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Abstract

GCrl5-bearing steel is widely used in generator bearings. To improve its mechanical properties, the cryogenic treatment
and laser-peening (CT 4+ LP) composite strengthening process and properties of GCr15-bearing steel were studied in this
paper. The microstructure, residual stress distribution and nanoindentation properties of GCr15-bearing steel under CT +LP
composite strengthening were studied by X-ray diffraction, scanning electron microscope, transmission electron microscope,
X-ray stress analyzer and nanoindentation instrument. The experimental results showed that the residual compressive stress
value and FWHM (full width at half maximum) value of the surface of GCr15-bearing steel increased after CT 4+ LP compos-
ite strengthening, and the microstructure characteristics such as dislocation entanglement, proliferation, subgrain boundary
and nanocrystalline appeared inside the CT + LP specimen. The nano-hardness and elastic modulus of CT + LP sample were
6.55 and 221.95 GPa, respectively, which were 12.94% and 32.61% higher than that of the untreated sample, respectively.

The nanoindentation properties and deformation resistance of GCr15-bearing steel were improved.
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1 Introduction

Bearings are one of the core basic components of the
machinery industry, and are the basis for the survival and
development of modern industries [1-3]. The generator
bearing is mainly made of GCr15-bearing steel. GCrl5 is a
high-carbon chromium-bearing steel with less alloy content,
high hardness, uniform structure, good comprehensive per-
formance and the most extensive application. In harsh ser-
vice conditions, such as sand and rain, there are wear, fatigue
and corrosion failure problems. At present, there are two
main ways to strengthen bearings, which are divided into
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surface modification and overall modification. The surface
modification includes surface heat treatment, mechanical
strengthening, and high-energy surface treatment. Integral
modification allows the bearing to be cryogenically treated.
Although these two methods can alleviate the wear to a cer-
tain extent, the modification treatment of a single method
has the shortcomings of shallow residual stress layer, dif-
ficult to precisely control and insignificant strengthening
effect. Therefore, it is a good method to consider the effec-
tive coupling of bulk modification and surface strengthening
to improve material properties.

Cryogenic treatment (CT) is a strengthening method that
treats the material as a whole and improves the mechanical
properties of the material. CT can improve the wear resist-
ance of materials [4—7], enhance the dimensional stability
of parts and prolong their service life [8], the modification
effect is lasting, the operation is simple, and there is no pol-
lution [9]. Cakir [10] et al. performed shallow (—80 °C) and
deep (— 196 °C) low temperature treatments on Ti6Al4V
alloys, and the study showed that with the application of low
temperature treatment, the internal structure of the material
changed, and after 36 h with the CT, the p phase ratio of the
alloy decreased from 8.1% to 5.6%. The unstable p phase
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transformed into a phase and stable p phase, in addition to
improving the plasticity and toughness of Ti6Al4V alloy at
room temperature. Although CT can improve the wear resist-
ance of the material, the toughness of the material will be
reduced at the same time, which reduces the gain effect of the
wear resistance of the bearing. Due to its unique advantages,
laser-peening (LP) [11-14] technology has attracted extensive
attention in the field of material surface engineering. The metal
material is irradiated with high power density pulse energy to
form a plasma-peening wave to the surface of the material.
The internal radiation of the material, under the action of the
peening wave, produces a high-amplitude residual stress [15,
16], forms a high-density dislocation structure, improves the
internal microstructure of the material [17-21], and enhances
the wear resistance of metal materials. Fatigue and corrosion
resistance properties. Therefore, some researchers combined
cryogenic treatment and laser peening to strengthen the mate-
rial, and obtained some beneficial conclusions. Ye et al. [22]
performed laser shock peening (LSP) on 304 stainless steel at
room temperature and cryogenic temperature (liquid nitrogen
temperature), the results showed that cryogenic temperature
laser shock peening (CLSP) produced a higher volume frac-
tion of martensite than room temperature laser shock peen-
ing (RT-LSP) at the same laser intensity. In addition, CLSP
generated a high density of deformation twins and stacking
faults, and the combined effect of higher surface hardness and
a more stabilized microstructure resulted in greater fatigue
performance improvement of the CLSP samples. Li et al. [23]
explored the effects of room temperature laser peening (RT-
LP) and cryogenic laser peening (CLP) on the microstructural
characteristics and microhardness of pure titanium (T1), the
results showed that compared with RT-LP, the microhardness
improvement caused by CLP was higher, and CLP induced
higher density of mechanical twins and dislocation structures.

At present, there is no report on the nanoindentation prop-
erties of GCrl5-bearing steel through CT +LP composite
strengthening. In this paper, the microstructure evolution and
nanoindentation properties of GCr15-bearing steel induced
by CT+LP composite strengthening were investigated using
GCr15-bearing steel as the research material, and the improve-
ment mechanism of GCr15-bearing steel modification under
the coupling effect of CT +LP composite strengthening was
revealed. These findings provide theoretical references for the
strengthening of GCrl15-bearing steel in the manufacturing
industry.

2 Experimental procedures
2.1 Material and experimental setup

The test material was GCr15-bearing steel, and the chemi-
cal composition is shown in Table 1. The size of the sam-
ple was 40 mm X 30 mm X 4 mm (length X width X thick-
ness), and its surface was polished with 320 #-2000 #
water sandpapers step by step, and then the sample was
immersed in acetone solution for cleaning to remove adhe-
sion contamination on the sample surface. Finally, the
samples were placed in an ultrasonic cleaner and rinsed
with deionized water by ultrasonic vibration.

The experiments were grouped into four groups:
untreated, CT treatment, LP treatment, and CT + LP com-
posite treatment. The experimental procedures for different
processing are shown in Table 2. The specific procedure
of CT 4 LP composite treatment was to carry out CT first,
and then carry out LP treatment. According to the previous
experiments, the CT environment was set to a liquid nitro-
gen environment of — 196 °C, and the cryogenic time was
9 h. The LP test was carried out on the STA-LSP-21 laser-
peening wave equipment system. The schematic diagram
of LP is shown in Fig. 1. The laser process parameters
were: wavelength 1064 nm, pulse width 15 ns, repetition
frequency 2 Hz, light spot diameter 3 mm, pulse energy
10 J, the number of laser peening was three times (pulsed
laser emission for a period of time, 3 times in a row), the
overlap rate of light spot was 50%. The flow water with a
thickness of 2 mm was used as the constraining layer of
LP, and the special aluminum foil of 0.1 mm was selected
as the laser energy absorption layer, which could protect
the workpiece from loss by laser ablation and enhance the
absorption of laser energy.

Table 2 Experimental groups of different process treatments

Table 1 Chemical composition C Cr
of GCrl5-bearing steel (wt%)

Experimental groups  CT procedure LP procedure
Untreated / /
CT —-196°C,9h /
LP / 1064 nm, 10J, 15 ns, 3 times
CT+LP —196°C,9h 1064 nm, 10]J, 15 ns, 3 times
Mn Si S P Fe
0.95-1.05 1.30-1.37 0.20-0.40 0.15-0.35 £0.02 £0.027 Balance
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Fig. 1 Schematic diagram of
laser peening
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2.2 Characterization methods

The samples treated with different processes were cut into
block samples with a size of 10 mm X 10 mm x4 mm by a
wire cutting machine, and a BRUKER D8 ADVANCE X-ray
diffractometer (XRD) was used to investigate the variation
of the material phase in different specimens, The Cu target
was selected as the X-ray source of the experiment, and the
scanning angle range was set to 20°-90°, and the scanning
speed was set to 5°/min.

The samples were ground and polished step by step, ultra-
sonically cleaned and then dried. The surface to be tested
was corroded with 4% nitric acid for 30 s, and then ultra-
sonically cleaned and dried. The TESCAN VEGA3 scanning
electron microscope (SEM) was used to observe the micro-
structure and precipitation phase of GCrl5-bearing steel,
and a matched energy dispersive spectrometer (EDS) was
used for elemental analysis.

The FEI Talos F200X transmission electron microscope
(TEM) was used to further characterize the microstructure of
GCrl15-bearing steel. The sample was cut into thin slices of
about 0.5 mm by wire cutting technology, and the untreated
surface was polished with sandpaper of different meshes.
The sample was mechanically thinned to a thickness of
50 pm and then ionically thinned to produce a TEM sample.
During the processing, the sample shall not be warped to
avoid introducing internal stress, and selected area electron
diffraction (SAED) was performed on the relevant regions
to analyze the evolution characteristics of dislocation con-
figuration in different samples.

The LXRD X-ray diffraction stress analyzer of PROTO
company was used to analyze the residual stress of GCr15-
bearing steel and the distribution law of FWHM. The X-ray
tube used was Cr_K-Alpha, the tube voltage and tube cur-
rent were 30 kV and 25 mA, respectively, and the Bragg
angle was 156°, Beta rocking 3°, Phi rocking 0°. An aperture
of 1 mm in diameter was selected, the exposure time was
1 s, and the number of exposures was 10 times. During the

Mirror

Laser beam

Plasma

Laser scanning path

Stress wave
Substrate

measurement, measure every 1 mm on the surface of each
sample, and test 5 points in total, and then took the aver-
age value as the residual stress value on the surface of the
GCr15-bearing steel samples.

The nano-hardness and elastic modulus of the sample
surface were measured by HysitronTi950 nanoindentation
instrument to characterize the nanoindentation properties
of specimens. The maximum load of the nanoindentation
test was 1000 pN, and the pressure holding time was 10 s.
During the test, a point is measured every 50 pm, a total
of 10 points are measured, and then the average value was
calculated as the result of nano-hardness and elastic modulus
of the final sample.

3 Results and discussion
3.1 Phase analysis

Figure 2 presents the XRD quantitative refinement diagrams
of different samples. Cal, Obs, and Cal-Obs in the figure
indicate the calculated results, experimental observations,
and deviation of the fitted curve, respectively, and Rwp indi-
cates the degree of deviation after refinement of the XRD
diagram. It can be seen from Fig. 2 that after CT, LP and
CT + LP composite strengthening, GCr15-bearing steel
would not produce excess phases. The main phases of each
specimen were Fe;C and Fe,C in addition to martensite and
austenite.

To further analyze the effect of CT 4+ LP composite
strengthening on the retained austenite content in the mate-
rial, the residual austenite content of each sample was
extracted as shown in Table 3. The residual austenite con-
tent of the untreated sample was 1.5%, and after CT, the
residual austenite content in the CT sample was reduced to
0.81%, a decrease of 46%. After LP, the residual austenite
content decreased to 1.08%, a decrease of 28%. The residual
austenite content of the CT + LP sample was 0.42%, which
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Fig.2 XRD quantitative
refinement analysis of samples
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Table 3 Residual austenite content of samples with different treat-
ments

Samples Untreated CT LP CT+LP

Residual austenite content (%) 1.5 0.81 1.08 042

was 72% lower than that of the untreated sample and 59.26%
lower than that of the LP sample. This was mainly due to the
coupling effect of CT and LP, the residual austenite in the
specimen was further transformed into martensite, which
reduced the content of residual austenite in the specimens.
The CT +LP specimen had the lowest residual austenite con-
tent, which is beneficial to the performance improvement of
GCrl15-bearing steel [24].

3.2 Microstructure analysis

Figure 3 demonstrates the surface SEM images of different
specimens, and it can be seen that there were some black
granular precipitates on the surface of each specimen, the
precipitated phase of the untreated specimen in Fig. 3a is
lower. Whether after CT or LP, more precipitation phases
appeared on the surfaces of both CT and LP specimens, as
shown in Fig. 3b, c, respectively. In addition, it is obvious
from Fig. 3d that the precipitation phases on the surface
of GCrl5-bearing steel were more and more uniformly

@ Springer

20(°)

distributed after CT + LP composite strengthening. To fur-
ther investigate the elemental composition of the precipi-
tated phase, the energy spectrometer (EDS) was used to test
the energy spectrum of point A in Fig. 3d, and the analy-
sis results showed that the precipitated phase was mainly
composed of C and Fe elements. This is consistent with the
conclusion in Fig. 2 that the precipitated secondary phases
were mainly Fe;C and Fe,C.

To further analyze the effect of CT +LP composite
strengthening on the microstructure of GCr15-bearing steel,
the TEM images of the untreated specimen and CT +LP
specimen are shown in Fig. 4. It can be seen from Fig. 4a
that some dislocation lines were dispersed in the original
tissue of the untreated sample. After GCr15-bearing steel
undergone CT +LP composite strengthening, a large number
of microstructures such as dislocation entanglements, dislo-
cation cells, and subgrain boundaries were distributed on its
surface, as shown in Fig. 4b—e. Figure 4f shows the selected
area electron diffraction (SAED) pattern at the circle in
Fig. 4e. It could be seen that the arrangement of the spots in
the figure was very regular, and the diffraction intensity of
each spot was not equal, so we could judge that this was a
single crystal electron diffraction image. Combined with the
microscopic scale of this region, the analysis indicated that
CT +LP composite strengthening promoted the formation
of small-sized single crystal structures, refined the grains of
GCrl15-bearing steel.
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Fig.3 Surface SEM images of
samples treated with differ-

ent processes a untreated, b
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After CT +LP composite strengthening, the ultra-low
temperature [25] of CT caused the material to shrink in vol-
ume, followed by plastic deformation of the surface layer
of GCrl15-bearing steel under the radiation of laser shock
waves, which promoted the generation, movement and
proliferation of dislocations. Different dislocation motions
leaded to the generation of dislocation walls and disloca-
tion entanglements on the surface of GCr15-bearing steel.
When the dislocation density reached a certain value, the
dislocation structure would annihilate and rearrange. At
this time, to balance the internal energy of the system, the
dislocations were further developed into dislocation cells.

M
Si
0'1 - T

[Ele wt%
Ic 416
Si 0.19
(Cr 1.88
[Mn 0.54
[Fe 93.23

T T T

2 4 6 8 10 12 14 16 18
Energy(keV)

Moreover, under the synergistic strengthening effect of ultra-
low temperature and laser shock wave, the GCr15-bearing
steel further undergone plastic deformation, which made
the dislocation cells evolve into subgrains, and finally, the
subgrains evolved into grains, causing the grains refinement
of the GCr15-bearing steel. In addition, the cryogenic tem-
perature in the process of CT 4+ LP composite strengthening
could inhibit the dynamic recovery and annihilation of dislo-
cations. At the same time, due to the volume shrinkage effect
of GCrl5-bearing steel, the precipitation of solute atoms was
accelerated. The interaction between the solute atoms and
the dislocation structure generated by LP forms the Cottrell
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Fig.4 TEM images of untreated
and CT +LP specimens, a
untreated, b—-e CT+LP, f SAED
pattern of circle in e

Dislocation tangle

atmosphere, and the precipitation of the solute atoms could
pin the dislocations [26], thus hindering the annihilation of
the dislocations and protecting the stability of the disloca-
tion structure.

3.3 Residual stress and FWHM

Figure 5 demonstrates the average residual stress on the
surface of different samples. It can be seen from Fig. 5 that
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the surface residual stress of the untreated specimen was
—53.62 MPa, and the surface residual stress after LP was
—322.78 MPa, an increase of 501.98% compared with the
untreated sample. After CT, the residual stress on the surface
of the material increased to —220.62 MPa compared with
the untreated sample, an increase of 311.45%. In addition,
GCrl5-bearing steel could be induced to generate higher
amplitude residual compressive stress after CT +LP com-
posite strengthening, and the surface residual stress values
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Fig.5 Surface residual stress values of samples treated with different
processes

of CT +LP specimen was increased by 562.48%, 61.01% and
10.05% compared with untreated specimen, CT specimen
and LP specimen, respectively, indicating that the CT +LP
composite strengthening caused the material surface to gen-
erate higher residual compressive stress.

The FWHM values of different sample surfaces are pre-
sented in Fig. 6. The FWHM value of the untreated sample
was 1.784°, and the FWHM value of the surface of the LP
sample after LP was 1.982°, which was 11.1% higher than
that of the untreated sample. After CT, the FWHM value
increased to 1.883° compared with the untreated sample,
an increase of 5.55%. The FWHM value of CT + LP speci-
men was 2.105°, which was 17.99% higher than that of the
untreated sample, and 6.20% higher than that of the LP
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Fig.6 FWHM values of samples treated with different processes

sample. Under the action of laser shock wave, severe plas-
tic deformation occurred on the surface of GCrl15-bearing
steel, which promoted the proliferation of dislocations,
increased the dislocation density of GCrl5-bearing steel,
and increased the FWHM value of the material.

3.4 Nano-hardness and elastic modulus

Figure 7 presents the nanoindentation displacement load
curves of different samples. It can be seen that with the
continuous increase of the applied load, the displacement
increased continuously. The nano-indentation curves on the
surfaces of CT and LP samples had the characteristic of
shifting to the left no matter whether it was CT treatment
or LP treatment. In addition, after the CT +LP composite
strengthening, the surface nano-indentation curve was fur-
ther leftward. The result showed that both CT and LP can
improve the nano-hardness of the surface of GCr15-bearing
steel, and the improvement of the nano-hardness of the
material surface was more significant after the composite
strengthening of CT +LP.

Figure 8 presents the comparison results of the nano-
hardness in the surface direction of the samples with dif-
ferent processes. It can be seen that the nano-hardness of
the untreated sample was 3.09 GPa. After CT, the surface
nano-hardness increased to 3.49 GPa, which was 12.94%
higher than that of the untreated specimen. After LP,
the surface nano-hardness of the LP specimen increased
to 4.88 GPa, which was 57.93% higher than that of the
untreated specimen, and 39.83% higher than that of the
CT specimen. The surface nano-hardness of the CT +LP
specimen was further increased to 6.55 GPa, which was
111.98%, 87.68% and 34.22% higher than that of the

1400
Untreated
12004 ——CT
e TP
10004 —— CT+LP

Force(uN)

0 T M T T T T T
0 20 40 60 80 100

Displacement/nm

Fig.7 Nano-indentation displacement-load curves of specimens
treated by different processes
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untreated specimen, the CT specimen and the LP speci-
men, respectively. It could be seen that both CT and LP
effectively improve the surface nano-hardness of GCr15-
bearing steel, and after CT + LP composite strengthening,
the surface nano-hardness of GCrl5-bearing steel has
been further improved, indicating that CT + LP compos-
ite strengthening had more significant effect on the gain
of nano-hardness. The analysis showed that under the cou-
pling effect of the ultra-low temperature of CT and the
ultra-high strain rate of LP, GCr15-bearing steel under-
gone volume shrinkage, the retained austenite was fur-
ther transformed into martensite, and the surface grains of
GCrl5-bearing steel were finer. High-density dislocation
structure was induced, which was beneficial to increase the
nano-hardness of the GCr15-bearing steel.

The elastic modulus is one of the important evaluation
indicators of material properties, which measures the defor-
mation resistance of the material. Figure 9 demonstrates the
variation law of the elastic modulus of the samples with
different treatments in the surface direction. It can be seen
that the surface elastic modulus of the untreated, CT, LP and
CT+LP samples were 167.37 GPa, 188.29 GPa, 205.53 GPa
and 221.95 GPa, respectively. Compared with the untreated
sample, the surface elastic modulus of CT, LP and CT +LP
samples increased by 12.50%, 22.80% and 32.61%, respec-
tively. Compared with the CT and LP samples, the CT +LP
sample increased by 17.88% and 7.99%, respectively. It
could be seen that after composite strengthening of CT +LP,
the surface elastic modulus of GCr15-bearing steel increased
more greatly, indicating that the elastic modulus of GCrl15-
bearing steel has been significantly improved. The effect of
composite strengthening of CT + LP on elastic modulus was
more significant.

@ Springer

Fig.9 Modulus of elasticity of specimens treated by different pro-
cesses

CT +LP composite strengthening couped the character-
istics of CT and LP. The volume shrinkage effect caused by
cryogenic temperature could generate large internal stress
inside the material, which in turn causes the proliferation
of a large number of dislocation structures. In addition, due
to irradiation of laser shock waves, high-amplitude residual
stress was induced on the surface of GCr15-bearing steel,
formed a high-density dislocation structure. The dislocations
were entangled with each other and precipitate phase pinned
dislocations, thus hindering the slip and movement of dislo-
cations, refining the grains [27], which improved the plastic
deformation resistance of GCr15-bearing steel.

4 Conclusions

In this study, composite strengthening of CT + LP were used
to refine the microstructure and enhance the nanoindenta-
tion properties of GCr15-bearing steel, and the effects of
CT +LP composite strengthening on phase, residual stress
and FWHM, microstructure, nano-hardness and elastic
modulus were studied. The main conclusions are as follows:

1. CT+LP composite strengthening would not cause
excess phases of GCrl5-bearing steel, in addition to
martensite and austenite, its phases were mainly Fe;C
and Fe,C, and the content of residual austenite would be
significantly reduced after CT + LP composite treatment
but would not be completely eliminated.

2. After composite strengthening of CT + LP, the micro-
structure analysis showed that a large number of disloca-
tion entanglements, dislocation cells, subgrain bound-
aries and other microstructures appeared inside the
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CT +LP specimen, the analysis indicated that CT +LP
composite strengthening promoted the formation of
small-sized single crystal structures, refined the grains
of GCrl5-bearing steel. The phase could pin disloca-
tions, thus hindering the movement and annihilation of
dislocations.

3. CT+LP composite strengthening induced large residual
compressive stress and FWHM value on the surface of
GCrl5-bearing steel, which reached —355.22 MPa and
2.105°, respectively. In addition, through the analysis
of nanoindentation characteristics, after CT +LP com-
posite treatment, the nano-hardness and elastic modu-
lus of GCrl5-bearing steel were 6.55 GPa and 221.95
GPa, respectively, which were increased by 12.94% and
32.61%, respectively, compared with the untreated sam-
ple, which improved the nanoindentation properties and
deformation resistance of GCrl5-bearing steel.
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