark: 3.5 Residual stress]Residual stress

 (
—
—
—
—
)As we all know, residual stress is an important indicator for fatigue performance. Fig. 8 shows the residual stresses of specimens after various surface treatments. All kinds of specimens showed residual compressive stress. The residual stress of the UT specimen was intro- duced by mechanical processing. The surface residual stresses of UT, USR and EUSR specimens were    37.6,    351.4,    416.3,   583.3 and
 (
—
)458.6 MPa, respectively. Fig. 8(b) shows that the residual compressive
stress of the UT specimen was not related to the depth gradient. The residual stress depth of the USR specimen reached 150 μm and decreased with increasing depth. The maximum residual compressive stress of the specimens after EUSR treatment all appeared at 50 μm below the sur- face.  The  residual compressive  stress of  EUSR-2 specimen  was  the
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[bookmark: _bookmark9]Fig.  5.  XRD patterns of various specimens.

[image: ]
[bookmark: _bookmark10]Fig. 6. Surface microstructure morphology of various types of specimens: (a) UT, (b) USR, (c) EUSR-1, (d) EUSR-2, and (e) EUSR-3 specimens.


 (
—
)largest, which was 849.5 MPa. The measurement results showed that the introduction of electropulsing was beneficial to increase the residual stress of the specimen after USR treatment. Moreover, the depth of the residual stress layer of the specimens after EUSR treatment increased significantly. The distribution depth of the residual stress layer increases with the increase of current density. It is noteworthy that the residual stress of the EUSR-3 specimen has decreased. The possible reason is that
the temperature of EUSR-3 specimen reached 200 ◦C during the pro-
cessing, and part of the residual stress is released at high temperatures. Therefore, the residual compressive stress distribution on the surface of 25CrNi2MoV steel can be improved according to the adjustment of the pulse current parameters, thereby reducing the risk of stress concen- tration failure.

3.6. [bookmark: 3.6 EBSD and TEM analysis][bookmark: 3.6 EBSD and TEM analysis]EBSD and TEM analysis

Fig. 9 shows the EBSD of the gradient plastic deformation layer of EUSR-2 specimen and UT specimen. The different grain orientations in the figure were marked with different colors. In Fig. 9 (a, b), it was

observed that the grains of the plastic deformation layer of EUSR-2 specimen were severely refined compared with the  UT  specimen.  Fig. 9 (c, d) shows the corresponding grain size distribution map. The
grain diameter of the UT specimen was 12.7 μm, while the average
diameter of the surface refined grains of the EUSR-2 specimen reached
15.3 nm. After EUSR treatment, the specimens recrystallized due to severe plastic deformation. Compared with the UT specimen, the grain distribution in the gradient plastic deformation layer was randomly oriented. Kernel average misorientation (KAM) is an important index to evaluate the degree of plastic deformation and grain orientation of materials. The misorientation increases with the increase of KAM value.
 (
=
)From Fig. (e, f), it can be observed that the average value of KAM in the plastic deformation  layer  of  EUSR-2 specimen  (KAM   1.755◦)  was
 (
=
)larger than that of UT specimen (KAM 0.875◦). After EUSR treatment, the grains in the gradient plastic deformation layer were severely refined. Besides that, the misorientation of adjacent grains has increased. Relevant studies have shown that the propagation mechanism of cracks in lath martensite is seriously affected by the orientation of adjacent   grains  and   their   interfaces  [33].  It   was  found  that   the
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[bookmark: _bookmark11]Fig.  7.  Plastic deformation layer of various specimens.

[image: ]
[bookmark: _bookmark12]Fig. 8. Residual stress of various specimens: (a) surface residual stress, and (b) change of residual stress with depth gradient.


[image: ]
[bookmark: _bookmark13]Fig. 9. The EBSD of the cross-section of the gradient plastic deformation layer of the specimen: (a) the inverse pole figure (IPF) of the EUSR-2 specimen, (b) the IPF of the UT specimen, (c,d)) are the grain size histograms corresponding to (a, b), and (e, f) are the KAM histograms corresponding to (a, b), respectively.

[image: ]
[bookmark: _bookmark14]Fig. 10. EBSD at a depth of 10 μm below the surface of EUSR-2 specimen: (a) IPF and (b) distribution of sub-grain boundaries and twin boundaries (black lines indicate large-angle grain boundaries, with grain misorientation greater than 10◦; red lines indicate small-angle grain boundaries, and the misorientation of grains is greater than 2◦ and less than 10◦). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)


orientation-dependent phenomenon is responsible for the expansion of cracks in nano-scale grains [34].
Fig. 10 shows the distribution of IPF and subgrain boundaries or twins at a depth of 10 μm below the surface of the EUSR-2 specimen. It can be seen that there were a large number of sub-grain boundaries or
twin grain boundaries in the grains of the gradient plastic deformation layer after the grain refinement occurs. This due to the increase in dislocation  mobility caused  by  high-density  electropulsing [35]. Qin
[36] et al. pointed out that the instantaneous energy generated can reduce the resistance of dislocations through internal defects of the crystal when an electropulsing was applied to the material. 25CrNi2- MoV steel has a body-centered cubic structure, and dislocations tend to move along the [110] slip surface [37]. A large number of dislocations cross and move inside the crystal grains. Due to the continuous anni- hilation and arrangement of the dislocations, dense dislocation tangles and dislocation cells are formed inside the crystal grains. At the same time, the plastic deformation of the material was accompanied by the

formation of twins. Combining the results of dislocation tangles and deformation twins, a large number of sub-grain boundaries and twin boundaries were generated inside the refined grains, as shown in Fig. 10 (b). Numerous studies have reported that sub-grain boundaries and twin boundaries can effectively hindered the movement of dislocations and improve the resistance to crack propagation [38,39,40].
TEM observation of the cross-section of the topmost layer of the EUSR-2 specimen was performed, as shown in Fig. 11. Obviously, nano- sized equiaxed  grains were distributed  throughout the  gradient plastic
deformation layer, and the grain size was mainly in the range of 20–30
nm. Fig. 11(b) shows the corresponding selected area electron diffrac- tion (SAED) pattern, where the SAED pattern of the topmost grain exhibited a continuous diffraction ring, which confirmed that the topmost grain had a random crystallographic orientation. In Fig. 11(c), a large number of fine twins were found in the matrix. It can be observed by high-resolution transmission electron microscopy that the surface of the specimen was composed of dislocations in disordered states, as
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[bookmark: _bookmark15]Fig. 11. (a) TEM of the cross section of the topmost layer of EUSR-2 specimen, (b) the corresponding SAED, (c) the designated area in figure (a), (d) a large number of dislocation tangles on the surface, (e) a crystal grain surrounded by dislocation clusters, and (f) twin boundary.


shown in Fig. 11(d), where a large number of dislocations were cross- piled, and the lattice ordering was disrupted. Fig. 11(e) shows a crys- tal grain surrounded by dislocation clusters. The grain boundary hinders the movement of the dislocation and causes dislocation tangle at the grain boundary. A large number of nano-pitch stacking faults and twins were displayed in the crystal grains, and the twins may be caused by stacking faults. Fig. 11(f) shows the twin boundarie inside the grain, confirming the results of the EBSD analysis.

3.7. [bookmark: 3.7 Fatigue performance][bookmark: 3.7 Fatigue performance]Fatigue performance

3.7.1. [bookmark: 3.7.1 S-N curve][bookmark: 3.7.1 S-N curve]S-N curve
Fig. 12 shows the fatigue S-N curves of various specimens. The test results were marked with various symbols, and the regression line was
[image: ]
[bookmark: _bookmark16]Fig.  12.  S-N curve.

the result obtained by linear fitting based on the fatigue test data of various specimens. The arrow marked the specimen whose fatigue life (Nf) reaches 107 cycles without failure (i.e. fatigue limit). It can be found
from the figure that the S-N curve of the UT specimen was located at the
bottom of the figure, indicated that the fatigue limit of the UT specimen was the lowest, which was 565 MPa. Stress amplitude (σa) is one of the important factors affecting fatigue life. It can be observed in Fig. 12 that
the increase in stress amplitude was accompanied by a decrease in fa- tigue life. The strain and strain accumulation rate of the material in- crease with the stress amplitude, which leads to the accelerated destruction of the material [41]. The EUSR-2 specimen has the highest fatigue limit, which was about 300 MPa higher than that of the UT specimen. Further, the slope of the regression line of the EUSR-2 spec- imen was the lowest, indicates that the EUSR-2 specimen has the highest fatigue stability. This is mainly due to the introduction of residual stress on the surface of the specimen by EUSR treatment. The stress amplitude affects the stress relaxation process. As the stress amplitude increases, the relaxation life of the residual compressive stress was significantly reduced [42]. The EUSR-2 specimen has the highest residual stress, and the fatigue limit of the specimen was improved by extending the relaxation life of the residual compressive stress.
3.7.2. [bookmark: 3.7.2 Fatigue failure analysis][bookmark: 3.7.2 Fatigue failure analysis]Fatigue failure analysis
Fig. 13 shows the SEM of the fatigue fracture of the UT, USR and EUSR-2 specimens. The morphology in Fig. 13(a) shows that the UT specimen was a typical fatigue fracture. The region I (fatigue source) indicated that the fatigue cracks of the UT specimen have grown on the surface. As shown in Fig. 13(b), a large number of tearing edges formed by crack propagation were observed near the crack source. The region III (final fracture region) of the fatigue fracture of the UT specimen was a typical orthogonal dimple, indicates that the UT specimen has good toughness. Fig. 13(d-f) shows the fatigue fracture of a USR specimen. It
can be observed from Fig. 13(e) that the fatigue crack originated 15 μm
below the surface, just below the gradient plastic deformation layer. The
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[bookmark: _bookmark17]Fig. 13. Fatigue fracture morphology of various specimens: (a, b, c) UT, σa = 600 MPa, Nf = 1,912,977 cycles, (d, e, f) USR, σa = 650 MPa, Nf = 6,855,717 cycles and (g, h, i) EUSR-2, σa = 875 MPa, Nf = 4,518,370 cycles.


fatigue striation can be clearly observed below the gradient plastic deformation layer, and the fatigue crack propagated along the interface between the gradient plastic deformation layer and the substrate (as shown by the yellow arrow in the figure). Fig. 13(f) shows a few cleavage steps. At the same time, there were a large number of dimples in the final fracture region, which indicates that the USR specimen exhibited a ductile fracture with low plasticity.
Fig. 13 (g-i) shows the fatigue fracture of the EUSR-2 specimen. In the figure, the gradient plastic deformation layer can be directly observed, and the fatigue cracks were initiated under the gradient plastic deformation layer. In Fig. 13(h), a large number of secondary cracks were also found under the gradient plastic deformation layer. Compared with the number of cracks in the original material, the gradient plastic deformation layer appeared as a smoother plane, and the number of cracks in the plastic deformation layer was significantly smaller. The results indicated that the gradient plastic deformation layer, hardened layer and residual stress layer introduced by EUSR treatment can significantly inhibit the propagation of cracks. Fig. 13(i) shows the crack propagation region of EUSR-2 specimen. In the figure, a large number of fatigue striations were clearly observed to expanded in different planes, but a large number of cleavage planes and secondary
cracks were also found. The results showed that EUSR-2 specimen exhibited ductile–brittle mixed fracture.
Fig. 14 shows the locations of fatigue crack initiation of various specimens. It can be observed from the figure that the UT specimen cracked from the surface during the fatigue crack, which was caused by the intrusion and extrusion of the material surface during the test. The

graded plastic deformation layer can be clearly observed in the fatigue fracture of the USR and EUSR specimens, and fatigue cracks originate at the interface between the plastic deformation layer and the original material. The depth of the plastic deformation layer of the USR specimen
 (
—
)was 15 μm. The EUSR-2 and EUSR-3 specimens have the deepest plastic deformation layer with a depth of 200 μm. In particular, the residual stress of the EUSR-2 specimen at a depth of 200 μm below the surface was greater than    400 MPa. It is inferred that EUSR treatment can
improve the fatigue life by increasing the surface plastic deformation layer and residual stress layer depth of 25CrNi2MoV steel.
In order to clarify the mechanism of increasing fatigue life of 25CrNi2MoV steel by gradient plastic deformation layer. Fig. 15 shows the SEM of the gradient plastic deformation layer of the EUSR-2 spec- imen and the interface between the deformation layer and the original material. Fig. 15(b,c)  shows enlarged views of designated areas in  Fig. (a), respectively. In Fig. 15(b), a large number of fatigue striations and a small number of microcracks were observed in the gradient plastic deformation layer. An enlarged view of the interface, in which a large number of fatigue cracks and fatigue striations were found, as shown in Fig. 15(c). The propagation direction of the crack was perpendicular to the fatigue striations. The growth rate of cracks increase with the continuous increase of the width of fatigue striations. The existence of a large number of secondary cracks at the interface indicated that the fatigue resistance of the original material was lower than that of the gradient plastic deformation layer. Uniform fatigue striations and a small number of micro-cracks in the deformed layer were excellent performance in fatigue resistance. The gradient plastic deformation


[image: ]
[bookmark: _bookmark18]Fig. 14. Fatigue crack source of various specimens: (a) UT, σa = 625 MPa, Nf = 273,251 cycles, (b) USR, σa = 650 MPa, Nf = 6,855,717 cycles, (c) EUSR-1, σa = 775 MPa, Nf = 2,758,743 cycles, (d) EUSR-2, σa = 875 MPa, Nf = 4,518,370 cycles and (e) EUSR-3, σa = 850 MPa, Nf = 3,918,682 cycles.

[image: ]
[bookmark: _bookmark19]Fig. 15. SEM of the interface between the gradient plastic deformation layer and the deformed layer and the original material (EUSR-2, σa = 875 MPa, Nf =
4,518,370 cycles): (b,c) are enlarged views of the designated area in Fig. (a).
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layer can effectively inhibit the propagation of cracks and increase the fatigue life of 25CrNi2MoV steel.
4. [bookmark: 4 Discussion][bookmark: 4 Discussion]Discussion

Fig. 16 shows a schematic diagram of fatigue crack growth of different structures of EUSR specimen. After EUSR treatment, a gradient plastic deformation layer (i.e., grain refinement layer) was formed on the surface of the specimen, and the misorientation of grains in the grain refinement layer was larger than that of the original grains. Fatigue crack growth was carried out by the movement of dislocations. As shown in Fig. 16(b), the dislocations move within the grain along the Out-of- habit-plane slip system. Due to the different orientations of the grains on both sides of the grain boundary, the slip plane and the slip direction are not consistent. Therefore, it is difficult for dislocations to pass through grain boundaries. Dislocations are blocked near the grain boundaries, and a large number of dislocation pile-up and dislocation tangles are generated near the grain boundaries. Furthermore, the re- sidual stress introduced by EUSR treatment can inhibit the propagation of cracks. The misorientation and residual stress work together to inhibit

the initiation and propagation of fatigue cracks. In the end, only microcracks will be generated in the grain refinement layer, as shown in Fig. 12(b). Due to the large grain size and small misorientation of the original grains, the dislocations are easy to move to adjacent grains and cause rapid crack propagation, as shown in Fig. 16(c).
The sub-grain boundaries inside the grains of the refined layer are also important structures that hinder the movement of dislocations. Related studies have shown that the nucleation of fatigue cracks at the phase interface can be significantly suppressed, thereby enhanced the resistance to high-cycle fatigue failure [43]. In addition to suppressed crack initiation, sub-grain also enhanced the resistance to fatigue crack growth by changed the stress/strain distribution around the crack tip [44].
5. [bookmark: 5 Conclusions][bookmark: 5 Conclusions]Conclusions

(1) EUSR treatment significantly improved the surface hardness of 25CrNi2MoV steel and introduces high residual compressive
stress. The surface hardness has increased by 24.9%. The surface roughness was reduced to 0.1173 μm.


[image: ]
[bookmark: _bookmark20]Fig. 16. Schematic diagram of fatigue crack growth of different structures of EUSR specimen.
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(2) EUSR treatment has prepared nanocrystals on the surface of
25CrNi2MoV steel, and the maximum depth of the gradient plastic deformation layer was 160 μm. The effective hardened layer thickness was 200 μm.
(3) The misalignment of adjacent grains in the gradient plastic deformation layer was larger than that of the original material. EUSR treatment significantly increases the sub-grain boundaries and twin boundaries within the ultra-fine grains.
(4) The fatigue limit of the specimen after EUSR treatment was significantly increased under the combined effect of grain refinement, residual compressive stress and hardened layer, which was increased by about 300 MPa.
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