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ABSTRACT

Copper-graphite (Cu/C) materials are used as
stationary ring in the mechanical contacted seals of
liquid rocket turbo pumps due to their advantages
including high thermal conductivity, excellent
anti-corrosion and lubrication behaviors. However,
the Cu/C stationary ring is subjected to severe wear at
startup stage under the real working condition. To
solve the problem, this study puts forward a method
to modify the surface of the mating pair by high
temperature oxidation films. The oxidation films
were prepared under different temperatures and the
tribological tests were conducted to verify the
lubrication effect of the films. Furthermore, the
influence of applied load and surface roughness on
the tribological behaviors was investigated. In
general, the oxidation film played a major role in
improving tribological behavior between bearing
steel and Cu/C under water lubrication condition.

INTRODUCTION

The mechanical contacted seal is the necessary
component of liquid rocket engine turbo pump which
works under the severe conditions including high
speed, high pressure, high vibration and sealing
medium (Wang et al, 2012; Zhang et al, 2008). This
kind of mechanical contacted seal is composed of
stationary ring and the rotating ring and this pair
adopts the hard-soft pattern as shown in Fig.l.
Copper-graphite (Cu/C) composite made by adding
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graphite as a solid lubricant to the copper material is
the main material of stationary ring. And the main
material of rotating ring is bearing steel. Cu/C
combines excellent properties of copper and graphite
so that it has high thermal conductivity and good
lubrication properties (Grandin et al, 2018). However,
for the actual working condition, Cu/C stationary ring
showed serious wear during the startup stage of the
engine machine. The wear of the Cu/C stationary ring
is bound to cause the leakage of the seal medium in
the engine turbo pump, and thus giving rise to some
safety risks. Therefore, it is urgent to enhance the
anti-wear ability of Cu/C materials when sliding
against steels and improve the working reliability of
the mechanical seals in engine turbo pump.

In recent years, many efforts have been made to
reduce the friction and wear of metal materials.
Preparing oxide layer on the steel is one of the
effective methods. it is found that the Cr bearing steel
can form nanoscale iron composite oxides, and these
substances contain Cr and Si in inner rust, which is
used to protect the surface and prevent further
re-oxidation (Levitin et al, 1988; Cote et al, 2000;
Nishimura et al, 2015). Also, the oxidation film has
the function of reducing friction and wear when
friction pairs rub against each other (Guan et al,
2016). The dense, passivated Cr,03 and SiOyx on the
surface of the bearing steel is known as a type of
ceramic material (Dong et al, 2013; Luo et al, 2009;
Yang et al, 1999), which is often used as a protective
layer for wearing parts (He et al, 2001; Sourty et al,
2003). Considering the lubrication property of oxide
film, the friction between Cu/C and oxide bearing
steel surface is worthy of further study.

In this study, we present a facile method of
utilizing the oxide film on bearing steel to reduce the
wear of Cu/C. Oxidized surfaces containing Cr2Os
were formed by high temperature oxidation of
bearing steel. Tribological experiments were
conducted under dry condition and water lubrication
condition. The experimental results demonstrate that
this oxidized film is able to improve tribological
behaviors compared to the original surface especially
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under water lubrication condition. Furthermore, the
lubrication mechanisms of the oxidized film were
discussed.

(b)

Fig. 1. (a) the image of Cu/C stationary ring, (b)the
image of steel rotating ring

EXPERIMENTS

Materials
Cu/C (hardness 50 HV with the standard
deviation of 6.48, density 6.61 g-cm™) and bearing
steel disk (®30 mm, hardness 699.2 HV with the
standard deviation of 53.6) were provided by Xi‘an
Institute of Dynamics (Shaanxi Province, China).
The chemical compositions of both materials are
shown in Table 1.
Preparation of Cu/C and oxidized surfaces
Copper-graphite(Cu/C) composite was
processed into ball sample by wire-electrode cutting,
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with the diameter of 6 mm. Cu/C composite’s ball
was ground and polished until the roughness Ra was
within 0.065 um.

The bearing steel disks were polished with
polishing liquid and flannel to ensure its surface
roughness under 0.012 pm, and dried at room
temperature. Then these disks were oxidized
separately in the air environment with the
temperature of 100, 120, 140, 160, 180 and 200°C in
for one hour, and cooled at room temperature. And
then, took out two of polished disks and ground with
#800 sandpaper for 30 minutes. Also, took out two
of polished bearing steel disks and ground with #240
sandpaper for 30 minutes. These four disks were
treated with different types of sandpaper to simulate
the different surface microstructures of machine seal
parts. After this treatment, oxidized each of them at
the temperature of 200°C for one hour. When the
temperature is high, the surface color turns brown
and the roughness Ra increases; When the
temperature is low, the blue film is not uniform and
dense enough to play the role of anti-friction and
anti-wear. When the bearing steel is oxidized at
100-200°C, it will form a blue dense oxide film
similar to ceramic, with smooth surface and low
friction coefficient.

Table 1. The chemical compositions of Cu/C and GCr15 obtained by EDS.

Chemical composition (wt%)

Samples Fe C Mn S Cr Ni Cu Mo
cuic 0.25 36.97 0.06 0.07 0 0.19 0.25 62.15 0.05
GCri5 93.04 3.36 0.62 0.34 0 153 0.3 0.28 0.19

Frictional tests

Tribology experiments were performed by a
ball-on-disk tribometer (UMT-2, CETR Corporation
Ltd, USA) in reciprocating motion mode. They were
conducted at room temperature (25°C). All
experimental data were the average of five
experiments. On the one hand, in order to verify the
lubricity of the oxidized surface, the Cu/C ball
samples moved against the disk with the load of 5 N,
the time of 15 minutes and the speed of 24 mm/s
under dry and water condition. On the other hand, to
explore the effect of applied load on the lubricity of
oxidized film, the Cu/C ball samples moved against
the disk with the load of 5 N, 10 N, 15 N in sequence
and with the speed of 24 mm/s. Each individual test
last for 15 minutes. The ball was made of Cu/C
composites and the disks were polished bearing steel
and bearing steel with oxidized film.

Characterizations

X-ray photoelectron  spectroscopy  (XPS,
AXIS-ULTRA DLD, Kratos, England) was adopted
to analyze the chemical state and surface chemical
composition of the original and oxidized disk
samples. Scanning electron microscopy (SEM,

SU-8010, HITACHI, Japan) was utilized to observe
the morphology of the wear scars on the disks.
Contact Angle Meter (JC2000D2A, POWEREACH,
China) was used to measure the contact angle of the
bearing steel surfaces. Laser Scanning Confocal
Microscope (LEXT OLS4000, Olympus Corporation,
Japan) was used to measure the surface roughness of
Cu/C balls and GCrl5 disks. MoPao 2DE
Metallographic Sample Grinder (Laizhou Weiyi Test
Instrument Manufacturing Co., Ltd. Laizhou City,
Shandong Province, China) was adopted to grind
and polish disks.

INTRODUCTION

The chemical analyses of oxidized surfaces

X-ray photoelectron spectroscopy (XPS) were
used to study the chemical properties of the original
and oxidized bearing steel surfaces. And the
oxidized bearing steel surface is polished and at the
temperature of 200°C. For the Fe element, the
characteristics of the excitation of electrons from the
core level of 2p are discussed with consistency
within the Fig. 2(a). The small peak observed at
about 704.5 eV is ascribed to zero-valent iron. In the
original surface, there are peaks at 708.2 eV and

-242-



W.-G. Zhao et al.: Tribological Properties of High Temperature Oxidation Film on Bearing Steel Sliding.

721.4 eV, which means the surface iron oxide was
mainly Fe?* (Baykan et al, 2012; Zollfrank et al,
2008). The oxidized surface’s 2ps» photoelectron
line ca. 710 eV shows this surface is full of Fe®*
(Gerber et al, 2018), and the satellite peak also
proves that there is little Fe?* in the disk surface
(Aronniemi et al, 2005; Yamashita et al, 2008).

I T T T TR TR T T

Binding EnergyieVy
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Fig. 2. XPS spebtrum of (a) Fe 2p, (b) Cr 2p, (c) Si
2p, (d) C 1s on bearing steel surface of
original and oxidized disks.

Fig. 2(b) shows XPS spectrum of Cr 2p. A main
purpose of the interpretation of Cr 2p XPS is to
determine the valence of Cr in oxidation state, thus
contrasting it between the original and oxidized
bearing steel disks. The Cr 2ps. peak of original disk
is 574.1 eV, and this suggests a thin layer of Cr,03,
Cr(OH); and Cr mental (Galtayries et al, 2006;
Merryfield et al, 1982). The treated disk’s Cr 2p
peak span is very wide, which means that the
valence of Cr became very complicated after
oxidation. The major constituent is Cr,O; and the
chromium oxides contributes to the wide peak span
(Gaspar et al, 2005).

Fig. 2(c) tells the XPS spectrum of Si 2pap
taken from oxidized and unoxidized bearing steel
disks. The peak at 100.4 eV is formed by two peaks
at 99.1 and 101.7 eV, respectively, which are
considered to originate from the element Si and SiO;
(Park et al, 2003). After oxidation treatment, the
change trend of Si 2ps; peak becomes similar to Cr
2psi2, and both of them are wider than untreated
disks. Therefore, this indicated that the presence of
Si after oxidation is SiOy, with x varying from 0 to 2
(Sahota et al, 1996).

The XPS C 1s spectrum for bearing steel
original and oxidized is shown in Fig. 2(d). The C 1s
peak’s binding energy of the processed sample is
higher than untreated one. It is believed that the
development of an sp3 bonded component within the
matrix lead to the binding energy increase, which
contribute to the strength of the C 1s enveloped in
different binding energies (Jackson et al, 1995). This
means that after oxidizing, new chemical bonds were
formed between carbon and oxygen (Hoffmann et al,
2005).
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Fig. 3. Contact angle of disk surfaces oxidized at
different temperatures.

The contact angles on the surfaces of the
original disk and the fixed temperature gradient
oxidation disks were measured by using a Contact
Angle Meter with distilled water. Contact angle of
the original surfaces is about 101.8°, which is higher
than that of disk surfaces with oxidized treatment at
different temperatures in the air, as it is shown in the
Fig. 3, and with the increase of temperature, there is
a continuous reduction of contact angle. Because of
the compact structure of oxide particles on surface of
steel and annealing treatment, the morphology
became interconnected particles and surface energy
increased, which caused low contact angle. When
the oxidation temperature reached 200°C, the contact
angle was the smallest, and it indicated that the
water lubrication film was more easily formed on the
oxidized disk.

The friction coefficients in dry and water
conditions

Fig. 4. The friction coefficient on original and
oxidized surfaces under (a) dry condition,
(b) water lubrication condition at a load of
5N.

Cu/C has excellent self-lubrication performance.
These experiments were repeated five times under
dry and water conditions to get average friction
coefficient. Fig. 4(a) shows the friction coefficient of
original surfaces and oxidized treatment surfaces
with dry friction. As temperature increased, there
was no obvious rule of friction coefficient. Even
though the number of friction coefficient fluctuated
greatly in the initial stage, it eventually became very



stable, near 0.22.

In water lubrication condition, the distinction of
tribological curves is more obvious. Fig. 4(b) shows
that the friction condition of that Cu/C sliding
against untreated bearing steel disk surfaces is not as
good as dry condition, and the friction coefficient
has a great undulation. It is the same with surfaces
under lower temperature (100°C, 120°C) oxidation.
But the lubrication environment has changed a lot

when it comes to high temperature oxidized surfaces.

As Fig. 4(b) shows, the friction coefficient of 180
and 200°C oxidized treatment surfaces eventually
tend to be stable, and it is lower than untreated and
low temperature treated surfaces.

It can be seen from Fig. 4 that the oxidation
treatment of bearing steel has little effect on the
friction coefficient of dry friction. The friction
coefficient of each group fluctuates within an
acceptable range. Under water lubrication, the
friction coefficients fluctuation of the oxidized
bearing (140-200°C) steel surfaces diminish
obviously and become more stable compared with
the original one, which indicates that the friction
mechanism of the oxidized bearing steel may change
under water lubrication.

The worn surfaces conditions

(a)

0 fin ~ 900 um
oxidized-water-15N

oxidized-water-10N

Fig. 5. Worn surfaces of Cu/C ball in different
lubrication conditions.

500 pm

_ L pher-
bearing steel disks in
different lubrication conditions.
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The worn surfaces are of great concern in
tribology. And then the disks and balls were cleaned
with acetone by ultrasonic wave for 10 minutes after
frictional tests. Fig. 5 shows the worn surfaces of
Cu/C balls sliding against original and oxidized
bearing steel disks on the condition of dry friction
and water lubrication. Fig. 5(a) represents the wear
scar of Cu/C ball sliding against the original disk
under dry friction condition and the diameter is
358.79 um, which is much smaller than 868.78 um
under the water lubrication in Fig. 5(b). Fig. 5(c), (d),
(e), (f) are wear scars of Cu/C balls sliding against
the oxidized disks and Fig. 5(c) is under dry friction
while the other three are under water lubrication
condition. In Fig. 5, the diameter of the Fig. 5(a), (c)
and (d) are nearly the same, but Fig. 5(b) and (d)
differ very much, which means that in the case of
water lubrication, the oxidized disk has much less
wear to Cu/C. Fig. 5(d), (e) and (f) are the wear scars
at the load of 5 N, 10 N, 15 N under water
lubrication, and the diameter rises with the increase
of load. Fig. 6 is the scratches of the disk’s surfaces
corresponding to Fig. 5, respectively. It is clear that
there is much Cu/C adhesion on the surface, and thus
forming a transfer film in Fig. 6 (a) and (b). In Fig.
6(d), (e) and (f), the oxidation layer was destroyed
and there was little Cu/C residual on the surface.
That is to say, the water acting as a bad factor in
lubrication for original bearing steel disk would
promote the lubrication when the disk is oxidized.
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Fig. 7 (a) Cu/C ball wear rate of original and
oxidized disks with dry friction and water
lubrication; (b) Cu/C ball wear rate of
oxidized disk with water lubrication at
different load.

Cu/C composites wear easily under water
lubrication. Fig. 7(a) shows the wear rates of Cu/C
balls with the counterface of original and oxidized
bearing steel disk on the condition of dry friction and
water lubrication. The wear rate is 0.126x10°
mm3-(N-m)* with dry friction for untreated disks,
while it is 4.36x10®% mm3-(N-m)? on the water
lubrication condition in the same circumstances.
After oxidation treatment, the wear rate on dry
friction condition does not change significantly and
it is 0.178x10° mm3.(N-m)?, but it becomes
0.176x10% mm?-(N-m)* under water lubrication, and
the wear rate is reduced by 96%, compared with the
original disk. It suggests that the existence of
oxidation film has little effect on lubrication under
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dry friction condition, but it has remarkable effect on
reducing wear rate under water lubrication condition.
Furthermore, Fig. 7(b) tells us that the wear rate of
Cu/C ball varies with the load.

The influence of applied load on tribological
behaviors

0.40

0.32

Friction Coefficient

0 200 400 600 800
Time/s
Fig. 8. The friction coefficient in water condition on
oxidized treatment surfaces with different

loads.
(d) Load
wi%a
SN 10N 15N
pm
T = Element
Fe 5801 87.66 85.04
Cu 0.3 0.6 3.54
C 1.75 1.92 1.77
0 6.84 6.65 6.67
Si 0.75 0,72 0.48
Cr 1.53 1.58 2.03
S 200pm Mn 0.82 0.87 0.47

Fig. 9 SEM images of scratches at the load of (a) 5 N,
(b) 10 N, (c) 15 N and (d) the chemical composition
of worn surfaces of bearing steel disks at different
loads.

The experiments about the effect of different
loads on friction coefficient were carried out on
oxide surfaces in water lubrication condition. Fig. 8
shows that the friction coefficient is related to the
load. The contact pressure increases with the
increase of the load. In the initial stage of
reciprocating friction, the point contact pressure is
too large and the Cu/C is relatively soft, which leads
to serious adhesion wear, and the debris is closely
bound to the surface of the disks. At this time, Cu/C
will play a lubricating role. So, the friction
coefficient of the experiments was low at the
beginning under water lubrication. At the load of 10
N, the friction coefficient was going up. The average
friction coefficient is higher than that of 5 N. while
at the load of 15 N, the friction coefficient fluctuated
greatly and was lower than that of 5 N. Fig.9 shows
the SEM images and EDS analysis of the worn
scratches at different loads. These scratches have
obvious abrasive wear marks, and wear becomes

serious with the increase of load. As Fig.9 (d) shows
that the chemical composition of worn surfaces and
the Cu content increases with the load. So, the oxide
film demonstrated good lubrication performance at
the load of 5 N, and the coefficient of friction
remained steady and low. At 10N, the oxide film was
destroyed, and the specific pressure was small, so a
large amount of Cu/C could not be adhered to the
friction surface to form a good lubrication and made
friction coefficient rise. While at the load of 15 N,
Cu/C content was high, even if the oxide surface was
destroyed, high specific pressure could make the
Cu/C form transfer film, so the friction coefficient
was relatively low. This result is consistent with
previous study that when the Cu/C slid against the
surface of bearing steel under water lubrication, the
friction coefficient and wear would be reduced by
increasing the load appropriately (Zhang et al, 2017).

The influence of surface roughness on tribological
behaviors
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Fig. 10. The (a) friction coefficient and (b) average
friction coefficient under dry friction and
water lubrication of Cu/C balls and bearing
steel disks treated with different types of
sandpaper.

In the actual sealing application, the contact
surface will not be so smooth. The steel disks treated
with different types of sandpaper represents the
original sealing surface with different roughness.
Effect of surface roughness on friction coefficient
was studied by using disks ground with #240, #
800 and #1200 sandpapers, respectively. Fig. 10(a)
shows the friction coefficient of Cu/C ball and
ground bearing steel disks changing with time under
different lubrication condition. With dry friction, no
matter it is # 240, # 800 disk, or it is not oxidized,
the average friction coefficient is steadily
concentrated below 0.20 in Fig. 10(b). In addition,
the friction coefficient of oxidized disk is slightly
lower than that of the original disk. But the #1200
and polished with polishing liquid and flannel disks
with the lowest roughness have the highest average
friction coefficient of the three group. That due to
some degree high roughness surface can adhere
more soft Cu/C particles and form a thick lubricant
film under dry friction condition. In water
lubrication, # 240 and # 800 disks are the same as
previous experiments, and the oxidized disk has a
lower coefficient of friction than the original disk.
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The average friction coefficient of #800 and #
1200 oxidized disk is 0.28, lower than # 240
oxidized disk 0.31 because of its smoother surface.

80

Bl dry friction on an original disk
W dry friction on an oxidized disk
I water friction on an original disk
Bl water friction on an oxidized disk

70.64
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#1240 #800 #1200 and polished
Grind on different sandpaper

Fig. 11. The wear rate under dry friction and water
lubrication condition of Cu/C balls when
sliding against bearing steel disks treated
with different types of sandpaper.

Fig. 11 shows the wear rate of Cu/C balls when
sliding against different surface roughness disks. It
indicates that the high the roughness is, the greater
the wear rate is. And in water lubrication, the wear
rate of #1200 and polished disk after oxidation is
96% smaller than the original, and the #800 and
# 240 disks are 78% and 80% smaller than original
disk, respectively. The reason is that there is an
adhesive wear when Cu/C balls slide against bearing
steel disks, and it will be a lot of Cu/C sticking to the
surface if it has a high roughness. In water
lubrication, the peeled Cu/C is hard to retain, and the
water will continue scour, making it difficult to form
a stable transfer film on the original disk surface.
But when it comes to an oxidized disk, the plow
formed on the surfaces by the sandpaper will cause
more serious Cu/C wear. However, the combined
action of the oxidation layer and water will form a
new film to improve the lubrication condition and
reduce the wear of Cu/C.

Relevant mechanisms

As a kind of self-lubricating material, Cu/C
forms a transfer film on the scratch surface when
sliding against bearing steel. Fig. 12(a) and Fig. 12(b)
show the SEM images and EDS analysis of the
surface scratches on original disks under dry friction
condition and water lubrication condition. Compared
with Fig. 12(b), the scratch produced in Fig. 12(a) is
more uniform and smooth, and the EDS analysis of
the two graphs show the surface scratches contain
Cu which comes from Cu/C composite. The element
weight of Cu in Fig. 12(b) is 24.47 wt%, much
greater than 8.62 wt% in Fig. 12(a). This data means
that Cu/C has great wear in water lubrication, which
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indicates that it is easier to form stable transfer film
under dry friction than water lubrication.
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Fig. 12. The SEM images and EDS analysis of the
surface scratch on the (a)original disk in dry
friction, (b)original disk in water lubrication,
(c)oxidized disk in dry friction, (d)oxidized
disk in water lubrication.
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Fig. 13. (a) The forming process of transfer film, (b)
the forming and breaking of transfer film,
and (c) The transfer film on oxidized disk
surfaces formed by tribo-chemical reaction
products.

Fig. 12(c) and Fig. 12(d) show the SEM images
and EDS analysis of the surface scratches on
oxidized disks. It can be seen clearly that Fig. 12(a),
Fig. 12(c) and Fig. 12(d) almost have the same
flatness, so the friction under these three conditions
has been well lubrication. The EDS analysis of Fig.
12(c) and Fig. 12(d) tells that the element weight of
Cu content in the scratches after oxidation is less
than that in Fig. 12(a) and Fig. 12(b). What’s more,
comparing with the Cu content of original surface
0.28 wt%, there is little Cu residue on the surface of
the oxidized disk under water lubrication. This
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suggests that the lubrication mechanism of the
oxidized surface has changed.

Cu/C transfer film is able to be formed because
of the self-lubricating property of this composites in
dry friction, just as Fig. 12(a) shows. But in Fig.
12(b), this film will be broken and desquamated in
water, and then the adhesion behavior can cause
Cu/C to form a film on the surface of bearing steel
again and desquamated. The recurrence of this
situation will result in severe wear of Cu/C. In dry
friction, the friction interface of the composite
material is heated to soften, and Cu/C dust clings to
the bearing steel plate easily, which will promote the
formation of a layer of compact lubrication film.
While in the water environment, due to the cooling
water, it will make the Cu/C dust adhesion decrease,
and the formation of the porous membrane proceeds,
which is easy to be damaged and unable to form a

good lubricating environment, and as it shows in Fig.

12(b) whose worn surface is rougher than others.
This process can explain why the wear scar of Cu/C
in water is large and the friction coefficient remains
unstable.

Fig. 12(d) indicates there is little Cu/C residues
and a new lubricant film have been formed on
oxidized disk under water lubrication. After being
oxidized, the composition and surface properties of
bearing steel have changed a lot. The XPS analysis
in Fig. 2 shows the surface was full of Fe®*, Cr3,
C-0, Si-C, Si-O and a mixture of some elementary
substance. And Fig. 3 shows that the surface’s
contact angle became smaller and the hydrophilicity
was enhanced. It is believed that at a certain
temperature, the glaze layer is completely formed
and exhibits good lubricating properties, thereby
reducing friction coefficient and wear rate (Rybiak et
al, 2010).

For the glaze layer, earlier study demonstrate
that Cr,O3 can react with water and form chromic
oxide hydrate under boundary lubrication conditions
(Cr,03:xH20) (Wei et al, 1996). Therefore, this
chemical reaction must occur when tribological
experiments are carrying out on the oxidized disks in
water lubrication. Cr,03-xH20 is a soft, easy to shear
substance and acts as a kind of lubricant. Beyond
that, there are some other chemical reaction
occurring. The materials produced by these reactions
(equations 1-3) are used as a lubricant additive in
water. Silica gel, chromic oxide hydrate and
hydroxide reaction film (Liu et al, 2013) prevent
further contact between bearing steel and Cu/C, and
avoid higher wear rate as it is shown in Fig. 13c.

Cr203 + xH20 — Cr203-xH20 1)
Si02 + xH20 — Si02-xH20 )
Cr203 + 3H20 — 2Cr(OH)3 3)

Clearly, the tribo-chemistry interactions can
play a critical role during the friction process when
Cu/C ball sliding against oxidized bearing steel.
Frictional heat between the friction pairs can bring
about the chemical reaction with water, and the
tribo-chemical reaction products can be utilized as
lubrication medium for further friction process.

CONCLUSIONS

Through the experiments mentioned above, the
effect of oxidation film on the friction between Cu/C
and bearing steel under water lubrication condition
was proved. By using the method of oxidation of
bearing steel, the problems of wear and tear of Cu/C
in water were solved. In summary, the following
conclusions can be drawn in this paper.
1. Friction coefficients of original and oxidized
surfaces in dry friction are almost the same. But
when the tests are performed under water lubrication
condition, the friction coefficients of original
surfaces increase and show a fluctuation.
2. Increasing the load of tests and roughness of the
disk surfaces would promote the formation of Cu/C
transfer film under water condition.
3. High temperature oxidation treatment of the
bearing steel can reduce the friction coefficient and
make the friction coefficient stable under water
lubrication condition.
4, Oxidized bearing steel would produce
tribo-chemical reaction in water environment to
form lubricating film to reduce the wear rate of Cu/C.
Compared with original bearing steel, it would
reduce the wear rate of Cu/C by up to 96%.
5. High oxidation temperature increases the
hydrophilicity of the oxidized surface. It means that
the water lubrication film can be formed more easily
on the surface after higher temperature oxidation.
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