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G95Cr18 stainless bearing steel is used to manufacture rolling bearings widely used

in aviation and navigation fields. Twin carbide structure often appears in G95Cr18

stainless bearing steel structure and affects its material properties. This study adopts

ball-block friction pairs to qualitatively discuss the influence of twin carbide structure of

different degrees on the friction and wear performance of G95Cr18 stainless bearing steel

under dry sliding conditions at room temperature and atmospheric environment. The

results show that a slight twin carbide structure has only a little influence on the friction

coefficient but can reduce the wear rate slightly, while a severe twin carbide structure

can significantly increase the friction coefficient and wear rate. Thus, the existence of an

optimal value for twin carbide structure was confirmed. The wear mechanism is mainly

oxidation wear and abrasive wear, and the oxide produced by oxidation reaction during

friction consists mainly of Fe2O3.

Keywords: twin structure, carbide, G95Cr18 stainless bearing steel, friction, wear

INTRODUCTION

G95Cr18 stainless bearing steel has high hardness, high wear resistance, and corrosion resistance,
and tempering stability (Kun and Dong, 2012; Zhao et al., 2012). Thus, it is often used to
manufacture high-end bearings for the military industry, aviation, aerospace and navigation.
However, its disadvantages are poor thermal conductivity, narrow forging temperature, and it easily
develops a thick forging structure with twin structure because the forging temperature is too high
and the heat preservation time is too long. Furthermore, the twin carbide structure seriously affects
the impact toughness. And is strictly controlled by both the materials standards GB/T3086-20081

and the heat treatment standard JB/T1460-20112 (Initial forging temperature 1120–1150◦C, final
forging temperature850-900◦C,quenching temperature:1000–1050◦C, Tempering temperature
200–300◦C).Hence, it is necessary to thoroughly understand the formation mechanism of twin
structure and its effect on material properties.

Twin structure has two crystals (or two parts of a crystal) along a common crystal
surface forming a mirror symmetry of the directional relationship. These two crystals are
called twin structure and the common crystal surface is called the twin plane. The formation
of twins is closely related to the stacking fault of atoms inside the metal, which can

1GB/T3086-2008. High carbon chromium stainless bearing steels [S]. 2008.09.
2JB/T1460-2011. Rolling bearing-bearing parts made from high-carbon chromium stainless steel. 2011.08.
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be divided into deformation twins, growth twins and annealing
twins based on the different causes of formation of twins. Because
twins are closely related to fault formation, crystals with high
fault energy generally do not easily produce twins. However,
stainless steel such as G95Cr18 martensitic stainless steel have
crystals with low dislocation energy and consequently a twin
boundary is easily formed. Once the twin boundary is formed,
due to its low energy, carbide easily precipitates into a point
chain at the twin boundary during the annealing process. This is
twin carbide. On the formation of twins, in the literature (Wang,
2011) it is believed that the twin substructure formed during
martensite phase transition is that of phase transition twins.
Wang et al. (2006) believe that twins are divided into linear twins
and chain twins, while linear twins are formed by grain boundary
migration, chain twins are essentially reticular carbides. Influence
of twin structure on material properties has been studied in the
literature. Xu et al. (2012) studied the influence of wafer thickness
on the fatigue performance of nano-twin Cu. They concluded
that both the fatigue life and fatigue endurance limit of samples
increased with a decrease in the twin layer thickness under stress
fatigue. Li et al. (2000) studied the influence of twin size in twin
copper on fatigue dislocation configuration. They found that the
fatigue dislocation configuration in twin structure is related to
the width of the twins. There are studies in the literature (Guo
et al., 2005; Luan and Lei, 2009) on the influence of surface
nitriding on surface properties and tribological behaviors. There
are also research literatures (Xu et al., 2006; Ying et al., 2007;
Fan et al., 2010; Liu et al., 2013) on surface friction and wear
performance using coating technology and ion implantation.
However, the influence of twin carbide structure (linear twins)of
different degrees on friction and wear properties of G95Cr18
stainless steel is still unknown. Meanwhile, wear is one of
the important failure modes of rolling bearing made of 9Cr18
Material. As mentioned earlier, twin microstructure is strictly
controlled by current standards. And research results (Xu et al.,
2017a,b) show that the size and distribution of carbides affect
the friction and wear properties of materials. The author draws
a conclusion that VC(carbide) with high hardness was mainly
attributed to excellent wear, which can resist micro-cutting of
abrasive particles (Xu et al., 2017a). Hence, it is necessary to
explore the influence of twin carbide structure on friction and
the wear properties of G95Cr18 stainless steel.

In this study, friction couple, including G95Cr18 stainless
steel block and GCr15 steel ball, are adopted under dry
sliding conditions at room temperature (RT) and atmospheric
environment. The G95Cr18 stainless steel was successively
obtained as twin free carbide structure, slight twin carbide
structure, and severe twin carbide structure through different
heat treatment processes. The influences of twin carbide structure
on friction and the wear properties of G95Cr18 stainless steel
were analyzed qualitatively.

EXPERIMENTAL PROCEDURES

Sample Preparation
The same batch(φ30mm) of stainless bearing steel is selected.
The chemical composition is presented in Table 1. Twin carbide

structures of different degrees were obtained and grouped
according to different heat treatment processes, as shown in
Table 2. Linear twin carbide microstructure was observed using
metallographic microscopy. Group 1# had twin free carbide
microstructure, group 2# had slight twin carbide microstructure,
and group 3# had severe twin carbide microstructure. As shown
in Figure 1, the structure of G95Cr18 stainless bearing steel
includes tempered martensite, fine dispersed carbide and a small
amount of residual austenite. And the alloy carbide particles in
the three groups are similar in size and uniformly distributed.
Although the size of carbide particles is similar between them.
The microstructure of Figures 1B,C are not up to standard
requirements. There are many slight linear twins with length of
2–5 um in Figure 1B and severe linear twins with a larger length
of 6–10 um appear in Figure 1C. In order to clearly observe
the twins carbide structure, field emission electron microscope
was used, shown in Figure 2. It can be seen that carbides are
straight lines and the length is about 10 um(red arrows). In the
process of grain growth, stacking happened accidentally during
grain boundary migration and the linear twins was formed. In
the subsequent annealing process, the carbide precipitates along
the austenitic twin boundary. Hence, Linear twin microstructure
is essentially twin carbide (Wang et al., 2006). The EDS results
that the main elements of twin carbides includes Fe, Cr and
C. The surface hardness of the samples was measured using a
200HRS-150 Rockwell hardness tester. The results are presented
in Table 3. Table 3 shows that the surface hardness of the three
sample groups are similar. Therefore, the effect of hardness in the
experiment can be ignored.

Experimental Method
Friction and wear tests were carried out on a UMT-2
reciprocating wear tester with ball-block configuration under
the condition of dry friction at room temperature. Before the
experiment, each group sample was pre-ground for 3s under

TABLE 1 | Chemical compositions of G95Cr18 stainless steel for testing.

Chemical composition (wt%) C Cr Mn SI Ni S P

Measured value 0.99 17.37 0.363 0.241 0.144 0.002 0.0276

TABLE 2 | Heat treatment processes for twinning structure of different degrees.

Experimental group Annealing process Quenching and

tempering

Group 1# 850◦C × 30 min→ 1140◦C

× 50min Water cooling→

Conventional annealing

850◦C × 30min

→ 1070◦C × 20min

Oil quenching→

150◦C × 3 h

(tempering)

Group 2# 850◦C ×30 min→ 1160◦C

× 50min Water cooling→

Conventional annealing

Group3# 850◦C ×30 min→ 1180◦C

×50min Water cooling→

Conventional annealing
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FIGURE 1 | Linear Twin structure (red dashed line) of different degrees at optical microscopy (500×magnification): (A) twin free microstructure; (B) slight twin

microstructure; (C) severe twin microstructure.

FIGURE 2 | SEM of linear Twin carbide structure (The length of the linear twin is 10 um, marked in red) and the EDS result of element distribution.

TABLE 3 | The surface hardness of twin microstructure of different degrees.

Experimental group Point 1(HRC) Point 2(HRC) Point 3(HRC)

Group 1# 59.5 58.9 59.7

Group 2# 58.5 59.0 59.2

Group 3# 58.8 59.4 59.6

the conditions of load 5N and at speed 9 mm/s. All the friction
and wear tests were run at an applied load of 25N, sliding
speed of 9 mm/s, reciprocating distance 5mm, and duration of
20min. Friction coefficient was automatically recorded by the
computer of the friction and wear tester. Three dimensional
surface profilers were used to measure the cross-sectional area
of wear marks of the test block and to calculate the cross-
sectional area of the wear marks. The cross-sectional area of the
wear marks of the samples is the average value obtained after 4
successive measurements. The wear volume of the test block was
obtained bymultiplying the cross-sectional area of the wear mark
by the sliding displacement (5mm). The bulk wear rate of the test
block was obtained by dividing the wear volume by the product
of the sliding distance and loading. The friction coefficient and
wear rate of each group of samples are the average values of the
friction and wear test results repeated at least 2–3 times.

Scanning electron microscopy (SEM, JSM-6380lv) was used
to analyze the wear morphology, profile morphology and

chip morphology of the samples. While, energy-dispersive X-
ray spectroscopy (EDS) was used to analyze the chemical
composition of grinding chips. The wear profile was analyzed
using Nanofocus AG three-dimensional surface profiler. Raman
spectroscopy (LRS, Invia, Renishaw) was used to detect the phase
composition of the worn surface and the laser wavelength was
532 nm.

RESULTS AND DISCUSSION

Figure 3 shows a profile of the wear track of samples with
severe twin carbide microstructure. Figure 4 shows a three-
dimensional morphology of the wear surface of twin samples
at different degrees. Figures 4A–C show the three-dimensional
surface profile of twin free, slight twin, and severe twin samples,
respectively. Themaximum depth of worn tracks can be obtained
with the embedded software. For each wear track, three locations
were measured to determine the mean cross-sectional area, as
shown in Table 4. From Figure 4, all the worn surfaces of the
three sample groups had deep worn tracks. As can be seen from
Table 4, the depth of the average worn tracks of the three groups
was more than 4µm. The depth of the worn tracks of the slight
twin sample was slightly less than that of twin free sample, and
that of the severe twin sample was the deepest.

Figure 5 shows the friction coefficient and wear rate of twin
samples with different degrees. As can be seen from Figure 5A,
the friction coefficients of three sample groups (with or without
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FIGURE 3 | Profile of the wear track of samples with severe twin carbide microstructure.

FIGURE 4 | Three-dimensional morphology of the wear surface of twin samples: (A) twin free samples, (B) slight twin samples, (C) severe twin samples.

TABLE 4 | Statistical of the depth of wear marks on the worn surface of twin

specimens at different degrees.

Experimental

group

Maximum wear

mark depth(um)

The average(um) wear profile

areas/ mm2

Point 1 Point 2 Point 3

1# 4.117 4.122 4.463 4.234 4.2 × 10−8

2# 3.970 4.012 4.024 4.002 3.8 × 10−8

3# 4.556 5.579 4.527 4.887 7.4 × 10−8

twin carbide structure) at the initial stage of the test are similar
but fluctuate slightly, which may be because it is an initial test.
After running the test for about 300 s, the friction coefficients
of the three sample groups are relatively stable, but the friction
coefficient of the severe twin sample (about 0.8) is significantly
higher than the other two. The friction coefficient of twin free
samples and slight twin samples is similar (between 0.65 and 0.7),

but the friction coefficient of the slight twin samples decreases
slightly. As can be seen from Figure 5B, the wear rate of the
sample with slight twin carbide structure is slightly lower than
that with twin free carbide structure at the same time (20min),
while that of the severe twin carbide structure is the highest.
It can be seen that the slight twin carbide structure has only a
little influence on the friction coefficient during the whole test
process, but it can reduce the wear rate slightly. However, the
severe twin carbide structure increases the friction coefficient and
wear rate noticeably.

Figure 6 shows the typical SEM morphology of the worn
surfaces of twin samples with varying degrees. Among them,
Figures 5A,B, and c present the morphology of twin free
samples, slight twin samples, and severe twin samples,
respectively. Under the same experimental conditions,
there are many small pits in Figure 6.There are dark black
irregular flaky substances locally. In Figure 6A, there are a
few dark and irregular flake materials and these materials
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FIGURE 5 | Friction coefficient and wear rate of twin carbide structures of different degrees: (A) friction coefficient, (B) wear rate.

FIGURE 6 | Typical SEM morphology of the worn surface of twin samples with varying degree and corresponding surface distribution of major elements: (A) twin free

samples, (B) slight twin samples, (C) severe twin samples.

FIGURE 7 | SEM morphology of abrasive debris of twin samples at different degrees: (A) twin free samples, (B) slight twin samples, (C) severe twin samples.

are not connected. The proportion of black materials is the
highest and these materials are connected. It can be seen
from the surface distribution of major elements that O
elements are concentrated mainly in the area of wear marks,
which indicates that oxidation took place during friction.
Meanwhile, the Cr and Fe elements are evenly distributed in
the matrix.

Figure 7 shows the SEM morphology of the wear debris.
According to a research (Shogrin et al., 1996), there are four kinds
of particles generated by wear: microspall (micropit) particles,
layer/thin particles (laminar particles), chunky particles, and
spherical particles. Three sample groups all produce granular
wear debris, which accumulate loosely. To a certain extent, some
of the samples have thin flakes of wear debris, the accumulation of
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FIGURE 8 | Typical EDS spectra of the worn tracks in Figure 6A.

FIGURE 9 | Typical EDS spectra of the worn tracks in Figure 6B.

FIGURE 10 | Typical EDS spectra of the worn tracks in Figure 6C.
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FIGURE 11 | Raman spectra of the worn surface of twin samples at different degrees: (A) twin free samples, (B) slight twin samples, (C) severe twin samples, (D)

three sample groups.

FIGURE 12 | The vertical section SEM morphology of the wear mark of twin samples with varying degree and corresponding surface distribution of major elements:

(A) twin free samples, (B) slight twin samples, (C) severe twin samples.

thin chip wear debris can isolate the friction pair. As the friction
goes on, the chip wear debris breaks up and produces new wear
debris, and so on. Compared with the twin free samples, the
slightly twin samples have more chip abrasions, whichmay be the
reason why the friction coefficient is lower than that of the twin
free samples. The grinding chips of the severe twin samples are
mostly granular, with uneven size. The soft granular particles are
compacted into flakes, while the hard-granular particles remain
on the contact surface and play the role of fine plow, which
aggravates the wear of the friction surface. Energy spectrum

analysis was carried out on the grinding chips of three sample
groups, and the results are presented in Figures 8–10. The main
chemical components of the three sample groups were O, Fe,
and Cr, indicating that the grinding debris generated by friction
was oxidized. To further study the oxidation products of abrasive
debris, the phase composition of the worn surfaces of three
sample groups were analyzed.

Figure 11 shows the Raman spectra of the worn surface
of twin samples at different degrees. As can be seen from
Figures 10A–C, no oxide formation was found in the unworn
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area of the sample surface, while oxide formation was found
in the worn area, indicating that oxidation reaction occurred
on the contact surface during the friction process. It can be
seen from Figure 10D that the Raman spectrum shapes of the
wear area of the three sample groups are the same, and the
Raman spectrum peak strength of the twin free samples and the
slight twin samples is similar. However, the Raman spectrum
peak strength of the severe twin samples is significantly higher
than that of the former, indicating that the severe oxidation
of the contact area of the severe twin samples means that
more oxides were generated. Raman spectral analysis shows
that the oxide generated by friction is mainly Fe2O3, which
is consistent with the conclusion in the literature (Symonds
et al., 2015). According to studies in the literature (Sullivan
and Athwal, 1983), the predominant oxides are Fe2O3 for
contact temperature of friction pairs up to 200◦C, and Fe3O4

for temperatures between 200 and 570◦C. This shows that the
maximum temperature of the friction interface in this test was
about 200◦C.

Figure 12 shows the vertical section SEM morphology
of the wear mark of the twin samples with varying degrees
and the corresponding surface distribution of major
elements. The depth of the wear marks is relatively shallow,
which can hardly be observed from the vertical section,
corresponding to the results in Table 4. Meanwhile, there
is no obvious plastic deformation of the section due to
the factors such as test load and test time. Furthermore,
carbides in the cross section is evenly distributed in the
matrix. Furthermore, elements of O, Cr and Fe are also
uniformly distributed. The element O, it may occur during
mechanical polishing.

From what has been discussed above, it is concluded that
slight twins have little influence on the friction coefficient
but can reduce the wear rate slightly, while severe twins
significantly increase the friction coefficient and wear rate under
the conditions of a dry friction test at room temperature. The
SEM morphology, the abrasive debris morphology and the
energy spectrum analysis show that oxidation reaction occurs
during the friction process, and part of the abrasive debris
remains between the friction contact surfaces. Flakes or soft
granular oxide flakes are compacted and rubbed repeatedly
between the friction contact surfaces to form large flakes. The
linked flakes accumulate enough to isolate the friction pair. As
the friction continues, the large flakes are broken down and
new oxide flakes accumulate. Thus, the oxidation wear is formed
repeatedly. Concurrently, the hard granular abrasive particles
play the role of plow cutting between the friction contact surfaces,
and this is also the main reason why the friction coefficient and
wear rate of the severe twin increases noticeably. Further, twin
structure refers to carbides in crystals. It is well known that
fine dispersed carbides can pin dislocations and strengthen the
matrix, while hard carbides can destroy the continuity of the

matrix and reduce material properties (Kang and Rivera Díaz del
Castillo, 2013; Xu et al., 2017a). In this study, the severe twin
structure is linear carbides in grains. Carbides are relatively rare
around them (Figure 2), and thus the pinning dislocation effect
is weakened. Meanwhile, chain carbides destroy the continuity
of matrix. And the material properties are ultimately reduced.
Hence, it can be concluded that there is an optimal value or
range of the influence of twin structure on the friction and wear
performance of G95Cr18 bearing steel.

In brief,the influence of twin structure on friction
and wear properties of G95Cr18 stainless steel has
been analyzed qualitatively. This study presents only a
qualitative test and G95Cr18 stainless steel is mainly
used in harsh conditions which result in effects such
as corrosion. Therefore, it is of great significance to
study the influence of twin structure on the friction
and wear performance of G95Cr18 bearing steel in
harsh conditions.

CONCLUSION

1. The qualitative test shows that slight twinning has little
influence on the friction coefficient but can reduce the wear
rate slightly, while severe twinning can significantly increase
the friction coefficient and wear rate, and there is an optimal
value or range of values of twin under the conditions of dry
friction at room temperature.

2. The wear mechanism of the three sample groups is oxidative
wear and abrasive wear, of which the twin free samples and
the slight twinning samples are mainly oxidative wear and the
severe twin samples are mainly abrasive wear.

3. Oxidation reaction occurred in the friction process on the
worn surface of the three sample groups, and the main oxide
was Fe2O3.
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