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Abstract: Silicon nitride (Si3Ny) particle-reinforced aluminum-copper (Al-Cu) alloy matrix compos-
ites have been prepared in our previous works and experimental result shows that they can be used
as a new kind of water-lubricated materials. However, the wettability between SizNy ceramics and
Al-Cu alloys is poor and the manufacturing process is usually carried out at a high temperature
of 1100 °C. To overcome this shortcoming, a layer of nickel was deposited on the surface of Si3Ny
particles, forming a core-shell structure. Thus, the interface bonding property between Si3N, and
Al-Cu alloy can be improved and the lower sintering temperature can be applied. Si3sNy/Al-Cu alloy
composites with different proportions of Ni-coated Si3N4 were fabricated by powder matrix metal-
lurgy technology at 800 °C, and the water lubrication properties of the composite were investigated.
The experimental results show that with the increase in the particle content (10 wt%—40 wt%), the
microhardness of the composites increased first and then decreased, while the porosity increased
continuously. A low friction coefficient (0.001-0.005) can be achieved for the composites with the
lower particle content (10 wt%—20 wt%). The major wear mechanism changes from the mechanically
dominated wear during the running-in process to the tribochemical wear at the low frictional stage.

Keywords: electroless nickel plating; nickel-coated Si3Ny particle; Al-Cu alloy matrix composite; low
friction; water lubrication

1. Introduction

Water has the advantages of environmental friendliness, flame retardation and low cost.
Water as a lubricant has been used for mechanical equipment wear reduction; hydraulic
machinery has also reflected the superiority of water lubrication. Therefore, compared
with oil lubrication, the application prospect of water as a lubricant is broader, and water
lubrication materials have become a research hotspot. Metal and ceramic materials as
commonly used materials for water lubrication still have more or less shortcomings. There-
fore, the combination of metal and ceramics to prepare metal-based ceramic materials has
great prospects.

Cermet composites are widely used for metal cutting, rock drilling, and metal forming
tools. In general, these composites consist of ceramic particles bonded with a metal matrix.
However, it is a great challenge to design and fabricate cermet composites [1-3] since
metals contain metallic bonds while ceramics mainly comprise ionic and covalent bonds.
To improve the interface bonding strength between ceramic particles and metal, the surface
metallization of ceramic particles is an effective method [4-8]. When the surface of the
particle is coated with a metal film forming a core-shell structure, the wettability between
the metal matrix and particle will be improved. Thus, the bonding strength of sintered
cermet composites may be enhanced naturally.

There are many ways to fabricate the core-shell structured ceramic particles and elec-
troless plating is a relatively convenient process. Electroless plating (EP) is a non-galvanic
type of chemical treatment in which metals are produced by the controlled chemical re-
duction of metal ions onto the catalytic surface [9-11]. By using electroless plating, the
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surface of ceramic particles can be coated with a layer of metal. It has been verified that the
Cu-coated Al,O3, SiC, and Al,O3-5iC mixed particles may increase the wettability of metals
and improve the interface bonding strength [12-14]. Hu et al. [12] deposited Cu-coated SiC
and prepared Cu-based SiC composites with better wear resistance and interfacial bonding
force. Wang et al. [13] studied the effect of the plating solution composition on Cu-coated
Al,O3 composite particles. The results showed that the proportion of the plating solution
components plays an important role in synthesizing the Al,O3/Cu composite powders.
Khosroshahi et al. [14] found that the wettability of molten A356 alloy to the Cu-coated
AlyO3-5iC mixed particles can be improved markedly, and the strength and microhardness
of ceramic reinforced A356 composite was also enhanced as well.

Besides copper, particles coated with nickel were also studied widely. Leo'n et al. [15]
studied the wettability influence of nickel-coated Al,O3 and SiC ceramics on aluminum.
The results showed that the contact angle between the coated ceramic and aluminum
reduces to about 12°. Kretz et al. [16] prepared the nickel coating on SiC particles and they
found that the thickness, morphology and microstructure of the nickel coating were mainly
controlled by the growth conditions. LU et al. [17] fabricated Ni-coated SiC particles and
found that the interface bonding strength of modified SiC/Al composites was enhanced.
In addition, studies [18,19] also showed that trace amounts of nickel are beneficial to the
wear resistance, microhardness and impact toughness of the final metal matrix composites.

Previously, our group has studied the preparation and water lubrication performance
of Al-Cu alloy-based SizNy composites. It was found that the proper content of SizNy
particles can increase the microhardness of the composite with a low friction coefficient in
water. During the friction process, the main wear mechanism shifts from mechanical wear
at the running-in period to tribochemical wear [20]. In this paper, to increase the wettability
between the Si3zNy and Al-Cu alloy, the surface of the SizNy particles was coated with nickel
by using electroless plating. Thus, Ni-coated SizNy particles reinforced aluminum-—copper
alloy composites are expected to sinter at low temperatures. The effects of Si3sN4 content on
the structure, morphology, porosity and microhardness of the composite were investigated.
More attention was paid to the tribological performance of the composite in water.

2. Materials and Methods
2.1. Preparation of Ni-Coated Si3Ny Particles by Electroless Plating

Herein, Si3Ny particles with an average size of 10 um (Shanghai Chao Wei Nano
Technology Limited Company, Shanghai, China) were used. To achieve the core-shell
structure, electroless plating was applied to fabricate the Ni-coated Si3Ny particles. The
process could be divided into five steps: cleaning, coarsening, sensitization, activation
and electroless plating. First, the Si3sNy particles were placed in anhydrous ethanol for
10 min with ultrasonic cleaning. The cleaned Si3Ny particles were etched in HF acid (AR,
>40%) for 30 min and cleaned with deionized water three times. After that, the SizgNy
particles were sensitized by SnCl,-2H,0O solution (16 g/L) and activated by PdCl, solution
(0.25 g/L), respectively. Specific sensitization and activation processes can be found in
Table 1. Finally, the activated Si3Ny particles were put in the plating solution and the
composition of bath are shown in Table 2. After electroless plating, the treated SizNjy
particles were cleaned three times with deionized water and vacuum dried at 200 °C to
remove hydrogen. The surface appearance and EDS analysis of particles were examined by
cold field emission scanning electron microscopy (Regulus-8100, Hitachi, Japan), as can be
seen in Figure 1.

The surface of raw Si3N4 particles is smooth and flat (seen in Figure 1a), while the
surface of treated Si3N4 becomes rough and a layer of tiny particles is deposited (seen in
Figure 1b). The EDS analysis shows that nickel element has been detected on the particle
surface. It can be confirmed that these ceramic particles had been coated with nickel.
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Table 1. Chemical plating activation and sensitization formula.

Sensitization Activation
Reagent SnCl,-2H,0O HCl PdCl, HCl
Concentration 16 g/L 50 mL/L 0.25g/L 10 mL/L

Constantly stirred for 30 min,

Conditi ; i ioni
onditon cleaned 3 times in deionized water

Constantly stirred for 20 min

Table 2. Composition of bath and reaction conditions for electroless deposition.

Reagent Concentration Condition
NiSO4 -6H2O 25 g/L
NaH2P02-H20 18 g/L _
CH;COOH 20mL/L . pH = 5'?85 o
CH3COONa 15g/L empEratre
Thiourea 0.25mg/L me:
NH3-H,O /
cps/eV
Element  Atomicity The normalized mass (%)
N 7 41.92
Si 14 58.08
Ni 28 0
Ni

6] Ni

£ AL AL NI R LB NLAN BN BN R BN B BLAN N LRI R B L BNLE
- £ ) 2 4 6 8 10 12 14 16 18 20
111:4 142:M r;;goa :0:5 kv '13?.?7"7 S’?é} 1w‘;‘ei’tn Energy [keV]
cps/eV
Element  Atomicity The normalized mass (%)
N 7 53.47
Si 14 43.4
Ni 28 3.313

P om

2 4 6 8 10 12 14 16 18 20

Energy [keV]

Figure 1. Surface morphology and EDS of Si3Ny particles, (a) raw SizNy particles; (b) treated
SizNy particles.

2.2. Preparation of Al-Cu Alloy Composites Reinforced by Ni-Coated SizNy

Ni-coated SizgNy reinforced Al-Cu alloy matrix composites were prepared by powder
metallurgy technology. The specific content of the treated particles used is shown in Table 3.
During the preparation process, Al-Cu alloy powder and Ni-coated SizNy particles were
mixed by using a planetary ball mill with a rotation speed of 300 r/min (XGB04, Nanjing
Bo Yun Tong Instrument Technology Limited Company, Nanjing, China). Then, the mixed
powder was cold-extruded into a wafer with a radius of 15 mm by an electric powder
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pressing machine (DY-30T, Tianjin Keji High-tech Limited Company, Tianjin, China), with
a pressure of 240 MPa and held for 5 min. After that, the pressed wafer was put into a
high-temperature vacuum furnace (BR-1700A, Bona Hot Kiln in Zhengzhou, China) with
a vacuum degree of 10~! Pa and a sintering temperature of 800 °C. The specific sintering
process can be found in the literature [20].

Table 3. The component and name of the Ni-coated Si3zNy reinforced Al-Cu alloy matrix
composites wafers.

Wafer Sample S1 S2 S3 S4
Ni-coated Si3N4 mass percent (wt%) 10 20 30 40

2.3. Friction and Wear Test in Water

The water lubrication behavior of Ni-coated SisNy reinforced Al-Cu alloy matrix
composites was evaluated by using a ball-on-disk tribometer. A SizNy ball with a diameter
of 8 mm (Vickers hardness 14 GPa, surface roughness about 120 nm) was used to slide
against the wafers (S1-54). Before the experiment, all the wafers were polished to a surface
roughness of Ra 0.2 um. Throughout the test, the contact between the wafer and the ball
was completely submerged in deionized water (pure water after removing impurities in
the form of ions). The applied load, sliding radius and sliding speed were 2 N, 8 mm and
0.168 m/s, respectively; the sliding time was 1200 min. To ensure reliability, each test was
conducted three times. The worn surfaces were observed by an optics microscope (VHX-
600E, Keyence, Japan) and a cold field emission scanning electron microscope. Besides, the
wear scars on the ball and the wear tracks were also characterized by a 3D profilometer
(Contour GT-KO, Bruker, Billerica, MA, USA). Figure 2 shows the cross-section of the wear
track on the wafer. It can be seen that there exists an obvious groove area (A ;) and
an upwarped area (A,p). The wear volume (V;) was obtained by integrating the average
cross-section area (A), which can be calculated as (Ajoy, — Aup). The wear volume V;; of
Ni-coated SizNy reinforced Al-Cu alloy matrix composites is calculated as follows:

Vy; =2nrA )

where 7 is the radius of the wear track on the worn wafer.

Figure 2. The three-dimensional cross-section of the track on the wafer.
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The wear volume (V) of the sliding Si3Ny ball can be calculated by:
_(T _ 2
Vb—(s)(BR h) I @)
where h = \/R? — %2, R is the radius of the ball and d is the diameter of the wear scar.

3. Results and Discussion
3.1. Effect of Particle Content on the Structure, Morphology, Porosity and Microhardness

The phase of the sintered wafer was determined by an X-ray diffractometer (D8
Advance A25, Bruker, USA) with Cu Ka radiation (k = 0.15404 nm) and the results are
shown in Figure 3. It can be seen that Al, CuAl,, and the SizN4 peaks are predominant in
the Ni-coated Si3Ny reinforced Al-Cu alloy matrix composites. According to reference [21],
when the content ratio of Al and Cu is 9:1, there will be « phase (Al) and 6 phase (CuAly),
which is consistent with the XRD results. With the increase in Ni-coated SizNy4 content, the
SizNy peak strengthened gradually. In addition, it was also found that no new products
appeared, indicating that no chemical reaction occurred during the sintering process. Al-Cu
alloy and Ni-coated SizN; were bonded together mainly by metal melting. There are two
reasons for the appearance of Al;O3. One is the oxidation of Al during the ball milling, and
the other is during the sintering process due to the low vacuum degree of the furnace.

3000 T—- —
—20% o ALO,
—30% V Si;N,
~ — 40% ’ 0 CuAl,
=
= 2000-
~ L]
B
= \Y o
& 0 vV V 5
2 1000 vy | Vdy i
- L ]
E ~_j A LL Ol.l O |, i 2 V
| A L ll AL U "y o o
O I.L o | '.L_ . hl - L A - -
20 40 60 80

Two-Theta (°)
Figure 3. XRD spectra of S1-54 wafers.

The surface morphology of the wafers after polishing was observed by a laser confocal
microscope (VK-X3000, Keyence, Japan); the final arithmetical mean height of area Sa
values was the mean of nine areas taken evenly across the composite wafer surface, as
shown in Figure 4. S1 and S2 wafers express a smooth surface, while the other two are
rough with visible pits.

Based on the images in Figure 4, the porosity of the four wafers was obtained by using
Image] software and the result is shown in Figure 5. It can be seen that with the increased
content of Ni-coated Si3Ny, the porosity of the wafer increases. The surface porosities of S1
and S2 wafers are about 2.034% and 5.751%, respectively. When the content of Ni-coated
Si3Ny reaches 30 wt%, the porosity increases abruptly, which is more than two times the S2
wafer. As the content increases to 40 wt% (54), the increment of the porosity tends to be
gentle. As the content of Ni-coated SizNy increases, the bonding phase of the Al-Cu alloy
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reduces relatively, which is not conducive to filling in the space between the Ni-coated
SizNy particles, resulting in the increment of the porosity.

Sl
Sa=0.214 pm

500 pm

ST
S2=0.271 pm

Figure 4. Surface morphology of the S1-54 wafers after polishing.
30

\®}
S
1

E/}

Porosity (%)

p—
(e
1

/§
10 20 30 40
The content of Si3Ng (Wt%)

Figure 5. Porosity of the S1-54 wafers.

Figure 6 presents the effect of the particle content on the microhardness. For each
sample, 9 points are measured by a microhardness tester (VMH-002VMA, Lecia, Germany).
The normal load of 0.2 kgf/cm? was applied with a loading time of 10 s. It can be seen
that with the increase in Ni-coated SizN4 content, the microhardness first increases and
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then decreases. According to the phase structure analysis in Figure 3, Al-Cu alloy is used
as the bonding phase, and a small amount of Ni-coated Si3N4 particles are used as the
reinforcing phase. For the low particle content (S1 and S2), the microhardness increases
with the increasing particle content, which can be attributed to the traditional dispersion-
strengthening mechanism [22]. For the high particle content (S3 and S4), the porosity of
wafers increases obviously. In addition, the reduced bonding phase of the Al-Cu alloy
cannot package the high content of Ni-coated SizN; completely. As a result, the bonding
strength decreases. Thus, the microhardness of the S3 and S4 wafers declines.

200
>
150 +
Z
A
c {/i
= 100+
$—
<
=
o
—
.2 50+
=
s
0 T T T T
10 20 30 40

The content of Si3Ng (Wt%)

Figure 6. Microhardness of the S1-54 wafers.

3.2. Water Lubrication Performance

Figure 7 shows the friction curves of the four wafers under water lubrication conditions.
At the very beginning, all the samples present a high friction coefficient of about 0.7. After
a period of running-in, the friction coefficient reduced gradually. After sliding in water
for 300 min, the friction coefficient of S1 and S2 wafers reaches about 0.05. The friction
coefficients of both S3 and 54 wafers show a decreasing trend with a large fluctuation. Only
the friction coefficient of wafer S3 dropped below 0.1 after the 1200 min test and the value
of the 54 wafer was still above 0.25.

0.8 - —;
—s2

f‘ 5 ——S3

2 : \i

Ld:: -40 20 0 ‘Z() 40 60' 80

q_) Time‘(min)

S04 | ‘ .

= el i

. I Al

5, | | |

— V.2 1 bl

207 Yy P
T ,“WM‘.“MMW‘W?*"‘."ﬁ;ﬂ‘.w.’.!

0.0 :

0 200 400 600 800 1000 1200
Time (min)

Figure 7. Tribological curves of S1-S4 wafers in water.
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Figure 8 shows the final morphologies of the four wafers and the corresponding SizNy
ball. It can be observed that the wear track of S1-54 wafers is relatively smooth in general.
With the increase in the Ni-coated SisNy particles, the wear tracks of the four wafers become
wider and deeper, especially for the S4 wafer. The wear scar on the SizNy ball changes from
a circle to the final oval with the increment of the Ni-coated Si3Ny particle content in the
51-54 wafers; the size of the scars enhances significantly.

Si;N, ball 3D. images and cross
section profile of wafer

Y ©=1617.46 pm

Figure 8. Wear morphology of Si3Ny ball and the wafers.
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According to Equations (1) and (2), the wear volumes of the S1-54 wafers and the
SizNy ball were calculated, as shown in Figure 9. The wear volume of the S1 and S2 wafers
is close and the values are about 0.012-0.013 mm?, while that of the S3 and S4 wafers
increases significantly, especially for that of the S4 wafer (0.838 mm?). The wear volume of
the Si3Ny ball also increases continuously, but the difference is not significant. The porosity
of the S1 and S2 wafers is much lower than that of the S3 and 54 wafers (Figure 5), and
the microhardness of the S1 and S2 wafers is higher (Figure 6). Thus, the samples of the
S1 and S2 wafers present a lower wear volume. The samples S3 and S4 show high friction
coefficients during the whole test period, which means mechanical wear dominates the
friction process. Therefore, the two samples express the higher wear volume.

v/ Al-Cu-based Si;N, wafer
2 N Si;N, ball T
" 0.8 %
£ 4 72 L
= -
2 7
> 0.2 1
s
O
=
0.1+ -
| . . N
0.0 =4 N V.4 i \ i

10 20 30 40
The content of Si3Ny (wt%)

Figure 9. Wear volume of the S1-54 wafers and SizNy ball after 1200 min friction test.

3.3. Water Lubrication Mechanism for the Low Friction Coefficient

As shown in Figure 7, the water lubrication performance of the S2 wafer is the best. To
further explore the mechanism of the low friction, the evolutions of the wear morphology,
wear volume, contact pressure as well as electrical conductivity of the lubricant were
studied at the different sliding stages (50 min, 100 min, 200 min and 400 min). As shown in
Figure 10, there are obvious groove areas and side ridge areas on the wear tracks, which
are caused by the plastic deformation and plowing action of the Si3Ny ball sliding on the
surface of the S2 wafer [23,24]. As time prolongs, both the width and depth of the wear
track increase gradually. Note, that the side ridge areas on the wear track of the S2 wafer
are obvious after sliding for 50 min; the side ridge areas decrease with the increase in time.
In addition, the diameter of the wear scar on the SizNy ball at the sliding time of 50 min
was 1214.5 um, and the value increased by about 200 um at 100 min. After sliding for
another 100 min, the diameter of the scar increased by about 200 pm. When the sliding
time increases from 200 min to 400 min, the value of the diameter only increases by about
16 pm. It can be determined that the side ridge areas at the wear track of the S2 wafer are
most likely to be flattened or worn down by the ever-growing Si3Ny ball wear plane. The
wear between the S2 wafer and the SizNy ball is relatively severe within the first 100 min.

In order to further determine the wear form of the S2 wafer and SizN, ball in the severe
wear stage, the surface morphology of the S2 wafer was observed after sliding for 50 min,
as shown in Figure 11. The entire worn area (a) appears fish scaled. The fish scale plane (b)
is smooth, and the other areas are obviously convex and uneven with small particles. EDS
analysis of a single fish scale plane shows no presence of N element, which means no SizNy
existence. It can be concluded that mechanical and tribochemical wear co-dominated at
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this stage, and an oxide lubrication layer was formed, according to the tribochemical wear
mechanism reported by Tomizawa and Fischer [25].

©=1214.5 pm
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Figure 10. The images and 3D wear morphologies of the S2 wafers and Si3Ny ball at different time
sliding stages (a) 50 min, (b) 100 min, (c) 200 min, (d) 400 min.
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Figure 11. SEM images (a,b) of the worn S2 wafer surface and EDS analysis (¢) according to the area
A shown in SEM image (b) after 50 min.

According to the wear morphologies of the wafer and the SizNy ball in Figure 10, the
wear volume of the SizNy ball and track of the wafer at different stages were calculated by
using the Equations (1) and (2), as shown in Figure 12. Firstly, the wear volume curve of
the SizNy ball rises first and then flattens. The wear volume of the SizNy ball increases to
0.0419 mm? in the first 200 min, and the value only enhances by 0.007 mm? during the
following 1000 min. Combined with the tribological curve of the S2 wafer, the friction
coefficient can reach 0.05 after sliding in water for 150 min. It indicates that the wear
volume of the Si3Ny ball is very small.

While for the wafer, the volume of the side ridge areas increases only within the
first 50 min. Since the wear volume of the Si3Ny ball is also the largest at this stage, the
friction coefficient is high. This indicates that at this stage, SizNy4 balls are mainly abrasive
wear. Therefore, the wear volume of Si3Ny balls is enhanced quickly. The wafer is mainly
plastic deformation, resulting in a large amount of side ridge areas at the wear track to
0.0068 mm?, while the groove volume is very small at 0.0005 mm3. With sliding continuing,
the wear between the wafer and the SizNjy ball is mainly caused by the plastic deformation
and removal of the wafer by the Si3Ny ball. The microhardness of the Si3Ny ball is far greater
than that of the wafer, so the wear volume of the SizNy ball is very small. However, the
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side ridge volume of the wafer begins to decrease gradually, and the groove volume surges
to 0.00683 mm?>. After 100 min, the changes in the side ridge volume and groove volume at
the wear tracks of the wafer gradually tend to be flat, indicating that the mechanical wear
between the wafer and SizNy ball gradually decreased, and tribochemical wear played a
major role. In particular, the friction coefficient decreases to about 0.05 after 200 min, and
the groove volume of the wafer only increases by 0.0031 mm?® within 1000 min.

0.8 —A— The side ridge material volume of wafer 0.06
=. [—®— The groove material volume of wafer
M —®— The wear volume of Si;N, ball
o
0 0.6 —_
. 5 m
& L0.04 £
S £
L N
S 0.4 )
g The tribological curves of S2 wafer in water g
5 -0.02 g
"20.2
f
0.0+ —= : ————40.00
0 200 400 600 800 1000 1200
Time (min)

Figure 12. The wear volume of the S2 wafers and SizNjy ball in different time periods.

In addition, the contact pressure and the conductivity of the aqueous solution at
different sliding times were also tested, as shown in Figure 13. It is well known that contact
pressure is directly related to the friction. Therefore, the contact pressure between the
wafer and the Si3Ny ball is roughly calculated according to the wear scar of the Si3Ny ball.
According to Figure 13, it can be found that the whole friction process can be divided into
two major stages: the surge stage (0-200 min) and the stabilization stage. In the surge
stage, the contact pressure decreases gradually with the increment in the sliding time. The
coefficient of friction at this stage also declined rapidly. While in the stabilizing stage,
the value of contact pressure tends to be stable. In this state, the formation of the highly
matched flat-on-flat geometry is essential for low friction. In addition, Xu et al. [26] found
that tribochemical reactions can also be detected indirectly by monitoring the electrical
conductivity of the aqueous solution. This value can be used to evaluate ion concentration
and tribochemical reaction kinetics. It can be seen from Figure 13 that the conductivity value
shows a gradually increasing trend, indicating the occurrence of tribochemical reactions.
As mentioned in many reports [25], the chemical reactions consist of forming silicon oxide
and silica gel, which may be written as

Si3N4 + 6H,0 = 3Si0, + 4NH; (3)

Si0, + 2H,0 = Si(OH), )

It is believed that the formation of silica gel film between the tribo-pair can improve
the lubricant viscosity as well as the load-bearing capacity. Thus, a low friction coefficient
of 0.05 can be achieved.
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Figure 13. Contact pressure between the wafer and the Si3sNy ball and conductivity of aqueous
solution at different time periods.

4. Conclusions

In this paper, core-shell structured SizNy particles were successfully prepared, which
may improve the wettability with the metal. Thus, the sintering temperature of the
Ni-coated Si3Ny particle-reinforced Al-Cu alloy matrix composites can be reduced from
1100 °C to 800 °C. The microhardness of the composites increases first and then decreases.
The highest value is 119 Hv for the 52 wafer with a particle content of 20 wt%. When the
content of Ni-coated SizNy reaches 30 wt%, the porosity of the sample increases obviously.
The wafers S1 and S2 with Ni-coated SizN4 content of 10 wt% and 20 wt% present a low
friction coefficient of about 0.005 in water. However, the friction coefficients of S3 and S4
wafers show a downward trend in the whole stage, and the value of the S3 wafer reduces
below 0.1 after sliding in water for 1200 min. Since the S3 and 54 wafers have a lower
microhardness and higher coefficient of friction, their wear volume reaches a high value of
0.838 mm?3.

The water lubrication performance of the S2 wafer at different friction stages was
studied. It is found that the wear mechanism of the S2 wafer is mainly from the initial
abrasive wear dominated by plastic extrusion removal, and finally tribochemical wear.
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