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In this paper, ultrasonic surface rolling processing (USRP) was used to strengthen GCr15-bearing steel.
A finite element three-dimensional model of USRP was established to analyze the residual compressive
stress and equivalent plastic strain distribution on the bearing steel surface. The microstructure, hardness,
surface roughness, and corrosion resistance before and after USRP treatment were characterized by
SEM, EBSD, X-ray diffraction (XRD), and electrochemical techniques. Results indicated that USRP
treatment can significantly improve the material’s surface microstructure and residual compressive
stress distribution and obtain a plastic strain layer of about 60pm. After USRP treatment, the Kernel
Average Misorientation (KAM) increased, and the dislocation activity was more intensive, resulting
in aggregation near grain boundaries, and the percentage of LAGBs increased to 38.8%. Under the
combined effect of surface grain refinement, residual compressive stress, and high glossy surface, the
self-corrosion current density is reduced by two orders of magnitude, and the corrosion resistance is
significantly improved. This investigation suggests a solution to the bearing failure problem and has
implications for understanding the deformation mechanism of ultrasonic surface rolling processing.
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corrosion resistance.

1. Introduction

As one of the most commonly used high chromium bearing
steels, GCrl15 steel (AISI-52100) has good hardness, strength,
wear resistance, and corrosion resistance. It has been widely
used in manufacturing bearing rings, ball screws, molds, and
other complex mechanical parts'?. However, the surface
organization of GCr15 steel is sensitive to failure behavior.
Under harsh conditions of use, the surface is prone to wear
and fatigue, and other failures, affecting the service life of
the parts and wear resistance, which seriously affects the
safe use of the equipment and restricts the development of
the high-quality industry®. Therefore, to improve the surface
mechanical properties of GCr15, the surface peening techniques
(such as Deep Rolling Strengthening?, Shot Peening>®,
Ultrasonic Shot Peening’®, Laser Shock Peening®!® and
Ultrasonic Surface Rolling''?) have been put forward with
higher requirements. Surface strengthening techniques can
improve the surface microstructure, surface roughness, and
stress state of the part, and significantly improve the part’s
corrosion resistance, wear resistance, fatigue performance,
and service life!.

Surface strengthening techniques reduce surface roughness,
thus inhibiting crack generation and controlling the surface
microstructure'®. On the one hand, the surface strengthening
technique introduces a gradient residual compressive stress
field on the material surface, which inhibits or slows down the
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sprouting of fatigue cracks. On the other hand, the refinement
of surface grains and grain boundaries increase also helps
inhibit crack extension. Ultrasonic Surface Rolling Processing
(USRP) has enhanced surface properties'®'®. During the
USRP process, ultrasonic vibration caused severe plastic
deformation and formed a residual compressive stress layer
on the material surface, which inhibited crack expansion.
It also refined the surface grains'.

Wang et al.?° showed that USRP treatment of M50 steel
formed a plastic deformation layer of 24pum thickness, and
fine grain strengthening increased the alloy hardness by
15.56%, increased residual stress by 79.61%, and reduced
surface roughness by 68.09%, transforming the primary wear
mechanism to slight adhesive wear. Zou et al.*' showed that
after multiple UNSM treatments of DZ2 shaft steel, the near-
surface grain refinement of DZ2 shaft steel. The surface residual
compressive stress increased from -73 MPa to -703 MPa,
and the wear resistance of the specimens treated with three
passes of UNSM under sliding conditions was significantly
enhanced. Dong et al.”> showed that the ultrasonic surface
rolling process (USRP) treatment of 300M steel resulted
in a highly smooth surface finish, introduced significant
residual compressive stresses, increased surface hardness by
about 30.9%, and significantly improved its wear resistance.
Yang et al.”® investigated the grain growth mechanism of
GH4169 high-temperature alloy by excessive ultrasonic
surface rolling. They found that the collective migration
of adjacent grain boundaries caused by excessive cyclic
plastic deformation promoted the formation of nanotwins.
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Currently, the research on GCr15 steel mainly focuses
on surface chemical heat treatment?'?2, These studies mainly
focus on carburizing, nitriding, and other treatments. Most of
these surface strengthening techniques use the process of shot
blasting?*, hard turning? and other surfaces. Fu et al.> studied
the variation of surface XRD half maximum width (FWHM),
residual stresses and hardness with annealing time and
temperature of GCrl5 steel after three times shot blasting
(TSP). Modern industrial production levels have placed
higher demands on the performance of GCr15 bearing steel.
In this paper, a three-dimensional finite element processing
model of USRP was developed using ultrasonic surface
rolling technique to analyze the residual compressive stress
and equivalent plastic strain distribution on the bearing steel
surface. The microstructure, hardness, surface roughness and
corrosion resistance of USRP before and after treatment were
characterized by SEM, EBSD, X-ray diffraction (XRD) and
electrochemical testing techniques, and the microstructure
change mechanism of USRP was analyzed to provide a
reference for surface modification of GCrl5 bearing steel.
To provide a safe and reliable process technology solution
for bearing life improvement.

2. Materials and Experimental Methods

2.1. Materials

The material used in this study was GCr15-bearing steel
(AISI-52100), whose main chemical composition is shown
in Table 1. The material is made into a specimen of 30mm
in diameter and 50mm in length by EDM. Heat treatment of
the material was carried out with a heat treatment process of
860°C+10°C, holding 30 min oil quenching and 150°C+10°C
tempering for 2 h. The average surface roughness of the
obtained specimens was 0.25um, and the measured surface
hardness was 697HV ..

2.2. Finite elements models of USRP

The ultrasonic surface rolling processing was
numerically simulated using Abaqus/Explicit software.
The geometry of the workpiece was an annular specimen
of @30 mm x @25 mm X 5 mm. The ultrasonic rolling head
was a ®10 mm ball (Figure 1). The deformed workpiece was
calculated as an eight-node linearly reduced integration unit
(C3D8R), and one-eighth of the deformed workpiece was
taken to improve the efficiency of the operation. The minimum
cell size on the contact surface in the machining area was
0.05 mm, and the grid in the non-machining area was
relatively large. In addition, the workpiece is rotated around
the central axis of rotation (Z-axis), which imposes on the

Table 1. Main chemical composition of GCrl15 steel (Wt%).
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tool head a velocity in the negative Z-axis direction and a
displacement of periodic vibration in the Y-axis direction.
The contact type between the tool head and the workpiece
was surface-to-surface contact with a friction coefficient of 0.1

The workpiece and ultrasonic rolling tool head materials
were GCrl5-bearing steel, and YG8 cemented carbide,
respectively. The difference in modulus of elasticity between
the cutter head and the material was so significant that the
ultrasonically rolled cutter head was defined as non-deformable
(rigid body). The workpiece material was GCrl5 steel,
and the Johnson-Cook equation set the material plasticity
parameters. The Johnson-Cook equation can describe the
work-hardening effect exhibited by GCr15 steel at different
strain rates. Table 2 describes the J-C model parameters of
the steel containing GCGCrl5 and Table 3 describes the
physical parameters of the material.

Static pressure and ultrasonic vibration conversion produce
dynamic impact force applied to the surface of the workpiece.
Atthe same time, the dynamic impact force changes as a sine
function. The dynamic impact force with the regular variation
of the sine function can be calculated by Equation 1:

ol )=Ap+ Z::l(an cos(nat) + by, +sin(nwt)) (1)

Where A is a constant term, n is the number of harmonics, a ,
b, is the harmonic amplitude, and  is the angular frequency
of the dynamic shock wave, ® =2nf, where f is the frequency
of the ultrasonic vibration. Since the vibration is a sine
wave, the equation A =0, n=1, a =0, b, is the amplitude of
ultrasonic vibration.

2.3. USRP experiment

The USRP system processed the specimen (HK30G
equipped with an HS actuator, China). The rolling tool

The Ultrasonic Rolling Head

Contact zone

Figure 1. Finite element model of the ultrasonic rolling process.

C Mn Si P Cr Fe
0.95-1.05 0.20-0.40 0.15-0.35 <0.02 <0.027 1.30-1.65 Bal.
Table 2. GCr15 bearing steel J-C model parameters.
A/MPa B/MPa m n
1744 1440 0.03 0.66 0.19
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Figure 2. Ultrasonic surface rolling processing chart.

head mainly consisted of the transducer, variable amplitude
rod, and impact head, which was mounted on the CNC
lathe table to complete the processing of the specimen by
rotating the machine. Figure 2 shows the physical picture of
USRP processing. During the USRP process, the specimen
surface experienced an extrusion pressure generated by a
combination of continuous rolling and ultrasonic vibration
of the impact head. The tool head was a 10 mm diameter
sphere of tungsten carbide metal that overlapped vertically
with the material surface. The tool head emits ultrasonic
vibrations and static pressure in a fixed direction and rolls
at an appropriate speed to transfer the static and dynamic
pressure to the material surface.

Specimens with a geometry of 5 mm x 10 mm x 10 mm
were hand-ground and mechanically polished in cross-
section and eroded with 4% nitric acid alcohol solution.
The microstructures were observed using optical microscopy
(OM; VHX-2000), scanning electron microscopy (SEM;
ZEISS SUPRA 55), and electron backscatter diffraction
(EBSD; ZEISS SUPRA 55). EBSD data were analyzed
using OIM Analysis software. The gradient hardness of the
specimen sections before and after USRP treatment was
measured using a Vickers hardness tester (HVS-1000A)
with a load of 4.89 N (0.5 kg) and a holding time of 15 s.
The residual stress test was measured and calculated using
a blind hole stress detector (HK21A). According to this
method’s measurement principle, the hole’s slight deformation
during stress release is sensed by strain gauges, and the
corresponding residual stress is further calculated by the strain
of'the hole measured by resistance strain gauges. The surface
samples were identified using an x-ray diffractometer (XRD,
Rigaku smartlab) at 45 kV and 40 mA of Cu-Ka radiation
(L= 1.54056 A). Diffraction data were collected in the 20
range of 20°-90° at a scan rate of 2°/min. The Tafel curves
of the material before USRP treatment were measured
using an electrochemical workstation (Interface 1000) to
calculate the material’s corrosion resistance. The working
electrode is the GCrl5 sample, the reference electrode is
saturated with glycury, the auxiliary electrode is a platinum
sheet electrode, the corrosive environment is 3.5% NaCl
solution (wt%), and the working temperature is 20°C+2°C.
The surface morphology of the sample was characterized
using a laser spectroscopic confocal microscope (KC-X1000)
with a measurement area of about 5 mm X 5 mm, and the
linear roughness values Ra and Rz were measured along

—

Table 3. Physical properties of materials.

Material Density Elastic Poisson’s
(g/cm?®) Modulus (Gpa) ratio
GCrl5 7.83 219 0.29
YG8 14.5 510 0.3
Electrochemical test samples
\A i [lOmm
O30mm

10mm
[ test sample .

/0,,,,]] \om™

Figure 3. Schematic diagram of electrochemical experiments and
SEM specimen preparation.

the axial direction of the sample. The schematic diagram of
electrochemical experiments and SEM specimen preparation
is shown in Figure 3.

3. Results and Discussion

3.1. Finite element simulation results

The residual compressive stress inhibits the sprouting
and expansion of surface cracks, which can improve their
surface properties, thus improving the overall mechanical
properties of the engineered parts. From the Miss stress
cloud and equivalent plastic strain diagram (Figure 4), it can
be found that the residual stress tends to increase and then
decrease along the surface depth. The maximum residual
stresses are not on the upper surface of the material but on
the secondary surface. The elastoplastic deformation of the
surface during the USRP treatment caused this. After recovery
of the elastic deformation, the residual stresses on the surface
were released, and the resulting plastic deformation resulted
in the maximum residual stresses on the secondary surface.

The elevation of residual stresses is attributed to the
combination of static pressure and ultrasonic vibration
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Figure 4. Miss stress cloud (a) and equivalent plastic strain diagram (b).

100

[ =
S )
3 1) )

Residual Stress (Mpa)

w
=3
oS

-400

0.08

0.02

0.2 0.4 0.6 0.8 1.0 12 14
Depth(mm)

0.00
0.0 0.1 02 03 0.4 0.5 0.6 0.7

Depth(mm)

Figure 5. Distribution of residual stress and equivalent plastic strain along the depth direction under different static loading forces (1000N,

1200N, 1400N).

Table 4. USRP experimental process parameters.

Ultrasonic vibration frequency (kHz) 28
Ultrasonic vibration amplitude (pm) 8
Static force (N) 1000
Rotation speed of sample (rpm) 160
Feeding speed (mm/r) 0.08

forces acting on the machined surface, which results in
severe plastic deformation and surface nanosizing effects.
Finite element analysis was carried out using ABAQUS/
Explicit. The effect law of USRP treatment on the residual
stress and plastic deformation of GCr15 steel under different
static pressures (1000N, 1200N, 1400N) was investigated.
The maximum residual compressive stresses reached
347 Mpa, 380 Mpa, and 432.04 Mpa, respectively, as the
depth continued to increase (Figure 5a). Figure 5b shows that
the plastic deformation tends to increase and then decrease
from the figure. The greater the static pressure, the greater
the PEEQ, the more severe the surface plastic deformation,
and the deeper the plastic deformation.

The samples treated with the parameters in Table 4 were
tested by the blind hole method, and the simulation results
and test results of the residual stress are shown in Figure 6.
The finite element calculation results agree well with the
experimental values, and the average error is less than 6.8%,
which is within the acceptable range. These errors are due
to the inhomogeneity of the internal microstructure or the
material’s phase change after heat treatment. Figure 6 shows
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Figure 6. Distribution of residual stress on the specimen surface
with depth.

that the trend of the finite element calculation results along
the depth direction is highly consistent with the experimental
measurements, thus providing solid theoretical support for
the USRP analysis.

3.2. Microstructural characterization

The microstructure of the surface layer of the USRP
front and rear shaft steel is shown in Figure 7. From the
optical microscope image (Figure 7a), it can be seen that the
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Figure 7. Microstructure of the surface layer of axial steel before and after USRP. (a) Untreated microstructure (OM); (b) USRP treated
microstructure (OM); (c¢) Untreated microstructure (SEM); (d) and (e) USRP post microstructure (SEM).

original tissue surface of GCr15 GCrl5-bearing has large
carbide particles, pits, and other defects, which are usually
the source of stress concentration areas and crack sprouting.
After treatment with USRP, the specimens can be found
under the optical microscope (OM), where the surface pits
disappeared, and the surface quality was greatly improved.
The blurring of the microstructure at a thickness of about
10um from the top surface under an optical microscope
(OM) at the same magnification (Figure 7b) is due to the
coupling of plastic deformation and high shear stress, static
pressure, and ultrasonic vibration at high strain rates in USRP
resulting in refined surface grains. The original grains under
the surface layer were compressed and elongated in the rolling
direction, indicating that a plastic deformation layer about
60pm thick was formed during the USRP treatment due to
the coupling effect of static pressure and ultrasonic vibrations
that exceeded the yield strength of the material. However,
the changes within the plastic deformation layer along the
rolling direction were not noticeable when observed under
the optical microscope. The main reason is that the study
material has high strength and hardness, and the impact
density provided by only one USRP treatment is difficult
to induce a considerable enough deformation to produce

significant grain refinement. Moreover, Li et al.”’ reported
that the plastic deformation phenomenon changes more
significantly when dealing with soft materials.

Figure 7 shows SEM images of the cross-sectional
microstructure of GCrl5 bearing stGCrl5-bearing after
USRP. As can be seen from Figure 7c, the steel is mainly
composed of martensite, residual austenite, and a tiny amount
of diffuse distribution of carbide particles. The martensite
shape is mostly flaky. After the USRP treatment (Figure 7d),
the top surface martensite became significantly smaller,
and the martensite orientation in the plastic deformation
layer became disordered. This can be attributed to the grain
refinement phenomenon caused by the coupling effect
of ultrasonic vibration and static pressure in which the
martensite tissue is broken. The secondary surface layer of
the material, due to the increase in depth, does not introduce
enough kinetic energy to cause grain refinement, and the
martensitic organization within the grain is elongated. In the
high-magnification SEM image (Figure 7e), the red curve
represents grain boundaries and the orange curve represents
martensitic orientation. It was found that martensitic tissue
in the grain appeared staggered in different orientations,
which were limited to the interior of the grain, and the area
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of'the interlaced zone was considered to be the deformation
zone. This is similar to the results also reported by other
researchers?25,

3.3. Plastic deformation and grain refinement
analysis

Using the EBSD technique, specimens were described to
more thoroughly examine the impact of plastic deformation
and grain refinement on the surface of GCr15 before and after
USRP treatment. It is challenging to distinguish micro- and
nanoscale microstructures in the top machined region in EBSD
maps because of the severe plastic deformation brought on
by the coupling of static pressure and ultrasonic vibrations
on the material’s top surface. Therefore, microstructures
with a surface depth of approximately 10 um were selected
for scanning. The outcomes of the EBSD study before and
after USRP processing are displayed in Figure 8. (IPF map).
EBSDs of micro- and nanostructures without indexing
is seen in the black areas. Refined grains surround the
original grains in the plastic deformation layer, as shown
in Figure 8b. It illustrates how the coarse grain structure
on the material surface eventually tends to the nanoscale
level following severe plastic deformation in a particular
direction during USRP under the repeating action of the
applied load. After the USRP treatment, the number of dark
spots on the surface increased, indicating that the material
surface suffered significant plastic deformation that resulted
in an unidentifiable refinement of the grain organization.

Figure 9 displays the samples’ statistical plots and
kernel average misorientation (KAM) before and after
USRP treatment. Based on the average angle of local grain
misorientation, KAM can determine the extent of local plastic
deformation. It displays the typical relationship between a
given point and its closest neighbors, also part of the exact
grain®. In the KAM map, the blue color is associated with
lower local orientation angles, and the red color is associated
with higher local orientation angles. Higher KAM values
indicate a higher density of dislocations within the grains.

Materials Research

From Figure 9, it can be found that the proportion of high
dislocation density regions in the USRP-treated specimens
gradually increases. Most of the local dislocation angles in
the surface region of the untreated material are distributed in
the middle region of the martensitic organization, which may
be related to the quenching heat treatment of the GCr15 steel.
Quenching transforms the material’s crystal structure from
fce to bee and distorts the lattice, thus increasing the internal
dislocation density of martensite. After USRP treatment,
the KAM in the surface region of GCrl5 steel increased
significantly, mainly distributed near the grain boundaries,
which can be attributed to the severe plastic deformation of
the surface microstructure caused by USRP treatment the
dislocation activities were more intensive and clustered near
the grain boundaries.

To quantify the differences in surface local orientation
errors, further ESBD was performed, and statistical analysis
was performed as shown in Figure 9a’ and Figure 8b’.
The Kernel Average Misorientation of the USRP-treated
material surface (average 1.29°) is significantly larger than
that of the untreated Kernel Average Misorientation (average
0.95°). The high KAM values of the deformed grains can
be attributed to the high density of dislocations generated
during the USRP process. Therefore, it can be predicted that
the strain-induced dislocations increase significantly after
USRP processing. The positive correlation between KAM
and the geometrically necessary dislocation density pGnp
is calculated by Equation 230-32;

aKAM
bR

2

PGND =

Where o is the material constant, KAM is the Kernel Average
Misorientation, b is the Burgers vector, and R is the scan
step size. The mean value of the density is linearly related
to the degree of plastic deformation of the material, which
explains the maximum plastic deformation of the surface
layer after treatment in a gradient distribution.
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Figure 8. EBSD analysis results before and after USRP treatment (IPF plots): (a) untreated (b) USRP treated.
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Figure 9. KAM histograms of samples before and after USRP treatment and their statistical plots: (a) and (a’) untreated specimens; (b)

and (b’) USRP treated specimens.

Figure 10 shows the grain boundary maps and orientation
angle distribution curves of the material surface before and
after the USRP treatment. Low-angle grain boundaries
(LAGBs, 2°-15°) are shown as green lines, and high-
angle grain boundaries (HAGBs, >15°) are shown as
black lines. For the untreated sample (Figure 10a), the
LAGBEs are randomly distributed among the HAGBs. From
the corresponding orientation angle distribution curves
(Figure 10a’), it can be seen that the grain boundaries show
a bimodal distribution, with LAGBs and HAGBs equally
prominent, and the percentage of LAGBs is about 20.2%.
After the USRP treatment (Figure 9b), the surface grain
was significantly deformed along the rolling direction,
and the superficial LAGBs were increased considerably.
In the USRP-treated material, the percentage of LAGBs
increased to 38.8%, and the intensity of the HAGB
distribution peak was significantly reduced from the
orientation angle distribution curve (Figure 10b”). Due to
the high strain and high strain rate caused by USRP, the
martensitic laths are prone to many internal dislocations.
Xu et al.’® reported that dislocation accumulation is the
leading cause of elevated grain LAGB. With further plastic
strain development, dislocation accumulation gradually
evolves into dislocation cells and entanglement, which
are transformed into edges with more minor orientation
deviations by annihilation and rearrangement. The migration
of dislocations from the cell interior to the cell wall and
the accumulation of dislocations in the HAGB lead to the
continuous generation of LAGB, which results in grain
refinement. In addition, under high shear deformation, the
grains rotate in the rolling direction, which is responsible
for the increased number of HAGBs*.

3.4. Hardness analysis

High dislocation density and refined grains in the near-
surface region lead to surface strengthening. Figure 11 shows
the hardness distribution. The hardness of the untreated sample
surface is about 697 HV ., with a slight gradient variation
along the depth. It is caused by quenching heat treatment.
The quenching treatment gradually transforms the internal
organization of the bearing steel GCr15 into an unbalanced
organization of martensite, bainite and residual austenite.
Due to the uneven distribution of quenching temperature,
the microhardness values show a small gradient distribution
from the surface to the core. The hardness of the USRP-
treated samples increased significantly, with the maximum
near-the-surface hardness of about 776 HVO0.5, which was
11.33% higher than that of the substrate, but gradually
decreased with increasing depth. The plastic deformation
affects the hardness to a depth of about 600um.

According to the Hall-Petch relationship, grain refinement
increases hardness. The USRP-treated specimens show a
significant gradient change in hardness, which is attributed
to the combined effect of static pressure and ultrasonic
vibration leading to work hardening and grain refinement
of the violently plastic deformation layer.

In Ultrasonic Surface Rolling, the deformation of the material
is caused by the movement of dislocations, and the increase in
dislocation density leads to the process hardening of its surface;
therefore, the relationship between hardness and dislocation
density can be expressed by the following equation®:

_Gb
Hy==p 3)
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Figure 10. Grain boundary map and orientation angle distribution curves of the material surface before and after USRP treatment (a) and
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Where K is a numerical factor related to the dislocation
structure and distribution, edge-type dislocation K=1-v
(Poisson’s ratio); G is the shear modulus of elasticity; p,, p is
the surface dislocation density before and after processing. H |
is the initial hardness, and N_ is the hardness after processing.

The principle of dislocation density hardening is shown
in the following equation:

o=M aub\/; ®)
Transformed to
lox
\/; " Maub ©)

Where M is the Taylor factor, u is the shear modulus, b is
the Burgers vector, and o is the material constant, generally
about 0.3.

Bringing Equation 6 into Equations 3, 4 yields

_ Gho
Y= MK b (N
Koo'
N, =—=07 _ |
Y MKaubp ®)

In the USRP process, the increase of plastic deformation
caused dislocation sliding, and the dislocation sliding needs
to overcome a specific resistance, which is the macroscopic

800
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Figure 11. Cross-sectional hardness distribution of samples before
and after USRP treatment.

expression of the flow stress in the deformation. At the same time,
the rise of dislocation density will cause the rise of resistance,
so the increase of dislocation density in the deformation process
will increase the hardness and hardening of the material surface
layer. It means that work hardening, workpiece flow stress,
and dislocation density are closely related, and the three in the
plastic deformation process affect each other.

3.5. Surface morphology and surface roughness

Figure 12 shows the sample surface’s three-dimensional
morphology and surface roughness before and after USRP
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Figure 12. Three-dimensional morphology and surface roughness of sample surface before. and after USRP treatment: (a) untreated
specimen; (b) USRP treated specimen; (c) comparison of Ra and Rz before and after USRP treatment.

treatment. The surface of the untreated sample has noticeable
processing marks with surface roughness Ra=0.247um and
Rz=2.469pum. The surface roughness of the USRP-treated
sample is Ra=0.187um and Rz=1.205um, and the surface
morphology is relatively flat, forming a continuous and
uniform plane, and the processing marks disappear. The above
phenomenon can be attributed to the plastic deformation of
the material under the action of ultrasonic rolling, which
produces a peak and valley-cutting effect and a significant
reduction in surface roughness.

The semi-empirical formula for calculating the surface
stress concentration factor using surface roughness parameters
is expressed as’’:

K=t |2 %2 )
P

Where Kt is the stress concentration factor, A is the ratio
of profile spacing to depth, and p is the effective radius of
curvature of the profile valley. This relationship can be used to
clucidate the effect of surface roughness on fatigue resistance
performance. Therefore, USRP reduces surface roughness
and is less likely to form stress concentrations, improving
material fatigue performance and corrosion resistance.
Fatigue cracks usually originate at the surface, with tiny
peaks and valleys on the surface, like many corners, nicks and
cracks, which are the origin of stress concentrations. Under

alternating loads, the presence of stress concentrations reduces
fatigue strength. Therefore the surface has a great influence
on the life of the part. The smoother the surface, the longer
the time for fatigue cracks to sprout. The semi-empirical
formula for calculating the surface stress concentration
factor from the surface roughness parameter shows that
USRP reduces the surface roughness and does not easily
form stress concentrations, improving the fatigue resistance
and corrosion resistance of the material.

3.6. XRD and corrosion resistance

The grain state and grain surface orientation were tested by
X-ray diffraction. The results show that no new phases were
found in the diffractograms of the three X-ray diffraction peaks
corresponding to the a-Fe structure for (1 1 0), (2 0 0) and
(2 11) after USRP treatment. The intensity of the diffraction
peaks after USRP treatment were all significantly reduced,
and their relative widths increased, which can be attributed to
the high-frequency impact of USRP on the specimen surface,
which refined the material grains and introduces residual
compressive stresses on the specimen surface. The X-ray
diffraction patterns of GCr15-bearing steel before and after
USRP treatment are shown in Figure 13.

To facilitate a clear description of the differences in the
X-ray diffraction images before and after USRP treatment,
we determined the full width at half-peak (FWHM) values
(Table 5). The results show a slight increase in the FWHM
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Figure 13. XRD spectra of GCrl5 steel before and after USRP
treatment.

Table 5. Full width at half peak (FWHM) values of (110) diffraction
peaks of GCrlS5 steel.

Sample 20(°) FWHM
Untreated 44.89 0.318
USRP 4475 0.562

values of the diffraction peaks after USRP treatment, indicating
grain refinement and an increase in residual compressive
stress. During USRP, plastic strain occurs at the material
surface, and surface crystal defects (twins, dislocations)
are repeatedly annihilated and regenerated, generating more
subgrain boundaries and achieving surface grain refinement,
in agreement with the findings of microstructure and EBSD
results (see Figures 6-9). It is noteworthy that the grain
refinement improved hardness and corrosion resistance.

The Tafel plot (Figure 14) shows that the specimens
before and after USRP treatment have similar polarization
characteristics. The anodic passivation zone appears on the
anodic polarization curve, and the cathodic polarization
curve is smooth. The appearance of the anodic passivation
zone is mainly due to the generation of dense oxide or
other compound films on the anode surface, which covers
the material surface and reduces the width of the anodic
passivation zone significantly after the USRP treatment of
the anode and solution. The significant reduction in the width
of the anodic passivation zone may be due to the damage
caused by the USRP treatment to the integrity of the oxide
film on the material surface, resulting in the cracking and
peeling of the oxide film, thus reducing the protective effect
of the oxide film on the material.

The material’s corrosion tendency and corrosion rate
can be obtained quickly and easily using electrochemical
experiments, where the self-corrosion potential (E_ ) and
self-corrosion current density (I ) can determine the corrosion
tendency and corrosion rate of the material, respectively.
The specimen’s self-corrosion potential (E_ ) and self-
corrosion current density (I ) are shown in Figure 14.
The self-corrosion potentials before and after USRP treatment
are -0.8 V and -0.536 'V, respectively. E_ can reflect the
degree of corrosion tendency of the material, and the larger the
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Figure 14. Tafel curves of GCrl5 material surface before and
after USRP.

value, the smaller the corrosion tendency. I can reflect the
corrosion rate of the material, USRP treatment before and after
the self-corrosion current density (I ) were 2.621 x 10° A/
cm?, 8.236 x 107 A/cm?. The larger the value indicates, the
faster the corrosion. After USRP treatment, the self-corrosion
potential (E_ ) of the GCrl5 steel surface increased, and
the self-corrosion current density (I ) decreased by two
orders of magnitude, indicating the corrosion resistance of
all USRP-treated samples increased. There are two main
reasons: On the one hand, the surface roughness affects the
corrosion resistance of the specimen, which is less likely to
be corrosion the lower the surface roughness of the sample.

On the other hand, the USRP treatment caused plastic
deformation of the specimen surface; dislocations proliferated
and moved within the grains. Dislocation entanglement
occurred, which refined the surface grains of the specimen,
resulting in an increase in the uniformity and denseness of
the passivation film of GCrl15 steel in 3.5% NaCl solution
and a decrease in the rate of the anodic dissolution process
to a shallower level. This conclusion is consistent with the
above XRD results. In addition, the surface involvement
of compressive stress also contributes to the material’s
corrosion resistance.

4. Conclusion

Ultrasonic surface rolling processing (USRP) is a promising
method to extend the service life of GCrl5 bearing steel.
In this paper, the residual compressive stress and equivalent
plastic strain distribution on the bearing steel surface were
analyzed by the finite element method using GCr15 steel as
the research object. The microstructure, hardness, surface
roughness and corrosion resistance before and after USRP
treatment were also characterized and analyzed. The results
show that USRP treatment improves the surface microstructure
and residual stress distribution of GCrl15 steel, refines the
surface grains, and obtains plastic deformation strengthening
layer. This paper provides a reference for surface modification
of GCr15 bearing steel and draws the following conclusions.

(1) The residual compressive stress tends to increase

and then decrease with the increase of surface
depth. The maximum value of residual compressive
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stress is at the material subsurface. The maximum
residual compressive stress reaches 367 MPa. The
introduction of residual compressive stress delays
the appearance and expansion of fatigue cracks and
improves the material’s service life.

(2) After USRP treatment, the material undergoes
significant plastic deformation, forming a violent
plastic deformation layer with a thickness of about
60 pum. The martensitic tissue on the top surface
is broken and the tissue orientation becomes
disordered, leading to grain refinement. The
martensitic organization on the sub-surface of the
material is elongated, and the deformation zone
is formed by the interlacing of organizations in
different directions within the grains.

(3) Based on the dislocation strengthening theory,
the strengthening mechanism of the ultrasonic
surface rolling processing (USRP) of GCr15 steel
was analyzed. Under the coupling effect of static
pressure and ultrasonic vibration, KAM increases
from 0.95° to 1.29°. As a result, the dislocation
activity becomes more intensive, and many high-
density dislocation entanglements form dislocation
walls and dislocation cells. The dislocation walls
and dislocation cells rotate to form sub-grain
boundary and low-angle grain boundaries, leading
to an increase in the percentage of LAGB. Surface
grain refinement is also the main reason for the
increased hardness of the material.

(4) After the USRP treatment, the self-corrosion potential
(E,,,) of the GCrl5 steel surface was increased
(from -0.8 V to -0.536 V). The self-corrosion
current density (I ) was reduced by two orders
of magnitude (from 2.621 x 10 A/cm? to 8. 236 x
107 A/em?), resulting in a significant improvement
in corrosion resistance. This improvement was
achieved by the synergistic effect of surface grain
refinement, low surface roughness, and residual
compressive stress layer.
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