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Abstract: In order to investigate the friction and wear behavior between the nodular cast iron
cylinder liner (Fe) and CuSn coated piston ring under heavy-duty conditions, piston rings with
chromium(Cr) coating and CuSn-Cr coating were tested using the piston ring reciprocating liner test
rig at the simulated working conditions of 56 MPa, 200 r/min, 190 ◦C. Compared with the Cr/Fe
pair, the CuSn coating consumption of the CuSn-Cr/Fe pair made friction coefficient and cylinder
wear loss decrease by 2.8% and 51.5%, respectively. Different size Sn patches worn from the CuSn
coated piston ring were embedded into the cylinder liner surface based on the surface topography.
This process was shown to reduce the surface roughness of a cylinder liner and form flatter plateau
structures. Chemical elements analysis indicated that plateau structures on the cylinder liner surface
matched with CuSn-Cr coated ring are helpful to promote the tribo-chemical reaction and generate
the reactive products to protect the mutually contacted asperities.
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1. Introduction

Piston ring and cylinder liner (PRCL) is one of the most important mating pairs in a diesel
engine. Its tribological performance plays an important role in the normal operation of a diesel engine.
The statistical data indicates that the frictional power consumption of the PRCL accounts for a large
proportion in the mechanical loss of the diesel engine [1–3]. Under normal circumstances, when
the sliding velocity of the piston ring decreases in the vicinity of the top dead center, combustible
gas will exert a high temperature and high pressure on the PRCL interface. The lubrication state of
the PRCL will convert the hydrodynamic lubrication to the boundary lubrication. Extreme pressure
additives, such as zinc dialkyl dithiophosphates (ZDDP), will react with the micro-asperities to form a
tribo-chemical film under the boundary lubrication [4–6].

When the harsh working conditions emerge, the micro-asperities on the PRCL sliding surface will
present in direct contact, which rapidly consumes the boundary film under the starved lubrication.
As the contact area of the micro-asperities gradually expands, the microscopic adhesion is transformed
to macroscopic adhesion. When the serious adhesive wear occurs in the poorly lubricated area, it will
cause cylinder liner scuffing. Therefore, with the continuous strengthening of working conditions,
attention is required in regard to PRCL tribological problems, such as high friction power consumption,
increased wear loss, and serious scuffing tendency.
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Although surface texturing on the cylinder liner or piston ring is an effective method to improve
the wear behavior [7–9], various coatings prepared on the piston rings are also important means
to improve heavy-duty friction and wear performance [10]. The CrN coating made by the physical
vapor deposition or magnetron sputtering method has shown good high temperature resistance to
adhesion [11–14]. In order to improve the thermal stability, oil compatibility, and internal stress of
ceramic coatings, nanocomposite coatings (like TiN, TiAlN, TiSiN and TiSiCN) were developed to
minimize the frictional losses and wear of piston rings in an automotive engine [15,16]. Shen et al.
compared chromium-based ceramic composite (CKS) and nickel-chromium-molybdenum (NCM)
coated rings sliding against cast iron liner and demonstrated that the anti-scuffing behavior of NCM
is better than that of the CKS with the failure time as a criterion [17]. Wan et al. indicated that the
presence of amorphous graphite-like carbon not only combated the scuffing damage and running
instability effectively for conventional chromium-based coatings, but also improved the reliability
and robustness of the piston rings [18]. Based on the increasing scuffing resistance experiments,
diamond-like carbon (DLC) coated piston ring can protect the cast iron liner from scuffing up to 600 N
normal load [19]. Its lower friction coefficient and wear loss were attributed to the formation of a
mixed tribolayer [19–21]. But the existence of residual stress in the preparation process of DLC coating
would cause the coating to crack. If stress concentration exerted on the contact interface was too high,
it would lead to the coating wear or peeling [22].

Compared with hard coatings, soft coatings have also attracted widespread attention for
weakening the friction surface damage. Hamilton et al. investigated the relationship between
macroscopic wear and the temperature of the MoS2 coating [23]. Meng et al. indicated that the
stabilized friction coefficient of the electroless nickel coating decreased with the increasing reciprocating
frequency and applied load [24]. He et al. deposited a self-lubricating Ni-P-MoS2 composite coating
on a mild steel substrate by electrodeposition, and it showed less wear and oxidation than the pure
Ni-P coating [25]. Recently, graphene-based coatings have presented a great prospect of application to
improve the friction and wear performance of the mating pair under low and moderate loads, but the
friction performance did not reach the expected performance under high loads [26–28].

Nano-powders of Cu and Sn alloy have been commonly used as lubricating oil additives to
improve tribological properties for the advantages of low shear strength and good thermal conductivity.
Kumar et al. studied the friction and wear properties of CuSn alloy powders containing molybdenum
sulfide under dry friction [29]. Kato et al. indicated the self-lubrication properties of the CuSn alloy
containing graphites [30]. Zhao et al. prepared nano-tin as the lubricating oil additives and presented
good friction reduction performance [31]. Electric arc–sprayed CuSn coating for bearing elements
showed higher wear resistance under a lubricated environment than that under a dry environment [32].
Although the CuSn alloy can improve the performance of the frictional pair, there have been few
reports on the focus of the friction and wear properties of CuSn coating affected by the ZDDP additives
during the running-in process.

In this paper, the CuSn coated piston ring was investigated to obtain the heavy-duty friction
and wear performance at the simulated working conditions of 56 MPa, 200 r/min, 190 ◦C. Based
on the analysis of surface topography and elemental composition of the PRCL, the compatibility of
tribo-chemical action between the ZDDP and CuSn coating can be obtained. This will provide coating
design guidance on the piston ring in heavy-duty diesel engines.

2. Experimental Details

2.1. Experimental Materials

Cylinder liner samples utilize QT600 nodular cast iron + honing. Its hardness is measured to
be an average of 413.5 ± 10 HV 0.1. Its inner diameter is 300 mm, and its thickness is 8 mm. It was
cut into 60 equal portions along the circumference. The dimensions of two piston rings both have



Metals 2019, 9, 139 3 of 15

an outer diameter of 300 mm and a thickness of 5 mm. They were cut into 30 equal portions along
the circumference.

Piston ring is the top ring of the marine diesel engine. Electroplating Cr coated piston ring was
the commercial product, which was provided by CYPR ASIMCO (Shuang Huan Piston Ring CO.,
LTD., Yizheng, China). Its micro hardness is 902 ± 36 HV 0.1. The deposition of CuSn coatings was
performed on Cr coating deposited on cast iron substrates by the electrodeposition technique [33,34].
The CuSn coating on the Cr coating substrate was obtained in a solution containing CuCl2·2H2O,
SnCl2·2H2O and sodium tartrate. The pH was adjusted at 5.65. The coating preparation was conducted
with a magnet stirrer under the constant agitation speed of 300 rpm. Graphite and iron oxide particles
with a maximum size of 10 µm were gradually added to the plating bath. The resultant sample was
accordingly designated as CuSn-Cr. Its micro hardness was 154 ± 6 HV 0.1. The coating hardness,
average of five indentations, was determined by Vickers indentation with a load of 100 g for 15 s at the
cross-section. The structural profile, cross-section topography, and elemental contents of the CuSn-Cr
coated piston ring are shown in Figure 1. The structural profile is an asymmetrical shape of the barrel
surface. The outer layer is a soft CuSn coating with a thickness of about 25 µm, and the inner layer
is a Cr coating with a thickness of about 240 µm. Unlike the electric arc–sprayed CuSn coating [32],
the holes presented in the CuSn coating may be due to Sn atom depletion [35]. The coated substrates
of the two piston rings are both nodular cast iron.
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Figure 1. Structural profile (a), cross-section topography (b) and elemental contents (c) of the CuSn-Cr
coated piston ring.

Figure 2a is the surface topography of Cr coated piston ring. The surface topography is shown to
be densely covered with the electroplated mesh texture. Figure 2b presents the surface topography of
CuSn-Cr coated piston ring. The surface topography is also shown to be distributed with mesh texture,
and different sized Cu-Sn alloys are scattered on the surface in the form of spherical grains [36–38].
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Figure 2. Surface topography of piston rings with Cr (a) and CuSn-Cr coatings (b).

The lubricant was 10W-30 CD diesel oil, which was commercially available in Great Wall Lubricant
Corporation of China (Beijing, China). The viscous index of this oil was 138. The viscosity was
114.9 mm2/s at 40 ◦C and 16.35 mm2/s at 100 ◦C, respectively. The extreme pressure additives were
mainly ZDDP.

2.2. Experimental Procedure

Figure 3 shows the piston ring reciprocating liner test rig [39]. The three-phase asynchronous
motor rotated the crank-connecting rod mechanism through the reduction gear to reciprocate the slider.
The cylinder liner sample was mounted on the heating block. In order to simulate the interface working
temperature of the PRCL, the heater built in the slide block was heated with a nickel–chromium
resistance wire in series and the temperature at the PRCL contact surface was measured by a e-type
thermocouple. The loading mechanism through the plate spring was applied to exert the steady
loading on the interface between moving parts (cylinder liner sample) and fixed parts (piston ring
sample). The self-aligning mechanism and needle roller could evenly transmit the nominal pressure
across the ring/liner in the circumferential direction. When the piston ring sample and cylinder liner
sample had the relative sliding motion, the friction force sensor mounted behind piston ring fixture
was subjected to the tension-compression action, so the friction force could be recorded online in the
experiment. The test rig could accommodate a wide range of load (100 N to 10 kN), displacement
frequency (1 to 40 Hz), and temperature (30 to 300 ◦C). The lubricating oil was supplied at the
dosage of 0.1 mL/min. The oil was evenly distributed along the entire 30 mm stroke. For each test,
the reciprocating frequency was set at 6.67 Hz.

Figure 4 shows the friction force of a typical reciprocating stroke in the stable wear period.
The measured friction force was filtered by the empirical mode decomposition method [40,41].
The measurement frequency is 1000 Hz. Since the dead center is the main concern, we only present the
friction force variation of the CuSn-Cr and Cr coated piston rings at the dead center. One can see the
comparison of the largest friction force variation at the dead center.

The experiment was divided into two stages: The running-in stage with the light load (RLL),
the running-in stage with the heavy load (RHL). The RLL stage was provided to eliminate large burs
and provide a stable contact state before the RHL stage. The RHL stage was to get the steady wear state.
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Figure 4. The friction force of a typical reciprocating stroke in the stable wear period.

Table 1 contains the nominal pressure, temperature, and time duration of the experimental stage
at the interface of the PRCL. The nominal pressure 56 MPa in the RHL stage corresponds to 1300 N.
This enhanced load condition could simulate the boundary friction of PRCL at the top dead center.
As the applied normal force between the PRCL is known, the friction coefficient at the dead center
was calculated from the ratio of the largest friction force to normal force. The friction coefficient at
the dead center and sliding time were recorded automatically during the test. The wear loss was
calculated by the weight differences between the samples before and after the tests with METTLER
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electronic balance AL204 (Mettler-Toledo AG, Greifensee, Switzerland). Three tests were performed on
each of the two piston rings under the same test conditions to check the friction coefficient and wear
loss. The average and standard deviation were calculated from the three results. Figure 5 presents the
typical tested PRCL samples.

Table 1. Experimental conditions.

Experimental Stage Nominal Pressure (MPa) Temperature (◦C) Time (h)

RLL 7 120 ~1.5
RHL 56 190 ~8
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In addition, the arithmetical mean deviation (Ra) of surface roughness measurements was
performed before and after the running-in tests by using an OLYMPUS LEXT OLS3100 (Olympus
Corporation, Tokyo, Japan). The measurement area was 256 × 256 µm2, which had a total of
1024 × 1024 sampling points. The worn and unworn surfaces were examined using a SUPRA 55
SAPPHIRE scanning electron microscope (SEM, Carl Zeiss NTS GmbH, Oberkochen, Germany) and
energy dispersive X-ray spectroscopy (EDS, Carl Zeiss NTS GmbH, Oberkochen, Germany).

3. Results and Discussion

3.1. Comparision of Friction Force Variation Between the CuSn-Cr/Fe and Cr/Fe Pairs

For the dead center area, the sliding velocity in the reciprocation cycle gradually decreased to
zero. It was in the boundary lubrication since the fluid lubrication was difficult to form at the dead
center. The tribo-chemical reaction between the asperities and ZDDP mainly generated at these areas.
Meanwhile, the location of dead center areas was seriously worn. The friction force variation at dead
center could reflect the wear behavior differences in the presence of CuSn coating, as shown in Figure 6.

In the RLL stage, the friction force of CuSn-Cr/Fe was lower than that of the Cr/Fe. It indicated
that the CuSn coating was beginning to lubricate the dead center area. Both mating pairs show that
the friction force suddenly increased and then slowly became stable as the load increased from the
RLL stage to the RHL stage. Compared with the Cr/Fe pair, the friction force of CuSn-Cr/Fe pair
was lower in the stable period of RHL stage. However, the time duration before entering the stable
period was different, the CuSn-Cr/Fe pair was longer than the Cr/Fe pair. The Cr/Fe pair seemed
more sensitive to the rapid load changes during the fluctuated period of the RHL stage, but the CuSn
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coating existed in the PRCL interface seemed to have a stronger ability in regard to withstanding the
intensified working conditions for the CuSn-Cr/Fe pair.

Metals 2019, 9, x FOR PEER REVIEW 7 of 15 

 

Meanwhile, the location of dead center areas was seriously worn. The friction force variation at dead 

center could reflect the wear behavior differences in the presence of CuSn coating, as shown in Figure 

6.  

In the RLL stage, the friction force of CuSn-Cr/Fe was lower than that of the Cr/Fe. It indicated 

that the CuSn coating was beginning to lubricate the dead center area. Both mating pairs show that 

the friction force suddenly increased and then slowly became stable as the load increased from the 

RLL stage to the RHL stage. Compared with the Cr/Fe pair, the friction force of CuSn-Cr/Fe pair was 

lower in the stable period of RHL stage. However, the time duration before entering the stable period 

was different, the CuSn-Cr/Fe pair was longer than the Cr/Fe pair. The Cr/Fe pair seemed more 

sensitive to the rapid load changes during the fluctuated period of the RHL stage, but the CuSn 

coating existed in the PRCL interface seemed to have a stronger ability in regard to withstanding the 

intensified working conditions for the CuSn-Cr/Fe pair. 

 

Figure 6. Friction force variation of the CuSn-Cr/Fe and Cr/Fe pairs at the dead center. 

3.2. Comparision of Friction Coefficient and Wear Loss between the CuSn-Cr and Cr Coated Piston Rings 

Figure 7 is the friction coefficient and wear loss of the CuSn-Cr/Fe and Cr/Fe pairs. The friction 

coefficient was taken from the later RHL stage. It can be seen that the friction coefficient of the Cr and 

CuSn-Cr coated rings was 0.106 and 0.103, respectively. The friction coefficient of the CuSn-Cr coated 

ring was 2.8% lower than that of the Cr coated ring, as shown in Figure 7a. The wear loss of the Cr 

and CuSn-Cr coated piston rings was about 0.50 mg and 5.10 mg, respectively. The wear loss of 

cylinder liners matched with the Cr and CuSn-Cr coated piston rings was about 0.97 mg and 0.47 mg, 

respectively. The cylinder wear loss of CuSn-Cr/Fe was ~51.5% lower than that of the Cr /Fe. 

Although wear loss of CuSn-Cr coated ring was higher than that of Cr coated ring, the wear loss of 

cylinder liner was restrained during the consumption of CuSn coating. The CuSn coating is helpful 

to improve the wear performance of nodular cast iron under oil lubrication conditions. 

Figure 6. Friction force variation of the CuSn-Cr/Fe and Cr/Fe pairs at the dead center.

3.2. Comparision of Friction Coefficient and Wear Loss between the CuSn-Cr and Cr Coated Piston Rings

Figure 7 is the friction coefficient and wear loss of the CuSn-Cr/Fe and Cr/Fe pairs. The friction
coefficient was taken from the later RHL stage. It can be seen that the friction coefficient of the Cr
and CuSn-Cr coated rings was 0.106 and 0.103, respectively. The friction coefficient of the CuSn-Cr
coated ring was 2.8% lower than that of the Cr coated ring, as shown in Figure 7a. The wear loss
of the Cr and CuSn-Cr coated piston rings was about 0.50 mg and 5.10 mg, respectively. The wear
loss of cylinder liners matched with the Cr and CuSn-Cr coated piston rings was about 0.97 mg and
0.47 mg, respectively. The cylinder wear loss of CuSn-Cr/Fe was ~51.5% lower than that of the Cr /Fe.
Although wear loss of CuSn-Cr coated ring was higher than that of Cr coated ring, the wear loss of
cylinder liner was restrained during the consumption of CuSn coating. The CuSn coating is helpful to
improve the wear performance of nodular cast iron under oil lubrication conditions.Metals 2019, 9, x FOR PEER REVIEW 8 of 15 
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3.3. Surface Roughness Analysis of the CuSn-Cr/Fe and Cr/Fe Pairs

Measurements were taken before and after the running-in test to investigate the roughness
changes of the PRCL as listed in Table 2. The Ra of the nodular cast iron cylinder liner was in the
range of 1.05 to 1.10 µm before the running-in tests. However, upon exposure to the running-in tests,
the frictional pairs both lost their roughness gradually. A decrease of the surface roughness of the
CuSn-Cr/Fe after the running-in test was greater than that of the Cr/Fe.

Table 2. Surface roughness measurements of the frictional pairs before and after the running-in test.

Frictional Pairs Surface Roughness before
Running-in Test (µm)

Surface Roughness after
Running-in Test (µm)

Cr/Fe 0.25/1.07 0.20/0.35
CuSn-Cr/Fe 13.67/1.09 0.16/0.28

3.4. Worn Surface Analysis of the Cylinder Liners Matched with the Cr and CuSn-Cr Coated Piston Rings

Figure 8 presents the topography and element contents of the cylinder liner matched with Cr
coated piston ring. Adhesive wear can be seen on the surface topography. The honing textures were
crushed and fractured to form worn debris. Some of the worn debris accumulated at the groove.
It was found that the position b did not contain the elements from the lubricating oil extreme pressure
additive, but position c contained S, P, Zn of extreme pressure additives agglomerated at the surface
groove periphery.Metals 2019, 9, x FOR PEER REVIEW 9 of 15 
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Figure 9 presents the topography and element contents of the cylinder liner matched with CuSn-Cr
coated piston ring. The surface groove of the cylinder liner was obviously covered with different size
patches. Elements Cu, Sn, S, Zn were found in position d. The main element was Sn. Elements S,
Zn were also found at the surface groove periphery (such as position e) away from the Sn patches.
Figure 10 presents the elemental distribution mapping of the Figure 9b. The elemental composition
of the patches was mainly element Sn worn from the CuSn coated piston ring, as well as element S,
Ca, Zn from the lubricating oil additives gathered on the patches. Element Cu presented a scattered
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distribution, unlike element the Sn concentration found in the grooves. The reason may be attributed
to the following causes: (a) The content of Sn in CuSn coating is higher than that of Cu; (b) tin melts
more easily than copper under the frictional heat action, forming a flow of metallic tin that fills the
grooves under the reciprocating friction.
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During the sliding friction of the mating pair, the surface of the CuSn coated ring was scratched
into different size Sn particles to fill the worn pits. Element S, Zn from ZDDP additives were
attached with more tribo-chemical reaction products on the Sn patches. These tribo-chemical products
were generated from the chemical decomposition of the extreme pressure additive as well as the
tribo-chemical reaction between the extreme pressure additives and the surface asperities. It was
mainly caused by the increased stress concentration in the contact region or an instantaneous increased
temperature. The resulting products generated a boundary protective film on the contact surface just
like the solid lubricant, improving the wear behavior of the CuSn-Cr/Fe pair.

3.5. Worn Surface Analysis of the Cr and CuSn-Cr Coated Piston Rings

Figure 11 presents the topography and element contents of the Cr coated piston ring. It can be
seen that severe fatigue spalling emerged on the piston ring, as shown in Figure 11a. Although Cr
particles had peeled off from the piston ring, we found no evidence of contamination of the cylinder
liner. This indicates that the frictional pair in the running-in process had not undergone adhesive
wear under oil lubrication conditions. The surface of piston ring was also unevenly distributed with
white sediment, as shown in Figure 11b. Position f shows that these sediments contained P, S, Zn
elements from the EP (extreme pressure) additives, but position g presented none of the extreme
pressure additives. This may be due to the ZDDP additives deposited in the grooves and micro-cracks,
while no deposits were found on the plateaus [42].Metals 2019, 9, x FOR PEER REVIEW 11 of 15 
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element contents of Cr coated piston ring.

Figure 12 presents the topography and element contents of the CuSn-Cr coated piston ring.
Compared with the topography of the Cr coated piston ring, the topography of CuSn-Cr coated piston
ring presented local mild spalling. Based on the EDS analysis of position g and position h, none of the
Cu and Sn elements existed on the surface of CuSn-Cr coated piston ring. The elemental distribution
mapping of Figure 12b also indicates that the CuSn coating had been almost consumed, as shown in
Figure 13. It indicates that the coating had worn away from the piston ring surface in the later worn
stage, but S, P, Zn elements existed and were evenly distributed on the piston ring. This indicates
that the CuSn coating consumption process can contribute to the tribo-chemical reaction on the PRCL
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interface. The further demonstrates the possibility that the CuSn coating existing on the piston ring is
helpful to improve the friction and wear behavior of the PRCL.
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3.6. Wear Mechanism Discussion of the CuSn Coating

For the cylinder liner matched with Cr coated ring, the micro-asperities on the cylinder liner
surface are gradually plastically deformed and developed the plateau structure under the normal
pressure [29]. Due to the contact area expansion and plastic deformation of the micro-asperities,
the boundary film stability between the cylinder liner and the Cr coated ring were reduced. Part of the
boundary film was broken, resulting in direct contact among the micro-asperities which lead to the
occurrence of wear loss. Meanwhile, the Cr coating on the piston ring was fatigued under the action
of long-term contact stress, causing the Cr particles to peel off. The spalling hard Cr particles further
aggravated the wear degree of mating pairs. Finally, the cylinder liner matched with Cr coated ring
developed more spikes on the surface topography and the cylinder wear loss was more serious.

Compared with the Cr coated ring, the CuSn coating on the CuSn-Cr coated ring peeled off
from the piston ring surface and then be embedded into the cylinder liner surface. This heavy-duty
running-in process reduced the durability of the CuSn coating, but it weakened the damage to the
piston ring itself. For the shear strength of the CuSn coating was lower than that of the Cr coating,
it reduced the friction coefficient of the mating pair and also weakened the damage of the cylinder liner
surface when the micro-asperities emerged in direct contact under heavy-load condition. On the other
hand, the mean summit curvature of worn cylinder liner matched with Cr coated ring (0.88 µm) was
greater than that of the cylinder liner matched with CuSn-Cr coated ring (0.71 µm). This indicates that
the surface micro-asperities of the cylinder liner matched with CuSn-Cr coated ring were flatter than
that of the cylinder liner matched with Cr coated ring [43,44]. A larger contact area on the CuSn-Cr
coated ring appeared on the PRCL interface under the same load condition. For the heat transfer
effect of the CuSn-Cr coated ring was better than that of the Cr coated ring, the CuSn-Cr coated ring
generated more heat accumulation than the Cr coated ring at the contact area of micro-asperities.
The corresponding micro-asperities on the CuSn-Cr coated ring surface produced higher contact
temperature, promoting the generation of tribo-chemical reaction products. These effects increased
the contact probability of the nanoscale micro-asperities under the reciprocated sliding, increasing
the nucleation position and even distribution of the tribo-chemical products [5]. Finally, the friction
coefficient and cylinder wear loss were reduced at the heavy load running-in stage for the CuSn-Cr
coated ring.

4. Conclusions

In order to obtain the CuSn coating effect on the friction and wear behavior of the nodular cast iron
cylinder liner under high strengthened conditions, friction and wear tests were carried out using the
piston ring reciprocating cylinder liner test rig. Through comparisons of Cr and CuSn-Cr coated piston
rings, CuSn coating presented the enhanced generation of plateau topography and tribo-chemical
boundary film on the PRCL interface.

1. The friction coefficient of CuSn-Cr/Fe pair was slightly lower than that of Cr/Fe pair. Wear loss
of CuSn-Cr coated ring in the running-in process was higher than that of Cr coated ring, but CuSn
coating consumption reduced the cylinder wear loss and provided a protection for the nodular
cast iron cylinder liner.

2. Based on the mean summit curvature comparison of nodular cast iron cylinder liner surface
topography, the micro-asperities of cylinder liner matched with CuSn-Cr coated ring presented
flatter than that of cylinder liner matched with Cr coated ring. The CuSn coating could be helpful
to develop a flatter plateau structure of cylinder liner.

3. The Sn patches worn from the CuSn-Cr coated piston ring was embedded into the cylinder
liner surface under the heavy-duty load. It could be helpful to generate the tribo-chemical
reaction film on the PRCL interface, improving the contact and friction condition among the
PRCL micro-asperities.
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