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Study on Tribological Behavior
of Zinc Phosphate Impregnated
Graphite Under Oil Lubrication
Condition
The tribological behavior of zinc phosphate impregnated graphite (ZPIG) against nickel-
based superalloy (GH4169) in oil environment was investigated, and the lubrication and
wear mechanism were also determined in this study. Tribological tests were run under dif-
ferent tribological conditions using a ring-on-disk device. The results showed that, under
any load conditions, zinc phosphate impregnated graphite had the lowest coefficient of fric-
tion (COF) and wear-rate at 200 rpm. Under the identical rotating speed condition, the
minimum coefficient of friction and wear-rate were obtained when the load was 500 N
and 1000 N. The lubrication mechanism, which could be reflected by the transfer layer of
friction counterpart, was related to the coefficient of friction, wear-rate, and oil temperature
to affect contact characteristics of two solid surfaces and formation ability of liquid film.
The wear mechanism of zinc phosphate impregnated graphite under oil lubrication condi-
tions was dominated by abrasive wear and material removal was achieved through the frac-
ture mechanism. [DOI: 10.1115/1.4051586]

Keywords: zinc phosphate impregnated graphite, oil lubrication, tribological behavior,
lubrication mechanism, wear mechanism

1 Introduction
Graphite materials have been widely used in mechanical seals

field because of their self-lubricating properties, good chemical sta-
bility, and corrosion resistance [1–4]. However, traditional graphite
materials have high porosity and poor airtightness. The presence of
pores usually lead to low mechanical strength and poor tribological
behavior, which makes traditional graphite difficult to use as sealing
materials directly [5]. Therefore, graphite materials have been
impregnated with inorganic salt [6–8], resin [3,9], or molten

metal [10,11] to block the pores to improve their mechanical prop-
erties and tribological performances.
For a long time, the tribological behavior of graphite materials

has been a hot research topic. The early studies mainly focused
on the friction reduction mechanism of traditional graphite materi-
als. Bernel [12], Bragg [13], and Bryant et al. [14] attributed the low
friction and wear characteristics of graphite to the lamellar structure
and weak van der Waals forces between layers. Savage [15] and
Savage and Schaefer [16] found that slipperiness of graphite mate-
rials depended on the surface adsorption films, especially water,
which could cover the carbon atoms and provide surfaces of low
cohesion, thereby reducing the wear of graphite materials. Boll-
mann and Spreadborough [17] and Spreadborough [18] found as
the graphite materials were rubbed, the packets of graphite planes
would be rolled up to form small roller bearings to reduce the coef-
ficient of friction (COF). Clark and Lancaster [19], Lancaster [20],
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and Jones [21,22] found that graphite would form a complete trans-
fer film on the surface of the counterparts to reduce the coefficient of
friction and wear volume. The transfer film, which was the third
phase with low shear strength, protected the graphite itself
through the balance of the destruction and regeneration.
At present, the research focus is mainly transferred to the tribolo-

gical behavior of impregnated graphite [3,4,23–25]. Zhu et al. [3]
compared the tribological performance of impregnated and nonim-
pregnated graphite under dry friction conditions. He founded that
the addition of furan resin would help to form a stable lubricating
transfer film and therefore reduce the coefficient of friction.
Zhang et al. [23,24] studied the friction characteristics of phenolic
resin impregnated graphite and nonimpregnated graphite in dry,
oil, and water environments. He found that impregnated graphite
exhibited better tribological performance under lubrication condi-
tions, and it could maintain a stable tribological state under high
PV value. Zhao et al. [25] mainly studied the tribological properties
of furan resin impregnated graphite at different friction tempera-
tures and found that the tribological performance increased signifi-
cantly with the raise of friction temperature.
From the above, it can be seen that the existingwork of tribological

behavior mainly focus on the traditional and resin impregnated
graphite materials. However, for zinc phosphate impregnated
graphite (ZPIG), which has been applied in engineering practice of
aeroengines, there are few reports on its tribological characteristics.
Therefore, the purpose of this paper is to study the tribological

behavior of zinc phosphate impregnated graphite and focus on the
influence of load, rotating speed under oil lubrication conditions.
The typical lubrication and wear mechanism of zinc phosphate
impregnated graphite are analyzed and discussed. The significance
of this study provides insight into the tribological behavior of

impregnated zinc phosphate graphite under different tribological
conditions and an important basis for selecting suitable working
conditions for reference.

2 Material and Experiment
2.1 Material. Zinc phosphate impregnated graphite and

Nickel-based superalloy (GH4169) were used as the friction pair
in the present work. ZPIG was provided by Shanghai Morgan
Advanced Materials Co., Ltd. The graphite exhibited a porous
structure with an open porosity of about 7 vol% Nickel-based
superalloy (GH4169), purchased from Fushun Special Steel
Shares Co., Ltd., was used as friction counterpart. The composition
of GH4169 was similar to Inconel 718 alloy. The lubricating oil
used was Mobil jet oil II. Mobil Jet Oil II had excellent thermal
and oxidation stability, wear and corrosion protection, chemically
stable, and low pour point. The main mechanical and physical
parameters of both ZPIG and GH4169 are listed in Table 1.

2.2. Experiment. The ring-on-disk tests were conducted with
MMW-10 friction tester. The schematic diagram of the tester was
illustrated in Fig. 1(a). ZPIG and GH4169 were used as stationary
disc and rotating ring to simulate working conditions, respectively.
The inner and outer diameters of the rings were 20 mm and 26 mm.
The diameter of graphite disc was 41 mm, and the thickness was
3 mm. Before test, both the disk and ring sample were treated by
standard metallographic methods to ensure that their roughness
was not greater than 1 µm. GH4169 ring rotated at high rotating
speed as the upper sample. Graphite disk stood still immersed in
the oil box as the lower sample. The load was applied by means
of piston cylinder. Friction sensor recorded continuously the fric-
tion force, and COF was given after being processed by measure-
ment system. The temperature of lubricating oil was measured by
thermocouple and conducted online inspection.
To study tribological behavior of ZPIG against GH4169 under

different tribological conditions in oil environment, we designed
the same sliding distance test. The purpose of the test is to investi-
gate the influence of rotating speed and load on tribological beha-
vior. The product of rotating speed and friction time was a fixed
value, and the revolutions were 36000. All tests were carried out

Table 1 Mechanical and physical parameters of ZPIG and
GH4169

Material
Density
(g/cm3)

Young’s
modulus
(GPa)

Thermal
conductivity
(W/(m ·K)) Hardness

Porosity
(vol％)

ZPIG 1.8 20.5 80 85 HS 7.0
GH4169 8.24 199.9 14.7 380 HBS –

Fig. 1 (a) Schematic diagram of the friction tester, (b) optical graph of GH4169 ring, (c) optical graph of ZPIG disk, and (d )
three-dimensional (3D) topography of polished ZPIG surface
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at room temperature. The experimental parameters used in this
study are given in Table 2.

2.3 Characterization. The wear loss of graphite materials
under oil lubrication was very small. At the same time, there was
a certain porosity inside the graphite and the immersion of lubricant
would cause a small increase in the quality of graphite, so the wear
loss was difficult to measure in the form of mass loss. Roughness
of polished surface andwear volumeweremeasured using a 3Dmea-
surement macroscope (Keyence VR-3200, Japan). The 3Dmeasure-
ment macroscope was based on the principle of white light
interference technology, combinedwith the precise Z-direction scan-
ning module, 3D modeling algorithm, etc. to perform noncontact
scanning on the surface and establish a surface 3D image. The 3D
image of surfacewas processed and analyzed by the system software.
Three-dimensional topographies and micrographs of wear tracks

on ZPIG were acquired using a digital microscope system (Keyence
VHX-6000, Japan) and scanning electron microscope (FEI Inspect
F50, Hillsboro, OR). Micrographs of wear tracks on GH4169 were
obtained using Keyence VHX-6000. In association with scanning

electron microscopy (SEM) micrographs, component and phase
composition of ZPIG were analyzed by energy dispersive spectro-
scopy (EDS, Oxford X-Max, UK), X-ray diffractometer (XRD),
(PANalytical X’Pert Pro, Netherlands), and Raman spectrometer
(WITec Alpha300, Germany).

3 Results
3.1 Structure and Properties. Figure 2(a) is SEM micro-

graph of polished ZPIG surface. White impregnated phase and
pore structures are distributed on the graphite matrix. EDS
and XRD analysis in Figs. 2(c) and 2(d ) display graphite (matrix)
and zinc phosphate (white impregnated phase) are mainly present
in ZPIG. Figure 2(b) shows the original fracture morphology of
ZPIG without grinding and polishing. Lamellar graphite can be
found, and there are a certain pore structures in graphite matrix.
The main purpose of adding zinc phosphate is to inhibit high-
temperature oxidation of graphite materials. Pore structures are
blocked by acicular or platelike zinc phosphate to form a protective
cover, which is beneficial to prevent oxygen from entering the
graphite interior [6,26]. However, the pore structures are not
completely closed. There is still small opening, which can be con-
firmed by porosity in Table 1.

3.2 Coefficient of Friction and Wear-Rate. Figures 3(a) and
3(b) are the COF and wear-rate of ZPIG under different tribological
conditions. The wear-rate K is calculated from Eq. (1):

K =
V

Pn · x (1)

where V is the wear volume, Pn is the normal load, and x is the
sliding distance.
It can be seen from Figs. 3(a) and 3(b) that the COF and wear-rate

have a similar trend, which could be summarized as follows:

(1) Under the identical load condition, the COF and wear-rate at
150 rpm are both the largest, while the COF and wear-rate at

Table 2 Experimental parameters

Load (N) Rotating speed (rpm) Time (h) Temperature

500 150 4 Room temperature
200 3
300 2
600 1

1000 150 4
200 3
300 2
600 1

2000 150 4
200 3
300 2
600 1

Fig. 2 (a) SEM micrograph of polished ZPIG surface, (b) SEM micrograph of ZPIG
fracture, (c) EDS spectrum of region 1 and region 2, and (d ) XRD of polished ZPIG
surface
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200 rpm are both the smallest. When the rotating speed is
greater than 200 rpm, the COF and wear-rate have a small
increase.

(2) Under the identical rotating speed condition, the COF and
wear-rate at 2000 N are significantly higher than other condi-
tions. When the load is 500 N and 1000 N, the COF and
wear-rate are relatively low, and the values are close.

Figure 3(c) shows the variation of oil temperature with revolu-
tions under different rotating speed conditions. When the rotating
speed is less than 600 rpm, the oil temperature rises rapidly
(approximate linear stage) in a short time and then reaches the
stable stage; and oil temperature in the stable stage is basically cons-
tant and lasts until the end of the test. The oil temperature in the
stable stage at 300 rpm is significantly higher than that of 150
and 200 rpm, while oil temperature at 150 and 200 rpm is close.
At 600 rpm, the oil temperature does not appear to be stable after
the approximate linear stage. Instead, it has been slowly rising
until the end of the test.
Figure 3(d ) shows the variation of oil temperature with revolu-

tions under different loads conditions. Under the identical rotating
speed condition (600 rpm), the oil temperature in the stable stage
is similar at 500 N and 1000 N, and the oil temperature at 1000 N
is slightly higher. The final oil temperature at 2000 N is signifi-
cantly higher than that of 500 N and 1000 N.

3.3 Wear Morphology. The wear morphologies of ZPIG and
its counterpart-GH4169 under different tribological conditions are

shown in Fig. 4, respectively. Figures 4(a)–4(h) show the wear mor-
phologies under a fixed load but different rotating speeds. Figures
4(g)–4(l ) show the wear morphologies under a fixed rotating
speed but different loads.
As depicted in Figs. 4(a), 4(c), 4(e), and 4(g), the morphologies

of wear tracks on ZPIG change significantly with the increase of the
rotating speed. Figures 4(b), 4(d ), 4( f ), and 4(h) are the micro-
graphs of the wear tracks on GH4169, and the black areas are
carbon-based transfer layer. When the rotating speed is 150 rpm,
uneven surface and severe damage appear in wear track on ZPIG,
accompanied by spalled pits and furrows in Fig. 4(a). In the coun-
terpart, continuous carbon-based transfer layer covers part of wear
track on GH4169 along the sliding direction in Fig. 4(b). The
wear track on ZPIG is smooth at 200 rpm: the furrows are the
least and the spalled pits are few, like a polished surface in
Fig. 4(c). No obvious transfer layer is found in the wear track on
GH4169 in Fig. 4(d ). The number of furrows raise and the
surface fluctuation increase in wear tracks on ZPIG at 300 rpm in
Fig. 4(e). There are many graphite particles dispersed in the wear
track on GH4169, but continuous carbon-based transfer layer is
not formed in Fig. 4( f ). The typical feature of wear track on
ZPIG at 600 rpm is spalled pits in Fig. 4(g). The wear track on
GH4169 covers a certain transfer layer, while the amount is signif-
icantly less than 150 rpm in Fig. 4(h).
Figures 4(g), 4(i), and 4(k) are 3D topographies of wear tracks on

ZPIG under the identical rotating speed condition. Figures 4(h),
4( j), and 4(l ) show micrographs of the wear tracks on GH4169.
When the load is 500 N, numerous thin and shallow furrows are

Fig. 3 (a) COF of ZPIG under different tribological conditions, (b) wear-rate of ZPIG under different tribological conditions,
(c) relationship of oil temperature and revolutions under a load of 2000 N, and (d ) relationship of oil temperature and revolu-
tions at 600 rpm

041902-4 / Vol. 144, APRIL 2022 Transactions of the ASME



found on the ZPIG surface of wear track in Fig. 4(k). There is no
obvious transfer layer in the wear track on GH4169 in Fig. 4(l ).
As the load increases to 1000 N, the width and depth of the
furrow in wear track on ZPIG raises accordingly in Fig. 4(i). The
situation in wear tracks on GH4169 at 1000 N is similar to
500 N, and there is no complete transfer layer formation in
Fig. 4( j). Under a load of 2000 N, the number of furrows is
greatly reduced, but there are more spalled pits and the depth of
wear track is the largest in wear tracks on ZPIG in Fig. 4(g). At
same time, the formation of the transfer layer in wear tracks on
GH4169 is the best in Fig. 4(h). Corresponding to Figs. 3(a) and
3(b), if the carbon-based transfer layer is formed well, the COF
and wear-rate is high.

4 Discussion
4.1 Lubrication Mechanism. Since the oil temperature has a

significant effect on the viscosity of the lubricating oil, which in
turn affects the lubrication and wear mechanisms, it is necessary
to discuss the changes of oil temperature first. The oil temperature
is related to the tribological conditions under the premise of deter-
mined the friction pair and lubricating oil. The energy required to
increase the oil temperature is mainly derived from the frictional
work. Figure 5 shows the relationship of temperature rise (ΔT)
and friction power (f× v) under different tribological conditions.
It can be concluded that the temperature rise is proportional to fric-
tion power. The friction power is determined by friction force (f)
and rotating speed (v). Combined Figs. 3(a), 3(c), and 3(d ), when
the rotating speed is 600 rpm and the load is 2000 N, the friction
power is the largest and the temperature rise is the highest. Under
the identical load condition, the COF at 150 rpm is greater than
that of 200 rpm, but the rotating speed is lower, so the temperature
rise in the stable stage is basically same. The rotating speed and
COF are both higher at 300 rpm, which makes the temperature
rise higher. Under the identical rotating speed condition, when the
load increases from 500 N to 1000 N, the COF does not change
much, but the load increases twice, so the temperature rise of
1000 N is higher than 500 N.
Under oil lubrication conditions, the friction force can be

described by Eq. (2) [23]:

f = xl × f l + xs × f s xl + xs = 1 (2)

where f is the friction force, fl and fs are the friction force of graphite
in contact with liquids and solids, respectively; xl and xs are the pro-
portions of fl and fs, respectively. In Eq. (2), xl and xs are propor-
tional to the actual area of liquid and solid contact between two
surfaces. At the same time, fl is related to the viscosity and velocity
gradient of the lubricant, while fs is determined by the contact char-
acteristics of two solid surfaces.
In oil lubrication environment, both rotating speed and load affect

the formation ability of liquid film and contact characteristics, thus

Fig. 4 Three-dimensional topographies of wear tracks on ZPIG under different tribological conditions: (a) 2000 N, 150 rpm, (c)
2000 N, 200 rpm, (e) 2000 N, 300 rpm, (g) 2000 N, 600 rpm, (i) 1000 N, 600 rpm, (k) 500 N, 600 rpm; and micrographs of the wear
tracks on GH4169 under different tribological conditions: (b) 2000 N, 150 rpm, (d ) 2000 N, 200 rpm, ( f ) 2000 N, 300 rpm,
(h) 2000 N, 600 rpm, ( j) 1000 N, 600 rpm, and (l ) 500 N, 600 rpm

Fig. 5 Relationship of temperature rise (ΔT) and friction power
(f× v) under different tribological conditions
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affecting the lubrication and wear mechanism. When the rotating
speed is greater, the more lubricating oil is squeezed into the
surface of friction pair to form liquid film. Large liquid film thick-
ness helps reduce friction force, which means that the ratio of xl is
large. When the load is greater, the liquid film is not conducive to
form, which means that the ratio of xl is small. The transfer layer
on the friction counterpart-GH4169 can reflect the formation
ability of liquid film. Transfer layer is the third phase with low
shear strength, which is mechanically combined with the GH4169
matrix [21]; under oil lubrication conditions, it is difficult to form
a complete layer due to the barrier of liquid film. When the transfer
layer forms well, the thickness of the liquid film is small, and the
contact area between the two solid surfaces is large, which intensi-
fies the wear of the ZPIG.
Under the identical load condition, for 150 rpm, the formation

ability of liquid film is poor due to the low speed, and there is a
larger proportion of contact area between the friction pairs, so the
COF and wear-rate under the tribological condition is the largest.
It can be proved from Figs. 4(b) and 4(d ) that a relatively complete
transfer layer is formed in the wear track on GH4169 at 150 rpm, so
the formation ability of liquid film is weak; while there is no
obvious transfer layer at 200 rpm, the formation ability of liquid
film is strong. Therefore, the COF drops rapidly when the rotating
speed increases from 150 rpm to 200 rpm, and the wear-rate
decreases accordingly. As the rotating speed increases further, the
higher the velocity, the higher the oil temperature (Fig. 3(c)),
which leads to a decrease in the lubrication effect (fl increases);
the shearing effect of GH4169 on graphite also raises (fs increases).
From Figs. 4( f ) and 4(h), there are many graphite particles dis-
persed in the wear track on GH4169 at 300 rpm, but the wear
track on GH4169 at 600 rpm covers a certain transfer layer. There-
fore, COF and wear-rate raises slowly when the rotating speed is
greater than 200 rpm, as shown in Figs. 3(a) and 3(b).
It is easy to understand that as the load increases, the lubricating

oil is squeezed out from the surface of the friction pair, so the
contact area of friction pair increases, and the thickness of liquid
film decreases (xl decreases). At the same time, excessive oil tem-
perature causes the lubrication effect of lubricating oil decline
(Fig. 3(d )). The value of f increases, which makes COF and wear-
rate increase greatly from 1000 N to 2000 N. Therefore, COF and
wear-rate are the largest under a load of 2000 N. Figures 4(h) and
4( j) can prove the above conclusions: the formation of the transfer
layer in wear tracks on GH4169 is the best at 2000 N, but there is no

complete transfer layer formation at 1000 N. Compared with 500 N,
the width and depth of furrows at 1000 N increase, so the lubricat-
ing oil flow channel is formed, that is, fl decreases. From Figs. 4( j)
and 4(l ), there is no obvious transfer layer at 500 N and 1000 N. As
mentioned above, when load is less than 1000 N, COF and wear-
rate of ZPIG is consistent, as shown in Figs. 3(a) and 3(b).

4.2 Wear Mechanism. From wear morphologies in Fig. 4, the
main wear forms in wear tracks on ZPIG include severe damage,
polishing-like, furrow, and spalled pit. This section discusses the
formation mechanisms of these wear forms. Figure 6 shows the
SEM micrographs of wear tracks under a load of 2000 N.
After being rubbed, part of wear track area produces many tiny

grooves, making surface uneven as depicted in Fig. 6(a). The
wear debris produced by cutting is easily confined. Wear debris
accumulation is formed after combined action of load and shearing
force, as shown in Fig. 6(b). The typical tribological conditions of
wear debris accumulation are 2000 N, 600 rpm. In the situation,
ZPIG and the counterpart-GH4169 have insufficient formation
ability of liquid film, and the contact between ZPIG and GH4169
is relatively sufficient. Therefore, the existence of wear debris accu-
mulation is usually accompanied by uneven surfaces and severe
damage in Fig. 4(a).
The wear track is like a polished surface in Figs. 6(c) and 3(d ).

Under the effect of the liquid film, most area of ZPIG and GH4169
surface are separated by lubricating oil and cannot be fully contacted.
The tiny bulges of ZPIG surface are prone to fracture and remove,
then reaccumulate on the graphite surface to achieve a flat state
through extrusion and flattening, like the polishing mechanism. At
the same time, it can be found that convex phosphates are also
sheared to form a smooth surface. The presence of phosphate
hinders the abrasion of ZPIG. The wear mechanism is representative
at 2000 N, 200 rpm in Fig. 4(c). In this situation, the formation
ability of the liquid film is strong, which leads to a lower wear-rate.
A typical ploughing wear can be found in Fig. 4(e). There are

inevitably larger hard phase protrusions on surface of GH4169.
These hard phase protrusions are embedded in graphite surface
under the action of normal load. During sliding process, the hard
phase protrusions plough graphite surface, which is a fracture mech-
anism, thus forming furrows. From Figs. 6(e) and 3( f ), it can be
found that lamellar graphite structures expose inside produced by
ploughing action, and pore structures exist in furrows, cut zinc

Fig. 6 SEMmicrographs of wear tracks under a load of 2000 N: (a) and (b) 150 rpm, (c) and (d ) 200 rpm, (e) and ( f ) 300 rpm, and
(g) and (h) 600 rpm
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phosphate also found. Combined with Figs. 4(e), 4(i), and 4(k),
when the furrow mechanism is formed, the thickness of the liquid
film is thinner, but the lubrication effect is not bad and the wear-rate
is relatively low.
Observing Figs. 4(a) and 4(g), there are certain spalled pits on

surface of ZPIG. Through the SEM micrographs Figs. 6(g) and
6(h) of spalled pits, there is a large amount of zinc phosphate in
spalled pit. The area where the spalled pits are located is the large
pore structure in ZPIG. Due to the large pore structure, mechanical
properties are poor and it is easy to induce cracks. Crack expands
under action of shearing force, resulting in spalled pit, as depicted
in Fig. 4(a). In the meantime, under condition of high load and
rotating speed, the flowrate of liquid film is very high, and load gen-
erated by liquid film also accelerates generation and expansion of
spalled pits, as shown in Fig. 4(g). Therefore, spalled pits usually
appear in high-speed or heavy-load conditions, and they grow up
due to the action of shearing force or oil pressure.
Raman spectra of ZPIG under different tribological conditions

are shown in Fig. 7. Three characteristic peaks exist in the Raman
spectrum of ZPIG: D peak at 1350 cm−1, G peak at 1580 cm−1,
and two-dimensional (2D) peak at 2700 cm−1. The D (Defect)
peak is related to the defects and represents the disordered state of
carbon. The G (graphite) peak reflects the ideal graphite vibration
mode with E2g symmetry which corresponds to the bond expansion
of in-plane vibration of sp2 atom. The G peak represents the order
of graphite structure, and its peak position is consistent with
natural graphite, so it is generally called ordered carbon or graphitic
carbon. 2D peak is described as characteristics of undisturbed or
highly ordered graphite lattices, which also reflect the ordered struc-
ture of graphite [27,28].
The intensity ratio of ID/IG, can be used to measure degree of

graphitization of the graphite material [29,30]. The smaller ratio,
the more complete the crystallization, and the higher degree of
graphitization of material. As depicted in Fig. 7, ZPIG is basically
composed of lamellar graphite with a high degree of graphitization
because the intensity of G peak is higher than D peak. The intensity
of the D peak is basically identical under different conditions, so the
ratio of ID/IG could be reflected by the intensity of the G peak.
The intensity of the G peak is the lowest at 200 rpm. Under the
polishing-like mechanism, the disorder of the ZPIG increases and
the intensity of G peak decreases. In this situation, the polishing-like
mechanism is dominant and the wear-rate of ZPIG is smaller, which
is consistent with Figs. 4(c), 6(c), and 6(d ). The intensity of the G
peak is high at 300 rpm and 600 rpm. The proportion of furrow and
spalled pit has increased significantly on the worn surface in Figs.
4(e) and 4(g). More lamellar graphite structures are exposed
inside in Figs. 6( f ) and 6(h), which increase the intensity of G

peak. As shown in Fig. 4(a), the wear debris accumulation accounts
for a larger proportion. Lots of wear debris accumulate and reorga-
nize on the graphite surface in Figs. 6(a) and 6(b). Therefore, the
intensity of G peak is in the middle position at 150 rpm.
By summing up the above conclusions, it can be found that the

wear of ZPIG under oil lubrication conditions is dominated by abra-
sive wear, and material removal is achieved through the fracture
mechanism. Zinc phosphate can hinder the wear of graphite
matrix to a certain extent. At the same time, the third phase graphite
debris formed can be stored in a smaller pore structure to achieve
the effect of reducing wear.
Wear mechanism is mainly manifested as: wear debris accumula-

tion (Figs. 6(a) and 6(b)); polishing-like mechanism (Figs. 6(c) and
6(d )); furrow (Figs. 6(e) and 6( f )); spalled pit (Figs. 6(g) and 6(h)).
The lubrication mechanism has an important influence on the wear
mechanism. When the lubrication effect is good, the wear mecha-
nism is mainly polishing-like mechanism and furrow, resulting in
lower COF and wear-rate. When the lubrication effect is poor, the
proportion of wear debris accumulation and spalled pit increases,
resulting in higher COF and wear-rate.

5 Conclusions

(1) In oil-lubricated environment, zinc phosphate impregnated
graphite exhibits good friction and wear performance at
200 rpm under any load conditions. When rotating speed is
lower than 200 rpm, coefficient of friction and wear-rate
increase greatly; as rotating speed higher than 200 rpm, coef-
ficient of friction and wear-rate both increase slightly.

(2) Zinc phosphate impregnated graphite shows smaller coeffi-
cient of friction and wear-rate under a load of 1000 N. The
COF and wear-rate change little as the load increases from
500 N to 1000 N; when the load reaches 2000 N, the coeffi-
cient of friction and wear-rate increase significantly with the
raise of the load.

(3) The lubrication mechanism of zinc phosphate impregnated
graphite is related to contact characteristics of solid surfaces
and formation ability of liquid film, thereby affecting the
COF, wear-rate, and oil temperature. The transfer layer of
the friction counterpart can reflect the contact characteristics
of two solid surfaces.

(4) The wear mechanism of zinc phosphate impregnated graph-
ite under oil lubrication conditions is dominated by abrasive
wear, and material removal is achieved through the fracture
mechanism. Wear mechanism is mainly manifested as:
polishing-like mechanism; furrow; wear debris accumula-
tion; spalled pit. Lubrication mechanism has an important
influence on the wear mechanism. The wear mechanism is
mainly polishing-like mechanism and furrow under good
lubrication effect, resulting in lower COF and wear-rate.
The proportion of wear debris accumulation and spalled pit
increases under poor lubrication effect, resulting in higher
COF and wear-rate.
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