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Abstract

In this paper, the NU308 bearing rings were subjected to strengthen grinding
treatment (SGT) at ambient temperature. And the running reliabilities of
specimens that subjected to SGT and conventional treatment (CT) were re-
spectively investigated by testing dynamic properties including the running
temperature, vibrations, and surface burning. Moreover, the residual stress,
microtopography, and microstructures on the cross-section were respectively
tested with residual stress analyzer and field-emission scanning electron mi-
croscopy. The results showed that the running reliabilities of the specimen
after SGT had been significantly improved with the reduction of running
temperature, vibration, and surface burning. Further study showed that the
specimen’s surface was filled with disordered micropores after SGT compared
to the regular strip texture on the CT specimen’s surface, and the maximum
residual compressive stress induced by SGT was about —900 MPa. Moreover,
the thickness of the residual compressive stress layer was over 180 pum, while
the thickness of severe plastic deformation layer was about 50 um.

Keywords

Strengthen Grinding Treatment, Conventional Treatment, Composite
Enhancement Layer, Running Reliability

1. Introduction

Bearing is one of the most widely used parts in mechanical transmission. The

operational reliability of bearing ring is one of the most important properties of
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bearings. The operating reliability of the bearing is affected by many factors,
which are related to the surface quality, material properties, operating condi-
tions, the load and so on. With the development of industry, the strength of
metal materials increases, but the plasticity, toughness and fatigue resistance
tend to decrease. In practical applications, the failure of materials mainly occurs
on the surface or subsurface, which directly affects the service life of compo-
nents. Therefore, improving the surface quality of parts is a central issue in re-
cent research. Accordingly, surface treatments on the bearing ring are proposed
to boost sliding and rolling wear resistance. In recent years, surface strengthen-
ing techniques such as surface plating, surface coating, laser impact processing,
shot peening, and strengthening grinding have emerged to improve the reliabil-
ity of mechanical workpieces, especially bearing rings. Poor adhesion between
molecules and poor chemical compatibility may cause adhesion and delamina-
tion of coatings and coatings by surface plating ref. [1] [2]. Schuhler et al. ref. [1]
revealed nitriding results in higher wear resistance especially in lubricated con-
dition. Reza Gheisari ref. [2] proved that combined effect of surface topography
and hardness on the tribological performance of the coatings. While laser shock
processing may enhance the tribological performance by inducing surface topo-
graphy, residual compressive stress, and dense dislocation ref. [3] [4]. The laser
shock process might induce plastic deformation, microhardness enhancement,
and residual stress enhancement ref. [5] [6] [7] [8]. Spadaro ref. [5], Wang ref.
[6], and Zhao ref. [7] certified the improvement of fatigue life reached for SP is
mainly due to large amounts of twins and high residual compressive stress. Klotz
ref. [8] considered the peening parameters are crucial. In low cycle fatigue, the
roughness is to be considered. It is the presence of residual stress while in high
cycle fatigue. Generally, shot peening is considered to be an important means to
improve the fatigue resistance of metals by introducing residual compressive
stress, nanocrystals, deformed twins and strain hardening ref. [9] [10]. Laser
shock treatment creates surface topography and low residual compressive stress,
while shot peening treatment creates high residual compressive stress. In con-
trast, the strengthening grinding treatment (SGT) can create both the mi-
cro-topography and high residual compressive stress, which is considered to be
particularly beneficial for improving the fatigue resistance of metal components
ref. [11] [12], especially for rotating parts such as bearing ring. Liu ref. [5] inves-
tigated the micro-pits on the bearing surface are conducive to the improvement
of lubrication performance. Xiao ref. [5] researched that the surface quality of
the bearing will be poor and result in instability during operation after processing
cycles of beads exceeds 150 times. The principle of SGT is high-pressure gas
generated by the air compressor sprays, the grinding material (mixed by steel
beads, abrasive powder, and enhanced liquid in a certain proportion) on the
surface of the workpiece. The surface of the steel ball carries abrasive powder
and hits the surface of the workpiece at high speed, producing a large amount of

plastic deformation on the surface, forming a micro texture that helps lubrica-
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tion and introducing residual compressive stress. During the collision of the ab-
rasive and the workpiece, tribochemical effect reacts between the abrasive fluid
and the surface of workpiece. A chemically strengthened layer is formed on the
surface of the workpiece finally.

The surface strengthening methods of metal materials such as arc ion plating
and laser cladding depend on the difficulty of combining the coating with the
substrate, and have a certain degree of technicality and high costs. But the
strengthening grinding process is simple to operate; the experimental conditions
are easy to obtain; it also can obtain greater residual compressive stress than shot
peening.

The object of this paper is comparing the running reliabilities of NU308 bear-
ing rings subjected to the SGT and the conventional treatment (CT). CT means
grinding and polishing after conventional heat treatment. Then, the running
temperature, the vibration, and the surface burning of bearing rings in life tests
were experimentally investigated and compared. The residual stress, the surface
and cross-section microtopography were further comparatively analyzed. Final-
ly, SGT was proved to be an effective manufacturing method for improving the

running reliability of the bearing ring.

2. Experiments

Material and processing

The bearing rings of NU308 with a diameter of 50 mm and a width of 20 mm,
which were manufactured by Suzhou Bearing Factory, were conducted in this
study. The bearing ring with heat-treated and finished turning was known as CT
sample. The properties of bearing ring were shown in Table 1.

A three-phase mixed jet composed of steel beads, abrasive powder, enhanced
liquid, and compressed gas was prepared. G10 bearing steel beads with a particle
size of 1 mm were selected. The material properties of steel beads were shown in
Table 2.

Table 1. The material properties of NU308 bearing ring.

Properties Elements (wt%)
Hardness Yield Young’s
R G C M Si (0] F
(HRC) a(um) it (MP) modulus (GPa) ' t ! ¢
Values 61.0 - 61.5 0.06 - 0.08 1744 217 1.72-1.76 0.93-1.00 0.2-0.3 0.03-0.07 3.99-4.13 Bal.

Table 2. The material properties of G10 bearing steel beads.

Properties Elements (wt%)
Hardnes Ra (um) Yield limit Young’s G C M 5 o F
a (um r n i e
(HRC) s (MPa) modulus (GPa)
Values 63 - 64.5 0.08 - 0.10 1844 220 1.50-1.55 1.05-1.55 0.3-041 0.03-0.07 4.23-4.42 Bal.
DOI: 10.4236/wjm.2020.1010010 141 World Journal of Mechanics
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Alumina powder having an average Vickers hardness of 2.2 x 10° MPa and a
particle size of 80 mesh was used as the abrasive powder. And the enhanced lig-
uid that consisted of extreme pressure additives, permeating agent, pH regulator,
non-ion surfactant, pH buffer, preservative, Sodium hydroxide, softener, defoa-
mer, rust inhibitor, and water were prepared with the details shown in Table 3.
Finally, a three-phase mixed jet composed of 10 kg of steel beads, 250 g of abra-
sive powder, 200 ml of enhanced liquid, and compressed air were prepared.

The raceway of the bearing ring was subjected to SGT at ambient temperature
with the following parameters: 0.7 MPa jet pressure, stand-off distance of 50
mm, inclination angle of 45°, rotating velocity of 100 r/min and duration of 4
minutes. Figure 1 shows the procedure of the SGT setup.

Dynamic stability characterization

The samples were assembled to the NU308 bearing, respectively. Except for
the bearing ring, the two sets of bearing had identical technical parameters. Then
the dynamic stability of NU308 bearings were tested by ABLT-1A bearing fati-
gue testing machine, which were made in Jinan Yino Century Test Instruments
Co. Ltd, with the parameters shown in Table 4. During the test, the bearings
were well lubricated with FV68H oil produced by Idemitsu Lube (China) Co.
Ltd. The radial vibration and operating temperature of the bearings were rec-

orded every 15 seconds.

Table 3. Component details for the enhanced liquid of SGT.

Composition Weight (%)

Fatty acid imidazoline boric acid ester 20
Dodecyl sodium sulfate 12
Triethanolamine 5
Alkyl polyoxyethylene ether 5
Sodium borate 4
Calcium benzoate 2
Caustic soda 1

Edta disodium 0.5

Benzotriazole 0.4
Solydimethyl siloxane 0.1
Water 50

Table 4. The component processing parameters of SGT.

Component parameters Value
Jet pressure (MPa) 0.7
Stand-off distance (mm) 50
Inclination angle (*) 45
Rotating velocity (r/min) 100
Duration (min) 4
DOI: 10.4236/wjm.2020.1010010 142 World Journal of Mechanics
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Figure 1. A schematic illustration of the SGT setup.

Residual Stress and Micro-topography Characterization

The residual stress of CT and SGT samples at different depths from the sur-
face were measured by XRD residual stress analyzer and electrolytic stripping
method. The residual stress was measured in two directions: the circumferential
direction and the axial direction, as shown in Figure 2. From the surface to the
substrate, the residual stress was measured every 15 pm intervals. Finally, 12
layers were corroded and 13 sets of residual stress data were obtained. Thereaf-
ter, two small blocks with 5 mm both in length, width and height were cut out
from the CT and SGT specimen by wire cut electric discharge machine, respec-
tively. And the microtopography of the treated surface and cross-section of the
CT and the SGT specimens were measured by JSM-7001F field-emission scan-

ning electron microscopy.

3. Results and Discussion

Dynamic stability experiment results

Figure 3 shows the running temperature variation of NU308 bearings, which
were subjected to CT and SGT, during the dynamic stability tests. The running
temperature of the SGT sample increases immediately, from 30.1°C to 90.7°C in
the first 4 hours, and approximately goes down to 85°C in the next 6 hours.
Then, it rises or drops in the last 55 hours. And it tends to a state between 82°C
and 84°C after testing for 40 hours. The CT sample shows a similar temperature
variation trend: Firstly, it rises from 30.1°C to 99.9°C in the first 4 hours. Then it

tends to stabilize around 98°C over the next 20 hours and fluctuates between
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Figure 2. Dimensions of specimen and directions of residual
stress measurement.
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Figure 3. Variation of running temperature for the CT and SGT samples dur-
ing the dynamic stability test under a dynamic equivalent radial load of 8 KN,
a spindle speed of 500 r/min, and a test time of 65 hours.

95°C and 99°C during the last 41 hours. Furthermore, it can be seen that the
running temperature of the SGT sample is lower than that of the CT sample in
the last 60 hours, and the maximum difference reaches about 16°C. The fluctua-
tions of temperature during the test are likely related to different frictional wear,
which is considered to be one of the most influential factors for running tem-
perature ref. [13]. According to Ahmadi and Huang ref. [14] [15], the fact that
the running temperature of the CT sample is higher than that of the SGT sam-
ple, which probably due to the anti-friction performance of the CT sample is
worse than that of SGT sample. In other words, the SGT sample has a better
ability to control the running temperature than the CT sample.

To further comparing the running performance of the CT and SGT samples,
the vibration of bearings was tested, as shown in Figure 4. It can be seen that the
CT and SGT specimens have a similar variation trend of vibration during the
test, and the vibration range of the CT sample is wider than that of SGT. Fur-
thermore, the vibration of SGT sample is about 0.00 to 0.10 mm/s during the
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running time of the 5th hour to the 20th hour and the last 40 hours, while the
vibration of CT sample reaches about 0.00 to 0.15 mm/s during the 5th hour to
the 20th hour, —0.05 to 0.40 mm/s between the 20th hour and the 55th hour, and
—0.15 to 0.15 mm/s in the last five hours. More than that, both the amplitude of
CT and SGT samples during about the 22th to 25th hour is greater than that of
the first 22 hours. This is most likely leading to further increasing of bearings’
friction-wear ref. [16] [17]. Owing to different degrees of wear during the test,
the bearing’s amplitudes will fluctuate within a certain range. Therefore, it can
be speculated that the change of amplitude is probably due to the new wear state
of bearing during this period. Overall, the amplitude range of the SGT sample is
smaller than that of the CT sample. In other words, the SGT sample has better
anti-vibration performance, which plays an important role in the reduction of
frictional wear and running temperature.

Figure 5 shows an overview burning situation of the CT and SGT samples
before and after the dynamic stability test. The surface burnings of the CT sam-
ple is significant, while the SGT sample just has minor burning. And it can be
inferred from the results above that the surface burning on the bearing ring is
closely related to the running temperature and amplitude. Moreover, it is well
known that the burning on the machine part surface are affected by many phys-
ical properties, such as friction, wear, lubrication, micro-morphology, residual
stress and so on. Interestingly, burnings on the smooth surface were much more
serious than on the microporous surfaces according to the test results. There-
fore, it can be deduced that the microporous surface has better wear resistance
than that of the smooth superfine surface.

Residual stress and hardness

In order to find out the causes of the differences in running temperature, vi-
bration and surface burning, the residual stress of the CT and SGT samples had
been investigated, as shown in Figure 6. The absolute values of the transverse
and tangential residual stress of the CT sample were greater than that of SGT
sample. And the absolute value of residual compressive stress of the SGT sample
rapidly decreased from about 900 MPa to 150 MPa from the surface to 30 um
in-depth, while the CT sample decreased from about 500 MPa to zero. Moreo-
ver, the residual compressive stress layer’s thickness of the CT sample was less
than 45 um, but the thickness on SGT sample was over 180 um. It was reported
that the short fatigue crack could be decreased and the fatigue life could be en-
hanced significantly by incorporating high residual compressive stress ref. [18]
[19]. Accordingly, the residual compressive stress layer can effectively improve
the anti-fatigue and wear-resistant properties of the workpiece ref. [20] [21]
[22]. According to the results above, the absolute value of the residual compres-
sive stress and depth of residual compressive stress layer of the SGT sample are
greater than the CT sample. Therefore, the specimen treated with SGT has better
wear resistance than the CT specimen. The explanation has a great agreement to

the test results above.
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Figure 4. Vibration of CT and SGT specimens during the test under
a dynamic equivalent radial load of 8 KN, a spindle speed of 500
r/min, and a test time of 65 hours.
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Figure 5. Burning situation of bearing ring: (a) SGT sample with
the micro-pit surface before the test; (b) CT sample with the smooth
superfine surface before the test; (c¢) SGT sample with minor burn-
ings after test; (d) CT sample with severe burnings after the test.
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The Vickers hardness distribution from the treated surface to the substrate of
the CT and SGT samples were also compared. As shown in Figure 7, with the in-
crease of the depth from the treated surface, the hardness of the CT sample fluc-
tuates between 780 - 800 HV, while the SGT sample decreases linearly from 886
HV to 790 HV. Furthermore, when the depth from the surface is less than 110
um, the hardness of the SGT sample is higher than that of the CT sample. Thus, it
can be seen that the SGT sample has formed a high hardness surface with gra-
dient variation, which is probably benefit for abrasion-resistance ref. [23] [24].

Microtopography analysis

In addition to the residual stress, microtopography is also believed to be
closely related to the anti-fatigue and wear-resistant properties of the workpiece.
Hence, the CT and SGT specimen’s microtopography had been studied. The
regular strip textures can be seen on the CT specimen’s smooth surface shown in
Figure 8(a), while disordered microtopography with micropores is found on the
rough surface of the SGT sample shown in Figure 8(b). Moreover, the maxi-
mum peak-to-valley value of the three-dimensional microtopography of the SGT
sample is twice that of the CT sample, as shown in Figure 8(c) and Figure 8(d).
Compared with the smooth and regular surface, the rough and irregular surface
is more conducive to increase the film thickness according to Zapletal and Gue-
gan et al ref. [25] [26]. Furthermore, it’s reported that the effects of rough and
irregular surfaces on friction-resistant capacity become more pronounced than
that of the smooth surface under cyclic loading and oil lubrication ref. [27] [28]
[29]. Therefore, the SGT sample may create better lubrication condition, which
is good for friction reduction and leading to better running stability. The lower
running temperature, smaller vibration amplitude, and fewer burning are likely
related to the disordered microtopography surface of the SGT sample.

Compared with the CT sample, grain refinement and dislocation enhance-
ment, which contributes to the forming of residual compressive stress and shows
the identified mechanically stable of wear resistance and capable of suppressing
strain localization ref. [30] [31], are found on the metallographic image on
cross-section of SGT sample, as shown in Figure 9. And thickness of severe
plastic deformation layer of SGT sample in the cross-sectional metallographic
image reaches 50 um, while the thickness of plastic deformation layer of the CT
sample is nearly zero. Furthermore, the fatigue strength is believed to be im-
proved by inducing recrystallized microstructures ref. [32] [33] [34]. Hence, the
STG sample has better friction-resistance performance, which will make the
running stability higher, and the vibration amplitude and running temperature
lower than that of the CT sample. And the explanation is completely agreed with
the test results above.

According to the data obtained by the White Light Interferometer, the mi-
cromorphology of the CT and SGT samples were fitted, as shown in Figure
10(a) and Figure 10(b). Additionally, so as to match the surface morphology of
bearing rings after ultra-finishing, the fitted surfaces were removed by 5 um, as
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shown in Figure 10(c) and Figure 10(d). Then, load capacities of the CAD
model were compared.
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Figure 7. Hardness distribution of CT and SGT samples.

Figure 8. Overview surface microstructure obtained by different treatment: (a) The CT
sample with strip texture; (b) The SGT sample with micropores; (c) Three-dimensional
topography of CT sample; (d) Three-dimensional topography of SGT sample.
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Figure 9. Overview cross-sectional SEM images obtained by different processing
technology: (a) The CT sample without strengthen layer; (b) The SGT sample with
strengthen layer.
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Figure 10. CAD model of fitted surface: (a) CT sample without superfi-
nishing; (b) SGT sample without superfinishing; (c) CT sample superfi-
nished with 5 pm; (d) SGT sample superfinished with 5 pm.

It can be know from Figure 11 that the maximum oil film pressure on CT
sample was greater than that of SGT sample before and after superfinishing, and
the maximum oil film pressure of CT and SGT samples before and after superfi-
nishing are 1.78 x 10° Pa, 7.32 x 10° Pa, and 6.17 x 10° Pa, 7.26 x 10° Pa, respec-
tively.

But maximum oil film pressure cannot reflect the load capacity of a fitted sur-
face. Therefore, oil film pressure distribution cloud maps in Figure 11 were
subdivided into 3406 oil film pressure values, and 3406 oil film pressure values
in each oil film pressure distribution cloud map were summed. It is obtained
that the pressure of the oil film unit area (250 um x 250 um) on the fitted surface
microstructure of the CT and SGT samples before superfinishing is 1.8157 x 10°
Pa and 5.4621 x 10° Pa. In similar, the pressure of the oil film unit area on the
fitted surface microstructure of the CT and SGT samples with super-finished is
8.7451 x 10° Pa and 9.915 x 10° Pa. And the calculation results are shown in
Figure 12. The load capacity of the CT and SGT samples before and after super-
finishing is 113.48, 546.57N and 34.14N, 619.69N, respectively. It is concluded
that the CT sample has a better load capacity unit area than the SGT sample be-
fore super-finishing. However, the load capacity unit area of the SGT sample
exceeds the CT sample after superfinishing with 5 mm. In other words, proper

superfinishing after SGT is beneficial to improve the oil film load capacity.

4. Conclusions

In this work, the effect of SGT on running reliabilities of NU308 bearing rings is
investigated, and the effect mechanisms are comparatively analyzed. Conclu-
sions are drawn as followings.

The running reliabilities of the NU308 bearing ring are improved by SGT
when the test was conducted at room temperature. And the surface burning re-
sistance properties induced by SGT are significantly boosted as the application
time increases than the untreated samples. The running temperature and vibra-

tion of the SGT sample are lower than that of the CT sample.
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sample without superfinishing; (c) CT sample superfinished with 5 um; (d) SGT sample
superfinished with 5 pm.
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The thickness of residual compressive stress layer of the SGT sample is over
180 um, while the CT sample is less than 45 ym. And the maximum residual
compressive stress of the SGT sample reaches approximately —900 MPa, while
CT sample is only about —500 MPa. It is concluded SGT induced residual com-
pressive stress by a large of plastic deformation. The greater residual compres-
sive stress on the surface of the material, the less likely to form fatigue defects on
the surface, so the sample’s ability to resist friction and wear is greater. Hence,
the SGT sample shows better wear resistance property.

The surface of the SGT sample is covered with disordered micropores that
help store oil, while the CT sample is filled with regular textures. These micro-
pores improve the frictional performance of bearing ring ref. [11]. This is why
running temperature and vibration of SGT sample is lower than that of CT sam-
ple. And the thickness of severe plastic deformation layer of the SGT sample is
about 50 um, while no significant plastic deformation can be found in the CT

sample.

DOI: 10.4236/wjm.2020.1010010 150 World Journal of Mechanics


https://doi.org/10.4236/wjm.2020.1010010

X.C. Liuetal.

In a word, SGT is an effective manufacturing method to reduce the running
temperature, vibration and surface burning of bearing ring by introducing high
residual compressive stress, disordered micropores, and plastic deformation.
The SGT improves the reliability of the bearing and lays the foundation for the
subsequent research on the influence of enhanced grinding on the wear resis-

tance of bearing rings.
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