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Surface nanoengineering can significantly improve the mechanical properties and performance of metals,
such as strength, hardness, fatigue, wear resistance, etc. In this work, we tailored the surface microstruc-
ture of GCrl5 bearing steel within a thickness of approximately 800 pm using room temperature ultra-
sonic shot peening (USP) technology. Microstructure characterization studies reveal the formation of gra-
dient nanosized spheroidal carbides and lath-shaped nano-martensite in the GCrl5 bearing steel during
the USP process. The micro-sized martensite structure (~1.8 pm) in the as-received GCrl15 bearing steel
was refined to lath-shaped nano-martensite with a thickness of ~10 nm. The USP-induced transformation
of carbides and the segregation of carbon elements within the peened surface layer of the GCr15 bearing
steel were clearly observed. The sizes of carbides were reduced from ~800 nm to ~460 nm during the
USP treatment. These phenomena were primarily attributed to the interactions between dislocations and
carbides, as well as the interfacial wear occurring between the carbides and the matrix materials. The seg-
regation of carbon elements within the USP-treated sample was ascribed to the interplay between dis-
locations concentrated at grain boundaries and the ensuing carbon diffusion within the cementite phase.
As a result of surface nanoengineering, the microhardness of the USP-treated GCrl5 bearing steel was
improved by approximately 30% compared to its as-received counterparts and a significant enhancement
in wear resistance was achieved. The wear rate coefficient for USP-treated GCrl5 bearing steel is reduced
by 43.19% and 84.62% after 4 and 8 minutes of peening, respectively. This study paves the way for exciting
advancements in nanoengineering metals for superior durability.
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1. Introduction

High chromium bearing steel has gained widespread reco-
gnition in the manufacturing industry, particularly in appli-
cations like bearing rings and ball screws, owing to its excep-
tional wear resistance, impressive corrosion resistance, and
reliable dimensional stability.”> However, a prominent chal-
lenge associated with bearing steel pertains to its susceptibility
to surface wear under extreme loads, which remains its
primary mode of failure. Tailoring surface microstructures has
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been widely recognized to enhance surface hardness and
strength and thus improve wear resistance.® The concept of gradi-
ent nanostructured surface layers has exhibited remarkable
potential in elevating the mechanical properties of materials.
Such advantages encompass a remarkable synergy between
strength and ductility,*” enhanced resistance to fatigue,> and
exceptional friction and wear characteristics."®"® Gradient nano-
structures, characterized by a spatially varying distribution of
microstructures, such as grains or twins, where the grain size or
twin thickness spans one or more orders of magnitude, have
emerged as a critical area of research.'®'” Surface nanocrystalliza-
tion of metals and alloys induced by severe plastic deformation
(SPD) has proven to be a highly effective approach in creating gra-
dient nanostructured surface layers.'®>° Past studies have demon-
strated that SPD techniques can lead to exceptional wear resis-
tance by refining the microstructure of materials.*** Laser shot
peening, surface mechanical attrition treatment, etc. can be used
to achieve gradient nanostructured surface layers on metals and
alloys, eg stainless steel, copper,>** etc. Gradient nano-
structured surface layers can significantly increase the fatigue re-
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sistance of the metals and components. However, these surface
nanocrystallization technologies require complicated equipment
set-up and it is still a challenge to fabricate high-performance gra-
dient nanostructured surface layers on hard-to-deform engineer-
ing bearing steels with high yield strength.

A significant challenge remains in the fabrication of gradient
nanostructured surface layers on high strength bearing steel with
a yield strength of approximately 2.0 GPa and low ductility (less
than 10%) through conventional surface treatment methods. To
address this challenge, advanced high-energy surface treatment
technologies, such as surface mechanical rolling treatment
(SMRT) and ultrasonic shot peening (USP), have been developed.
For example, Zhang et al.***” successfully generated a thick gradi-
ent nanograined surface layer on ultra-high strength bearing steel
(GCr15) using SMRT, while Yin et al. achieved a super-strong M50
bearing steel with a gradient nanostructure through USP.*?
However, the process of USP-induced surface nanocrystallization
in GCr15 bearing steel remains unexplored, and the microstruc-
tural evolution of GCr15 bearing steel during the USP process,
particularly the refinement of microstructures like carbides, auste-
nite, and martensite, has received limited attention. Furthermore,
the influence of the gradient nanostructured surface layer on the
friction and wear resistance of GCr15 steel remains unclear.

This study aims to fabricate a gradient nanostructured
surface layer on GCrl5 steel using USP technology. Shot
peening has been widely used for surface treatment of metals
and alloys for fatigue resistance enhancement by introducing
compressive residual stress into the surface of the targets.
Conventional shot peening technology uses high-pressure air
to accelerate steel shots, and a recycling system for steel shots
is needed. Ultrasonic shot peening uses high-frequency (>20
kHz) ultrasonic signals as the power source to accelerate steel
shots and impact the target surface within an enclosed
chamber. Detailed characterization of carbides and phases
within the gradient nanostructured surface layer enables us to
develop a comprehensive understanding of microstructure
evolution of this gradient nanostructured surface layer during
USP. Furthermore, we conducted pin-on-disk wear tests at
room temperature to evaluate the influence of gradient nano-
structured surface layers on wear resistance. This research sys-
tematically explores the formation mechanisms of gradient
nanostructures, the relationship between the gradient nano-
structured surface layer and friction coefficient, as well as the
wear resistance of gradient nanostructured GCrl5 bearing
steel. These findings serve as a valuable theoretical foundation
for the potential application of USP technology to tailor
surface microstructures and enhance the wear resistance of
GCr15 high strength bearing steel in the near future.

2. Materials, ultrasonic shot peening
and characterization

The as-received (AR) tempered GCr15 bearing steel was charac-
terized by using scanning electron microscopy (SEM). Fig. 1(a)
shows martensite and spheroidal carbides intricately
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embedded within a ferrite matrix. Fig. 1(b) shows an electron
backscattering diffraction (EBSD) map of the AR-GCr15 steel,
shedding light on its grain structure. The AR-GCr15 material
displays grain sizes ranging from approximately 15 to 20 um,
coexisting with diminutive martensite phases varying in size
from 0.2 pm to 5 um, with an average martensite size of
approximately 1.844 pm. Notably, grain boundaries are
denoted by black dashed lines, and the martensite phases
exhibit uniform orientation within the matrix. The chemical
composition of the AR-GCr15 bearing steel can be found in
Table 1.

The schematic representation of the ultrasonic shot
peening (USP) process is presented in Fig. 1(c). This process
was performed at an ultrasonic frequency of 20 kHz and a
power output of 1.5 kW. Detailed information regarding the
USP methodology can be obtained from our previous
works."®?3! During the USP treatment, GCr15 bearing steel
samples underwent peening for varying durations of 2 minutes,
4 minutes, and 8 minutes. This revised approach incorporated
the utilization of 4 mm-diameter shots, thereby imparting higher
impact energy compared to the previously employed 3 mm-dia-
meter shots. The USP technology is an efficient method to fabri-
cate gradient nanostructured surface layers on metals and alloys
and surface nanoengineering can be used in mechanical
strengthening of other engineering bearing steels, e.g. M50
bearing steel and stainless steel. The core principle of the USP
technique, as illustrated in Fig. 1(d), involves the introduction of
low-energy, high-frequency, and repetitive impacts, mitigating the
risk of surface damage during the surface nanocrystallization
process. Fig. 1(d) illustrates the ultrasonic shot peening process
for a steel sample within a transparent enclosed chamber cap-
tured using a Photron high-speed camera (Fastcam Nova S12)
with a frame per second of 40 000. Multiple impact simulations
during the peening process were conducted on the ABAQUS plat-
form. The detailed set-up of high-speed camera observation and
FE simulation modelling can be referred to our previously pub-
lished literature.”* Fig. 1(e) shows the gradient nanostructured
surface layer in the USP-treated GCr15 bearing steel, as assessed
via electron backscattering diffraction (EBSD) analysis, revealing
nanosized spheroidal carbides and lath-shaped nano-martensite
structures.

All samples were mechanically polished and then etched
for 20 seconds in ethanol solution containing 4% nitric acid. A
scanning electron microscope (FEG 450) was used to observe
the microstructure of the materials. Electron backscatter diffr-
action (EBSD) scans were performed using an FEI Quanta 450
equipped with an EDAX-TSL EBSD system with a step size of
150 nm. TEM characterization was performed on the FEI Talos
200X. EDS mapping of the sample was carried out using the
STEM model. Thin foils were prepared along the cross-sec-
tional direction of the USPed-8 min GCrl5 sample at its
topmost surface and at a depth of about 40 pm from the
peened surface. X-ray diffraction (XRD) measurements were
performed on a Rigaku MiniFlex 600 diffraction analyzer with
a copper anode at a scanning speed of 5° min~". Subsequently,
we highlighted the major results.

Nanoscale, 2024, 16, 20570-20588 | 20571
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Fig. 1 (a) Scanning electron microscopy (SEM) image of the as-received coarse-grained GCr15 bearing steel and (b) electron backscatter diffraction
(EBSD) mapping of the as-received GCr15 steel with reconstructed martensite parent grains, the inset shows the statistical analysis of the size of
martensite; (c) schematic diagram of the ultrasonic shot peening process with the detailed setup of the ultrasonic shot peening process; (d)
recorded small-energy high-frequency multiple impacts and calculated distribution of the stress and plastic deformation of an USPed steel sample;
and (e) EBSD characterization of the GCr15 bearing steel with a gradient nanostructured structure consists of nanosized spheroidal carbide and lath-

shaped nano-martensite along its cross-sectional direction.

Table 1 Chemical compositions of GCr15 bearing steel (wt%)

C Cr Si Mn P S Ni Cu Mo Fe
0.97 1.47 0.24 0.31 0.16 0.03 0.03 0.02 0.01 Bal.
3 Results increases from 0 minutes to 4 minutes and 8 minutes, as

3.1 Gradient nanostructure of the GCr15 bearing steel

Fig. 2(a) shows a SEM image of the as-received GCr15 bearing
steel (AR-GCr15), while Fig. 2(b) shows an enlarged view of the
marked region in Fig. 2(a). Notably, grain boundaries are
denoted by white dashed lines, and spheroidal carbide par-
ticles are observed to be uniformly distributed within the
grains. The statistical analysis of the carbide size, as depicted
in Fig. 2(c), reveals an average carbide size of approximately
800 nm. Fig. 2(d) and (g) show the SEM images of the GCr15
bearing steels subjected to peening for approximately
4 minutes and 8 minutes, respectively, along their cross-sec-
tional direction. Evident in these images is the presence of a
severely plastically deformed surface layer, as further illus-
trated in Fig. 2(e) and (h). With an increase in peening dur-
ation, grain boundaries become progressively less distinct as
illustrated in Fig. 2 and Fig. S1.t The average carbide particle
size exhibits a diminishing trend, reducing from 800 nm to
713 nm and further to 461 nm as the peening duration

20572 | Nanoscale, 2024, 16, 20570-20588

shown in Fig. 2(f) and (i).

Fig. 3(a)-(c) depict the electron backscattering diffraction
(EBSD) mapping of the as-received coarse-grained bearing
steel and gradient nanostructured bearing steel treated with
4 min and 8 min, along its cross-sectional direction, respect-
ively. Gradient nanostructures (GNs) have been fabricated on
the surface of the GCr15 bearing steel with the peening dur-
ation of 4 min and 8 min according to Fig. 3(a)-(c). With the
increase of peening duration, the thickness of the GN surface
layer increases and the gradient nanostructure can be further
refined. Fig. 3(d)—-(g) show a statistical analysis of martensite
size within specific depth intervals from the peened surface,
encompassing the 0-50 pm, 50-100 pm, 100-150 pm, and
150-200 pm regions, in the USPed GCr15 bearing steel with an
8 min peening duration. The corresponding average marten-
site sizes in these specified regions were measured at 627 nm,
718 nm, 760 nm, and 921 nm, respectively, as shown in
Fig. 3(d)—(g). Statistical analysis of the martensite phase size
with respect to the depth profile for the USPed GCr15 bearing

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SEM images of (a) and (b) the as-received GCr15 bearing steel, (d) and (e) the USPed GCr15 bearing steel with the peening duration of 4 min,
and (g) and (h) USPed GCr15 bearing steel with the peening duration of 8 min, along the cross-sectional direction. (c), (f) and (i) Statistical analysis of
the size of the carbides in the sample with respect to peening durations of 0 min, 4 min and 8 min. The white dashed lines indicate grain boundaries.

steel with the peening duration of 4 min is shown in Fig. S2.1
It is worth noting that the EBSD mapping employs a step size
of 150 nm. Further comprehensive characterization studies of
the USP-treated samples will be conducted employing trans-
mission electron microscopy (TEM).

Fig. 4 illustrates the TEM characterization of the USPed
sample with the peening duration of 8 min. Two TEM samples
were prepared from its topmost surface and ~40 pm depth
from its topmost surface. Fig. 4(a) and (d) illustrate the bright-
field (BF) images of the nanostructure of the sample at
different magnifications. A high density of dislocations can be
clearly identified in Fig. 4(a) and (d). To identify the phase
condition of the nanostructure processed by USP, selected area
electron diffraction (SAED) patterns were captured at areas I, II
and III as marked by the yellow squares in Fig. 4(a). The inset
in Fig. 4(a) shows the diffraction pattern of area I along the
[211] axial zone, and the carbide (Fe;C) SAED pattern was
indexed. Fig. 4(b) and (c) illustrate the SAD patterns of areas 2
and 3, respectively. According to the SAED analysis, there are
the a martensite phase and the y austenite phase in areas II
and III. The diffraction rings suggest that the o phase and y
phase have been refined down to nanometers. It should be
note that there are some spotty bits on the diffraction rings
illustrated in Fig. 4(b) and (c), which is because the size of the
SAED aperture used here is the smallest. Actually, the nano-
crystals can be clearly identified in the dark-filed images illus-

This journal is © The Royal Society of Chemistry 2024

trated in Fig. 4(e) and (f) as well. Fig. 4(d) illustrates the mag-
nified characterization of the ultrasonic shot peening-induced
nanostructure. The insets in Fig. 4(d) show the SAED patterns
captured from areas @ and @. Fig. 4(e) and (f) illustrate the
dark-field (DF) images of the nanostructure with the g of [101]
and [211], respectively, by moving the SAED aperture to the
SAED spot marked by the red circles in the insets of Fig. 4(d).
The nanosized a phase ranging from several nanometers to
hundreds of nanometers can be identified from the DF images
in Fig. 4(e). According to Fig. 4(f), the nanosized y phase
ranging from several to tens of nanometers has been fabri-
cated by USP. A large number of lath-shaped grains ranging
from several to tens of nanometers in thickness can be clearly
identified in Fig. 4(g)-(i). At the location of 40 pm depth from
the peening surface, the materials undergo severe plastically
deformation (SPD) during the USP process. The large marten-
site structure was refined down to nanometers, resulting in
lath-shaped martensite with a thickness of nanometers, as
illustrated in Fig. 4(h) and (i).

3.2 Formation of the nanosized spheroidal carbides

The plastic deformation induced by ultrasonic shot peening
(USP) exerts a transformative influence on the pre-existing
state of carbides within GCr15 steel. This transformation
hinges upon carbide type and hardness, with each type exhi-
biting varying degrees of resistance to plastic deformation. It

Nanoscale, 2024, 16, 20570-20588 | 20573
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Inverse pole figure (IPF) EBSD mapping of the (a) as-received control sample and the USPed sample with peening durations of (b) 4 min and

(c) 8 min along the cross-sectional direction. (d)-(g) Statistical analysis of the phase size in the gradient nanostructured GCr15 bearing steel with the

peening duration of 8 min along its cross-sectional direction.

is well established that during the USP process, the presence
of large irregular carbides can give rise to stress concen-
trations, thus increasing the susceptibility to macroscopic irre-
gular carbide fracturing.***

As shown in Fig. 5(a)-(d), our observations unveil conspicu-
ous slip bands and fissures within the carbides. The develop-
ment of these slip bands can be attributed to the propagation
of a substantial number of dislocations across slip planes, an
outcome of substantial plastic deformation. Fig. 5(b) illustrates
distinct plastic flow patterns, notably evident between two
adjacent carbides, while Fig. 5(c) shows a gradual blurring of
the carbide perimeters, indicative of the substantial accumu-
lation of dislocations within these regions. It is noteworthy
that the internal plastic deformation assists in the decompo-
sition of cementite, with larger-sized cementite being more
prone to undergoing plastic deformation.®> For a more
detailed examination, high-resolution transmission electron
microscopy (HR-TEM) was used to scrutinize the two marked

20574 | Nanoscale, 2024, 16, 20570-20588

regions (areas 1 and 2) as designated by white circles in
Fig. 5(d), as shown in Fig. 5(e) and (f). These inspections
unveil the presence of a high density of dislocations or dis-
location walls at the interface between the matrix and carbide,
as demonstrated in Fig. 5(d). To further substantiate these
findings, inverse fast Fourier transition (IFFT) analysis was
performed on box-selected areas in Fig. 5(e), as shown in
Fig. 5(g1) and (g2), thereby confirming the presence of a sub-
stantial accumulation of dislocations outside the carbide
boundaries, with a limited number of dislocations penetrating
into the carbides. This discrepancy arises from the relative
hardness of the carbides, which effectively obstructs the pro-
gress of dislocations within the matrix and culminates in their
accumulation in the vicinity of the carbide-matrix interface.
Moreover, the geometric phase analysis (GPA) plots in Fig. 5(h)
and (i) serve to corroborate the presence of a considerable
number of dislocations concentrated at the boundary
interfaces.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Transmission electron microscopy (TEM) characterization of the USPed sample with the peening duration of 8 min. (a) Bright-field (BF)
image of the sample at its topmost surface, the right-upped corner inset shows the selected area electron diffraction (SAED) patterns of area | in (a);
SAED patterns of (b) area Il and (c) area Ill as marked in (a); (d) magnified BF observation of the USPed sample at its topmost surface, the right-upped
and right-lower insets show the SAED patterns of the a phase and y phase marked as areas @ and @, respectively; (e) and (f) dark-field images of
the « phase and y phase with the g of [101] and [211], respectively; (g) BF image of the USPed sample at the location of 40um depth from its topmost
surface; and (h) and (i) magnified BF images at that area showing that the lath-shaped phases have refined into several nanometers in thickness.

Fig. 6(a)-(c) show bright-field (BF), dark-field 4 (DF4), and
high-angle annular dark-field (HAADF) images, respectively,
shedding light on the plastic deformation undergone by the
carbides during USP. These images serve to underscore the
structural changes that transpire within the carbides, further
corroborating the effect of USP-induced plastic deformation.
The slip bands and dislocations in the carbides can be charac-
terized as illustrated in Fig. 5. That’s because the carbides can
be deformed and refined during the USP process due to the
severe plastic deformation. Our investigation extends to
energy-dispersive X-ray spectroscopy (EDS) mapping presented
in Fig. 6(d)-(h), which provides elemental insights into the
composition of the carbides. Notably, these carbides are
identified as high chromium carbides. In Fig. 6(d), a conspicu-
ous alteration is observed in the upper left boundary of
carbide No. 1. The distribution of Cr elements in this region

This journal is © The Royal Society of Chemistry 2024

appears disrupted in comparison to carbide No. 2, implying a
potential decomposition process. It should be noted that the
more advanced characterization method, e.g. time-resolved
TEM, can be employed to better prove this statement in the
future. Furthermore, the upper left boundary of the carbide
exhibits blurring, with a less pronounced difference in the
carbon element concentration at the boundary. This phenom-
enon can be attributed to elemental diffusion at the interface
between the carbide and the matrix. This continuous
decomposition of the carbides, coupled with mechanical
mixing between the carbides and the martensite matrix, culmi-
nates in a progressive reduction in the chromium content
within the deformed carbides. To quantitatively substantiate
this transformation, a line scan indicated by the yellow arrow
line in Fig. 6(d) is presented in Fig. 6(i). This analysis confirms
that the Cr concentration within carbide No. 1 is noticeably

Nanoscale, 2024, 16, 20570-20588 | 20575
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Fig. 5 Transmission electron microscopy (TEM) characterization of the carbides in the USPed sample with the peening duration of 8 min. (a)—(d) BF
images of the nanostructured areas; (e) HR-TEM characterization of hanostructure area 1 indicted by the white circle in (d); (f) HR-TEM characteriz-
ation of the carbide area indicated by the No.2 white circle in (d) and SAED pattern of the carbide in the right-lower inset; (g1) and (g2) IFFT images
of the marked area in (e), respectively; (h) and (i) geometric phase analysis (GPA) of the area in (e) and (f), respectively, and the white dashed rec-
tangle area suggests severe lattice distortion agreeing well with the HR-TEM characterization marked by the dashed white rectangle in (f).

lower than that in carbide No. 2, providing clear evidence of
carbide dissolution. Consequently, this dissolution process
contributes to the refinement of carbide size and the achieve-
ment of a more uniform morphology.

Fig. 7 provides an in-depth exploration of the microstruc-
tural features at both the topmost surface and a depth of
40 pm from the peened surface in the gradient nanostructured
GCr15 bearing steel. The examination includes bright-field
(BF) and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), and energy-dispersive
X-ray spectroscopy (EDS) mapping. Fig. 7(a) shows the pres-
ence of dislocation walls formed at grain/phase boundaries,

20576 | Nanoscale, 2024, 16, 20570-20588

prominently marked by yellow arrows. These dislocation walls
emerge at the nanoscale, underscoring the influence of severe
plastic deformation (SPD) induced by ultrasonic shot peening
(USP). Within the microstructure, Fig. 7(b) shows a notable
accumulation of dislocations within cellular structures. These
dislocation walls and cells are direct consequences of SPD,
further affirming its impact on the material. In the topmost
surface of the material, Fig. 7(c)-(h) exhibit carbon segregation
at grain/phase boundaries. This segregation of carbon
elements is particularly evident in regions where the grain/
phase size has been refined to the nanometer scale. Such
carbon segregation at the nanoscale level contributes to the

This journal is © The Royal Society of Chemistry 2024
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stabilization of the nanosized structure generated through
USP. This enhanced stability augments the wear resistance of
the GCr15 bearing steel during dry sliding wear tests,
especially under conditions of frictional heating. Conversely,
at a depth of 40 um from the peened surface, Fig. 7(i) and (j)
show the presence of a substantial number of dislocation
walls. Notably, in this region, there is a lack of significant
carbon segregation, as depicted in Fig. 7(k)-(p). These obser-
vations offer valuable insights into the microstructural vari-
ations within the gradient nanostructured GCr15 bearing steel
and its implications for material performance.

Fig. 8(a) illustrates the XRD patterns of the samples with
different peening durations of 0 min, 2 min, 4 min and 8 min.
The retained austenite y (111) and y (200) peaks disappeared
in the surface layer after ultrasonic shot peening, implying a

This journal is © The Royal Society of Chemistry 2024

phase transformation phenomenon (y — o phase). It is noted
that the nanosized y phase was identified by TEM in Fig. 4.
Thus, the disappearance of the y phase in the XRD pattern is
ascribed to the low amount of the nanosized y austenite phase
in the surface layer. The width of the martensite a(110) peak
increases with the increase of the peening duration from
2 min to 4 min and to 8 min, indicating microstructure refine-
ment. The full width at half maximum (FWHM) of the «(110)
peak of the bearing steel sample with the peening duration of
0 min, 2 min, 4 min and 8 min is 0.513, 0.583, 0.611 and
0.642, respectively. The left-ward shift of the a(110) peak in
Fig. 8(b) indicates lattice expansion during the USP process.
The lattice expansion can be explained by the phase transform-
ation from the FCC y — BCC a phase. It should be noted that
the diffraction patterns in the XRD spectra have been normal-
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(a) Bright-field image, (b) DF4-STEM image and (c)—(h) EDS elemental mapping of the USPed sample with the peening duration of 8 min at

its topmost surface indicating carbon segregation at grain boundaries; (i) bright-field image, (j) HAADF-STEM image; and (k)-(p) EDS elemental
mapping of the USPed sample with the peening duration of 8 min at the location of 40pm depth from its topmost surface.

ized. Specifically, the intensity of the highest peak, ie., the a
(110) peak, has been set to the same value across all spectra,
allowing for a more straightforward comparison of peak posi-
tions and peak broadening between the samples treated with
different peening durations.

3.3 Microhardness

The microhardness measurement was carried out using an
HVT-1000A tester equipped with a Vickers indenter with a
maximum load of 200 g and a hold time of 10 s. The micro-
hardness of the gradient nanostructured layer was measured
by grinding the sample from its peened surface down to the
core layer by layer. The microhardness measurements of the
gradient nanostructured GCrl5 bearing steels along their
cross-sectional direction show a gradient distribution, as
shown in Fig. 9. The maximum microhardness of the USPed
samples is 955 HV, located at the topmost surface of the

20578 | Nanoscale, 2024, 16, 20570-20588

USPed sample with the peening duration of 8 min. The micro-
hardness of the AR-GCr15 bearing steel is around 750 HV.
With the increase of the peening duration, the maximum micro-
hardness and thickness of the hardened layer increased gradu-
ally. The thickness of the gradient hardened surface layer can
reach up to 800 pm, as illustrated in Fig. 9. Wang et al. reported a
gradient nanostructured surface layer on the AISI52100 bearing
steel using the surface mechanical rolling treatment at room
temperature. According to their test results, the microhardness
reaches ~10.2 GPa at the treated surface and continuously
decreases to the matrix value of ~8.5 GPa with increasing depth.
The thickness of the hardened surface layer in the sample was
estimated to be ~600 pm.>* The HV hardness can be transferred
to the GPa hardness by multiplying a factor of 0.009807. Herein,
the microhardness of the AR-GCr15 bearing steel is 7.36 GPa and
the maximum microhardness of the USPed sample can reach as
high as 9.36 GPa, which agrees well with that of the mechanical

This journal is © The Royal Society of Chemistry 2024
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strengthened AISI-52100 bearing steel using the SMRT techno-
logy. The thickness of the mechanical strengthened surface layer
on the USPed GCr15 bearing steel can reach as high as 0.8 mm,
suggesting that a thicker mechanical strengthened surface layer

This journal is © The Royal Society of Chemistry 2024

can be fabricated on the high-strength GCr15 bearing steel via
USP technology.

3.4 Pin-on-disk wear tests

The wear tests were carried out using a computerized ball-disk
wear tester (HT-1000) at room temperature. The rotation speed
is 700 rpm and the friction radius is 5 mm. The grinding ball
is a silicon nitride ball (Si;N,) with a diameter of 6 mm. The
test surface was cleaned in an acetone solution using an ultra-
sonic cleaner, and then the surface topography was character-
ized and measured before and after the wear test using an
optical profiler (Bruker Contour GT-K 3D). The worn surface
and wear debris were analyzed by optical microscopy (OM) and
scanning electron microscopy (SEM).

The surface topography of the as-received and USPed
samples was measured using a Bruker Contour GT-K 3D
optical profiler and the typical arithmetic mean surface rough-
ness R, was quantified according to EN ISO 4287 and EN ISO
16610-21. The test results in Fig. 10 suggest that the surface
roughness of the USPed GCr15 bearing steel samples is higher
than that of the polished sample. The R, values of these
samples are 0.551 pm, 2.937 pm and 3.304 pm, corresponding
to the as-received AR-GCr15 bearing steel sample and the two
USPed GCr15 bearing steel samples with the peening duration
of 4 min and 8 min, respectively.
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Fig. 11(a)—(c) illustrate the optical microscopy (OM) obser-
vations of the scratched surface of the AR-GCr15 bearing steel
and two USPed GCr15 bearing steels with the peening duration
of 4 min and 8 min, respectively. The dry sliding wear tests
were conducted at room temperature for 1.5 hours. The
scratch width of the AR-GCr15 bearing steel and the two
USPed GCr15 bearing steels with the peening duration of
4 min and 8 min is 1.739 mm, 1.593 mm and 1.180 mm,
respectively. The scratch width of the two USPed samples is
smaller than that of the AR-GCr15 bearing steel sample, indi-
cating an enhanced wear resistance. Fig. 11(d)—(f) and (g) illus-
trate the 3D and 2D surface profiles of the scratched surface of
the AR-GCr15 bearing steel and the two USPed GCr15 bearing
steels with the peening duration of 4 min and 8 min, respect-
ively. Based on the 3D and 2D surface profiles of the scratches,
the wear rate of the AR-GCr15 bearing steels was calculated
according to eqn (1):

v
k= s (1)
where k is the specific wear rate coefficient, V is the wear
volume, F is the normal load (20 N) and s is the sliding dis-
tance. The wear rate coefficients were calculated to be 9.1 x
107° mm® Nm™, 5.17 x 10"® mm® Nm™* and 1.40 x 10~® mm?
Nm™, corresponding to the AR-GCr15 bearing steel and the
two USPed GCr15 bearing steels with the peening duration of

4 min and 8 min, as illustrated in Fig. 12(h). The results indi-

20580 | Nanoscale, 2024, 16, 20570-20588

cate that the wear rate coefficient of the two USPed GCr15
bearing steels has been reduced by 43.19% and 84.62%,
respectively, suggesting a significant enhancement of the wear
resistance for the USPed GCr15 bearing steels. Fig. 11(i) illus-
trates the variation of friction coefficient of the AR-GCr15
bearing steel and the two USPed GCr15 bearing steels during
the dry sliding wear tests. The running-in period for the
AR-GCr15 bearing steel is around 6 minutes. The friction
coefficient during the test is 0.77. The friction coefficient of
the USPed GCr15 bearing steels is smaller than that of the
AR-GCr15 bearing steel at the running stage and increases
gradually with the test duration, as illustrated in Fig. 11(i).

4. Discussions
4.1 Mechanisms of microstructure refinement during USP

The application of ultrasonic shot peening (USP) to the surface
layer of GCr15 steel generates a substantial degree of severe
plastic deformation characterized by high strain rates. This
process induces both element diffusion and dislocation
annihilation along the sample’s cross-sectional direction.
Fig. 12(a) illustrates the distribution of the kernel average mis-
orientation (KAM) in a USP-treated sample with an 8-minute
peening duration, as determined by electron backscattering
diffraction (EBSD) analysis. KAM is an indicator reflecting the
net change in dislocation density resulting from plastic defor-

This journal is © The Royal Society of Chemistry 2024
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mation, exhibiting a gradient distribution along the cross-sec-
tional direction of the USP-treated samples. Fig. 12(d) shows
the average KAM value at various locations within the USP-
treated sample. Notably, the KAM value decreases from
0-50 pm, 50-100 pm, and 100-150 pm to 150-200 pm from the
peened surface, showing values of 0.158, 0.181, 0.195, and
0.238, respectively. In essence, the topmost surface of the
GCr15 bearing steel undergoes severe plastic deformation
(SPD). This SPD process results in the accumulation and
dynamic recovery of dislocations within refined sub-grains or
dislocation cells. Concurrently, dislocations are absorbed by
the grain boundaries of these sub-grains or dislocation cells,
contributing to a reduction in KAM values at the topmost
surface of the peened material.

Fig. 12(b) shows the distribution of high-angle grain bound-
aries (HAGBs) and low-angle grain boundaries (LAGBs) identi-
fied through EBSD mapping. Fig. 12(e) shows the statistical

This journal is © The Royal Society of Chemistry 2024

analysis of the fractions of HAGBs and LAGBs at different
locations within the USP-treated GCr15 bearing steel. The frac-
tion of HAGBs increases progressively with the accumulation
of plastic deformation. As the GCr15 bearing steel experiences
substantial plastic strain at high strain rates during the USP
process, dislocations are continually generated, mobilized,
and interact, leading to the formation of dislocation walls/clus-
ters and even HAGBSs, corresponding to continuous dynamic
recrystallization (cDRX), as confirmed by the EBSD characteriz-
ation in Fig. 12(a) and (b). The grain orientation spread (GOS)
mapping of the gradient nanostructures is depicted in
Fig. 12(c). Fig. 12(f) illustrates the recrystallized grain fraction
calculated from the GOS mapping at different locations within
the USP-treated sample. The recrystallized grain fraction
decreases as one progresses from the location 0-50 pm to
150-200 pm from the peened surface, showing values of
94.3%, 87.1%, 85.3%, and 80.9%, respectively. To summarize,

Nanoscale, 2024, 16, 20570-20588 | 20581
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the gradient nanostructured GCrl15 bearing steel at different depths.

the primary factors contributing to grain refinement and the
formation of the gradient nanostructure within the GCr15
bearing steel are associated with the interaction between dis-
locations and grain boundaries.

4.2 Mechanisms of carbide refinement and segregation

The refinement of carbides within the GCr15 bearing steel
during the ultrasonic shot peening (USP) process was eluci-
dated through the observations presented in Fig. 5 and 6.
Several factors contribute to the mechanisms governing
carbide refinement during USP: (1) increased interface energy:
Languillaume and Sauvage have highlighted that the instabil-
ity of cementite during plastic deformation is a result of the
increased free energy at the interface, coupled with the pro-
gressive thinning of carbide lamellae.*®*” Under the influence
of the Gibbs-Thomson effect, carbon atoms diffuse through
the cementite/matrix interface, ultimately leading to cementite
decomposition. (2) Dislocation-carbide interaction: dis-
locations can instigate the decomposition of carbides as
posited by Gavriyu et al.*® This decomposition behavior is trig-
gered by dislocation slip occurring within the cementite struc-
ture, and it is governed by the principle that the binding
energy between carbon atoms and iron atoms in cementite is
lower than that of carbon atoms and dislocations. (3)

20582 | Nanoscale, 2024, 16, 20570-20588

Interfacial wear: the distinct difference in plastic deformability
between the matrix and carbide results in carbide refinement
through interfacial wear. During this process, carbon atoms
from the carbide surface are transferred to the martensitic
matrix, facilitating refinement.

Deformation and fragmentation of carbides within the
severely plastic-deformed (SPDed) layer led to an increase in
the area-to-volume ratio of the matrix/carbide interface.
Consequently, the interface energy between the carbide and
the martensite matrix was increased. EDS mapping, as demon-
strated in Fig. 6(d), reveals that carbide No.1 exhibits a blurred
boundary with diffused carbon and chromium elements.
Examination of the carbide boundary through TEM and
HR-TEM characterization, as depicted in Fig. 5(d) and 6(e),
underscores the substantial inhibition of dislocations at the
boundary between the carbide and matrix materials. IFFT ana-
lysis in Fig. 5(g1) and (g2) indicates a substantial presence of
dislocations in proximity to the boundary, with a crystallo-
graphic spacing of 0.203 nm identified as the (110) o phase.
Notably, the IFFT analysis near the dislocation wall and within
the carbide reveals marked lattice distortions, signifying
intense interactions between dislocations and carbides. GPA
analysis, as found in Fig. 5(e) and (f), provides further evi-
dence of lattice distortion-induced strain within the matrix

This journal is © The Royal Society of Chemistry 2024
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materials, which significantly exceeds that observed within the
carbide. This observation implies that a significant accumu-
lation of dislocations takes place at the boundary between the
matrix materials and the carbide. Owing to the superior
strength of the carbide, dislocations tend to aggregate at the
boundary, subsequently forming dislocation walls. A smaller
subset of dislocations traverses the boundary and infiltrates
the carbide, as illustrated in Fig. 5(h) and (i). Consequently,
the carbide undergoes breakage, decomposition, and refine-
ment into smaller sizes due to the shear bands generated by
the plastic flow, as demonstrated in Fig. 5.

The phenomenon of SPD-induced grain boundary segre-
gation has been experimentally documented in various
alloys.*>*° During the high-pressure torsion (HPT) processing
of pearlitic steels, Sauvage observed the formation of equiaxial
nanostructures and the decomposition of cementite.*!
Notably, dislocation cell boundaries formed during HPT can
capture carbon atoms released during cementite decompo-
sition. These carbon-saturated dislocations at the o-Fe/Fe;C
interface become embedded in the ferrite. In this study, a
notably lower concentration of carbon elements is observed in
the region approximately 40 pm below the peened surface.
Notably, no element segregation is apparent in the GCr15
bearing steel within this region, as illustrated in Fig. 7(i)-(p).
Conversely, at the uppermost peened surface layer, carbon
element segregation at the nanoscale is prominently evident,
as shown in Fig. 7(b) and (d). Element segregation at the nano-
scale level can significantly enhance the mechanical properties
of alloys.*>** For example, SPD-induced grain boundary segre-
gation in aluminum alloys enhances the flow strength of these
alloys. In ferritic steels, carbon element segregation into grain
boundaries augments the cohesive strength of these
boundaries*>*® and increases the Hall-Petch coefficient , for
ferritic steels.*® S. Araki et al. have directly measured the criti-
cal shear stress required for dislocation emission from grain
boundaries via nanoindentation. They have demonstrated that
the increase in critical shear stress is positively correlated with
the extent of carbon segregation at grain boundaries.*”
Furthermore, carbon segregation into grain boundaries sup-
presses the dynamic recovery of sub-grains by reducing grain
boundary energy, thereby maintaining the refined grain size.*®
Thus, the observed carbon segregation in the nanostructured
GCr15 bearing steel fabricated via USP in this study serves to
enhance its stability during the SPD refinement process and
augments its wear resistance.

4.3 Mechanism of enhanced wear resistance

According to the classical friction theory, the wear volume of
the tested sample is proportional to its actual contact area,
which is determined as follows:*’

AV = fPL/H (2)

where f, P, and L are the friction coefficient, the loading load,
and the sliding distance, and H is the hardness of materials.
The surface hardness of CGr15 bearing steel with the peening

This journal is © The Royal Society of Chemistry 2024
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duration of 4 min and 8 min is 25% and 28% higher than that
of the AR-GCr15 bearing steel sample, respectively. The friction
coefficient of the tested samples with the peening duration of
4 min and 8 min is lower than that of the AR CGr15 bearing
steel sample. Higher hardness and lower friction coefficient
result in lower wear volume AV with the same loading and
sliding distance. Previous studies have shown that the nano-
particle layer has a lower friction coefficient and better wear
resistance.’®>> Farhat et al.>* proposed an empirical formula
which combines the Archard wear law and the Hall-Petch
relationship to predict wear rate as follows.

W = Wo + k[Ho +KD—1/2:|

(3)
where W is the wear rate, k is the wear coefficient, L is the wear
distance, D is the grain size, and W,, Hy, and k are constants.
According to the EBSD and TEM characterization illustrated in
Fig. 3 and 4, the gradient nanostructure on the surface of the
GCr15 bearing steel has the refined nanosized martensite and
spheroidal carbides, which will significantly increase the wear
resistance of the GCr15 bearing steel.

Another phenomenon during the wear tests is the
decreased friction coefficient for the USPed GCr1l5 bearing
steel. First, adhesion occurs on the surface of the friction pair;
the tangential resistance F, generated by shearing occurs on
the friction pair.>® The friction coefficient contributed by this
part can be expressed by u,, which is related to the surface pro-
perties of the friction pair and the contact area between
them.>® The peaks and valleys of the USPed sample surface
can reduce the contact area between the friction pair, reducing
Ua. Secondly, the frictional resistance F, resulting from the
asperities on the hard surface or the plows generated by the
wear particles can be expressed by u,. Fig. 13 illustrates the
worn surface of the GCr15 bearing steel with the peening dur-
ation of 0 min, 4 min and 8 min. There are many abrasive par-
ticles on the worn surface of the AR GCr15 bearing steel and
big grooves on the worn surface as illustrated in Fig. 13(a) and
(b). On the worn surface of the GCr15 bearing steel sample
with the peening duration of 4 min, there are some abrasive
debris and furrows. The size and width of these debris and
furrows are smaller than that on the worn surface of the
AR-GCr15 bearing steel sample as illustrated in Fig. 13(d) and
(e). A significant reduction in wear debris and grooves was also
observed on the worn surface of the GCrl5 bearing steel
sample with the USP duration of 8 min (Fig. 13(g) and (h)).
Previous studies have shown that the micro texture on the
surface can effectively accommodate the wear debris generated
at the friction interface by the microgrooves, and significantly
reduce the furrow effect.’®”” In this work, the USP can gene-
rate a peak-valley surface topography on the GCrl5 bearing
steel sample. The concave-convex surface topography can
accommodate the wear debris and reduce the yp,. Thirdly, the
frictional resistance F4q generated by the deformation of the
surface of the friction pair can be represented by g4, which is
related to the surface roughness of the friction pair material
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and the contact stress between them.’® USP plastically
deforms the surface of GCri5 steel, resulting in a rough
surface compared with the polished AR control sample as illus-
trated in Fig. 10. There will be a large average contact stress,
that is, the stress concentration caused by the rough surface
for the USPed samples, which will increase the friction coeffi-
cient p4. In summary, the total friction coefficient y can be
regarded as the combination of these three friction coeffi-
cients, namely u = p, + pp + pug. The application of ultrasonic
shot peening (USP) induces notable changes in the friction
characteristics of the GCr15 bearing steel. Specifically, USP
results in an increase in the dynamic friction coefficient (uq),
while causing reductions in the adhesive friction coefficient
(#a) and ploughing friction coefficient (u,). The evolution of
friction coefficients over time, as depicted in Fig. 11(i), exhibits
a gradual rise, consistent with the gradual wear of the peak-
valley structure generated by USP and the formation of an
ultra-strong nanostructured surface layer. It is pertinent to
acknowledge that most steels are thermodynamically unstable
in ambient air and can readily undergo oxidation upon
exposure to atmospheric oxygen. This oxidation process
becomes increasingly pronounced under the conditions of

20584 | Nanoscale, 2024, 16, 20570-20588

sliding action and the associated frictional heating.
Importantly, the oxidative activation energy during sliding
contact is found to be approximately half that of the activation
energy under static conditions.

The examination of the worn surface through energy-disper-
sive X-ray spectroscopy (EDS) analysis reveals the impact of
USP on reducing oxidative wear, as evidenced in Fig. 13(c), (f),
and (i). Remarkably, the worn surface of the USP-treated
GCr15 bearing steel, particularly the sample treated for
8 minutes (USP-8 min), exhibits a remarkably uniform distri-
bution of oxygen elements, as demonstrated in Fig. 13(i). It is
worth noting that during the wear test, the actual contact area
for the USP-8 min sample can be envisioned as discrete point
contacts, primarily due to the distinctive peak-valley surface
roughness. Furthermore, the results of EDS point analyses con-
ducted on wear chips at specific locations, denoted by yellow
squares in Fig. 13(b) and (e), indicate elevated oxygen and
silicon contents in comparison to the matrix materials. This
observation suggests that the oxide particles originate from a
mixture of GCr15 steel and the balls used in the wear test.
These oxide particles can function as wear debris and exert an
adverse effect on the material’s wear resistance. In contrast,

This journal is © The Royal Society of Chemistry 2024
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Fig. 14 Inverse pole figure (IPF) characterization of the bearing steel sample after wear tests: (a) the coarse-grained GCr15 bearing steel sample

(control) and the USPed GCr15 bearing steel sample with peening durations of (b) 4 min (USP-4 min) and (c) 8 min (USP-8 min) and kernel average
misorientation (KAM) mapping of the (d) control sample, (e) the USP-4 min sample and (f) the USP-8 min sample after the sliding wear tests.

the worn surface of the USP-treated GCr15 bearing steel with
an 8-minute peening duration exhibits a conspicuous absence
of oxide particles and oxidation elements, as evident in
Fig. 13(h) and (i). Thus, the presence of the ultra-strong gradi-
ent nanostructured surface layer, crafted through USP, signifi-
cantly enhances the oxidation resistance of the worn surface.
This enhancement bodes well for the overall wear resistance of
the material.

Fig. 14 illustrates the EBSD characterization of the GCr15
bearing steel samples after 1.5 hour sliding wear tests from the
worn surface to the matrix along their cross-sectional direc-
tion. The inverse pole figure (IPF) and kernel average misorien-
tation (KAM) mapping of the tested control sample are shown
in Fig. 14(a) and (d), respectively. The GCr15 bearing steel
sample undergone severe plastic deformation during the pin-
on-disk sliding wear test, which results in refinement of the
microstructure at its topmost surface as illustrated in
Fig. 14(a). Meanwhile, the KAM value of the tested control
sample increases significantly as illustrated in Fig. 14(d).
That’s because of the increased dislocation density resulting
from the SPD during the sliding pin-on-disk wear test, which
agrees well with our findings on M50 bearing steel.>” For the
USPed samples, the gradient nanostructures were further
refined during the pin-on-disk sliding wear tests as illustrated
in Fig. 14(b) and (e). Meanwhile, there is not significant
change of the KAM value of the USPed bearing steel,

This journal is © The Royal Society of Chemistry 2024

suggesting a stable microstructure of the gradient nano-
structured bearing steel sample during the sliding wear tests.

5. Conclusions

We successfully achieved the fabrication of gradient nano-
structured bearing steel through the innovative application of
ultrasonic shot peening (USP) technology. Systematic investi-
gations involving advanced materials characterization and
comprehensive mechanical testing revealed microstructural
transformations, mechanical reinforcement, and wear per-
formance of the USP-treated bearing steel. The GCr15 bearing
steel underwent substantial microstructural refinement during
the USP process, achieving an ultra-strong gradient nano-
structured surface layer within a thickness of approximately
800 pm. The USP-induced transformation of carbides and the
segregation of carbon elements within the peened surface
layer of the GCr15 bearing steel were clearly observed. These
phenomena were primarily attributed to the interactions
between dislocations and carbides, as well as the interfacial
wear occurring between the carbides and the matrix materials.
The segregation of carbon elements within the USP-treated
sample was ascribed to the interplay between dislocations con-
centrated at grain boundaries and the ensuing carbon
diffusion within the cementite phase.
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In the case of USP treatment with an 8-minute duration,
the lath-shaped martensite thickness was reduced to about
10 nm, and the carbides were refined to around 460 nm. As a
result, the microhardness of the resulting gradient hetero-
geneous nanostructured GCrl5 bearing steel exhibited a
remarkable improvement of about 30% compared to the as-
received counterpart. The refined carbides and carbon
element segregation collectively contributed to the notable
improvement in the wear resistance of the GCr15 bearing steel.
An appreciable reduction in the friction coefficient, by at least
16% within the initial 45 minutes, was realized for the USP-
treated sample with an 8-minute peening duration in compari-
son to the wuntreated as-received GCrl5 bearing steel.
Furthermore, the wear scratch width and wear mass loss
exhibited reductions of 32% and 80%, respectively, in the USP-
treated sample compared to its as-received, untreated counter-
parts. This marked enhancement in wear resistance can be pri-
marily attributed to the presence of the ultra-strong surface
layer characterized by a gradient heterogeneous nanostructure,
consisting of nanosized spheroidal carbides and lath-shaped
nano-martensite, meticulously produced through the ultra-
sonic shot peening technology.
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