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Abstract

With the development of low-emission and low-consumption engines,
diamond-like carbon (DLC) coatings have been considered as promising surface
coatings of engine parts in terms of friction and wear performance. However, the
performance of DLC-coated parts depends on the compatibility and interaction
between coating and lubricant additives. To obtain high-performance coatings in the
engine environment, the tribological behaviors of non-doped and metal-doped
carbon-based coatings (a-C and a-C/WC, respectively) were studied systematically in
poly-alpha-olefin (PAO) oil at 180 °C (operating temperature of engine oil) with and
without antiwear additive zinc dialkyldithiophosphate (ZDDP) under various applied
loads. Energy dispersive X-ray spectroscopy, Raman spectroscopy, and X-ray
photoelectron spectroscopy were performed on a friction surface to understand
tribological mechanisms. Results showed that ZDDP-derived tribofilms were able to
suppress the surface graphitization of carbon-based coatings. The combination of

ZDDP-derived tribofilms and tribochemical products WS,/WQO,, which formed under
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the joint actions of heat and contract pressure, led to improved tribological behavior of

a-C/WC coating in PAO with ZDDP additive.
1. Introduction

Diamond-like carbon (DLC) coatings dominated by sp” sites, which have high load
bearing capability, good adhesive strength, and excellent tribological properties, have
been used as surface coatings of engine parts, such as piston rings.l'3 High
requirements for DLC coatings have been put forward with the development of
low-emission and low-consumption engines. Doping is an effective means to improve
the tribological properties of DLC coatings under dry sliding.4 Therefore, more
research on the tribological performance of doped carbon-based coatings under engine
oils with lubricant additives are still needed for further operation of these coatings

under the harsh engine environment, such as high temperature/load.

In the past, a great deal of research has been performed to investigate the
tribological performance of DLC coatings under base oil condition.”® Vengudusamy et
al. reported the friction and wear behavior of four types of DLC coatings in base oil.*
They found that tetrahedral amorphous carbon (ta-C) coating provides lower boundary
friction than the other types. W-DLC coating experiences more wear, whereas Si-DLC
and hydrogenated DLC (HDLC) coatings show very little wear. However, these results
could not explain the tribological behavior of the DLC coatings in the engine oil
through the formulation of suitable additives. In the recent years, many researchers
have evaluated the tribological performance of DLC coatings in lubricating oil with
anti-wear (AW) and extreme pressure (EP) additives, including dialkyldithiophosphate
(ZDDP).”* Some reported the presence of ZDDP-derived tribofilms on DLC
coatings,”” and usually attributed the excellent wear protection of DLC coatings under
boundary lubrication to the formation of tribofilms on the coating surface. Equey et al.
used several techniques to analyse the surfaces following sliding on both DLC and steel

(self-mated) sys‘cems.17 They found tribofilms formation on both DLC and steel
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surfaces under very low wear conditions in the absence of iron. Haque et al. also
studied the influence of antiwear additive ZDDP on the friction and wear of non-doped
carbon-based coating (a-C) against cast iron.® X-ray photoelectron spectroscopy (XPS)
results suggest that antiwear additive ZDDP was decomposed under tribological

contacts and formed tribofilms on both interacting surfaces.

Podgornik et al. found that sulfur-based EP additives can reduce the friction and
wear of metal-doped DLC coating (such as W-DLC), whereas phosphorous-based AW
additives only had a minor effect, and the increase in contact pressure or temperature
accelerated the process of friction reduction.'” They suggested that higher temperatures
accelerated the formation of WS,-containing tribofilms with higher sulfur content and
consequently resulted in lower friction. However, great attention has been paid to the
tribological behavior of DLC coatings in lubricating oils with anti-wear additive
ZDDP at room temperature or less than 100 °C. The tribological mechanisms of doped
carbon-based coatings under the operating temperature (180 °C) of the engine oil with
ZDDP additive are not well-understood yet. In this work, the tribological properties of
a-C and WC-doped carbon-based (a-C/WC) coatings in synthetic poly-alpha-olefin
(PAO) base oil and PAO through the formulation of ZDDP were studied at the high
temperature of 180 °C. Accordingly, this study aimed to obtain the optimum
carbon-based coating applicable to harsh engine environments and to explore the
tribological mechanisms of carbon-based coatings in high-temperature PAO oil with

ZDDP additive.
2. Experimental details
2.1. Deposition and characterization of DLC coatings

High speed steel (GCr15), 30-mm diameter and 3-mm thickness, with a hardness of 25
HRC and a surface roughness (Ra) of 20 nm, were used as the substrate. The substrates
were first cleaned ultrasonically in acetone and alcohol for 15 min, respectively, and
then located in vacuum chamber were cleaned by Ar' ion sputtering for 10 min under

4
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pulsed bias of -500 V. Prior to coating deposition, a Cr interlayer of approximately 0.2
pm in thickness was deposited on the high speed steel substrate to improve the
adhesion between the carbon-based coatings and substrates. The a-C and a-C/WC
coatings were separately deposited on Cr interlayer by magnetron sputtering of graphite
and WC targets with 99.99 % purity for the same time under a substrate pulsed bias of
-70 V. For deposition a-C/WC coating, the D.C. power of the graphite target was kept
constant at 2500 W and the D.C. power of the WC target was varied for desirable
composition (from 0 W to 400 W with a step of 80 W), where a-C coating was
prepared at 0 W. Fig. 1 shows the cross-sectional images of the as-deposited a-C and
a-C/WC coatings under optimal parameters. The thickness of Cr interlayer, a-C and
a-C/WC layers are approximately 200, 2600 and 5200 nm, respectively. The
mechanical properties for a-C and a-C/WC coatings, such as hardness and elastic

modulus are provided in Table 1.

Fig. 1 Cross-sectional SEM images of the as-deposited (a) a-C and (b) a-C/WC

coatings.
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Table 1. Composition and mechanical properties of the carbon-based coatings.

Coating  Thickness Roughness Composition Interal stress Hardness and

(um) (Ry) (at. %) (GPa) modulus (GPa)
a-C 2.8 4.8 96.99 at% C, -0.53 H: 17 GPa
3.01 at% O E: 200 GPa
a-C/WC 54 5.5 92.20 at% C, -0.32 H: 14.3 GPa
4.85 at% W, E: 165 GPa
2.95at% O

2.2. Friction and wear test

Tribological tests were performed on a commercially available reciprocating sliding
friction and wear device (Optimol-SRV-IV). The tests were based on a ball-on-plate
configuration, where a steel ball of 10-mm diameter with 710 HV hardness was loaded
and rubbed against a carbon-based coating. The loads of 20, 60, 100, and 140 N were
applied through a stationary loading system, and the corresponding initial maximum
Hertzian contact pressure were about 1.2, 1.7, 2.0, and 2.3 GPa, respectively. The
stroke was 2 mm and the frequency was 20 Hz, which provided a velocity of 0.08 m/s.
A commercially available synthetic PAO was used as the base oil in this study.
Anti-wear additive ZDDP was added to the PAO (labeled as PAO+ZDDP) with the
aid of ultrasonication to obtain a formulated lubricating oil with an additive
concentration of 3.0wt%. Two droplets of the base or formulated oil were spread on the
coating surface before the mating steel ball was brought in contact. The contacts were
pre-heated to 180 °C and the total sliding distance in each experiment was 144 m

(sliding duration of 1800 s).

The loaded ball was rubbed against carbon-based coatings in lubricants with or

without additives to analyse the effect of additive on tribological behavior of coatings.
6
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After friction testing, the surface profile of wear track was measured using a D-100,
KLA, Tencor surface profiler. The wear volume of each wear track was derived from
three to five measurements to calculate the average value. The wear rates of the
coatings were calculated from their wear volumes using the following equation:

K =V /SF (D

where V is the wear volume in mm’, S is the total sliding distance in meter, and F is the
normal load in newtons.

The corresponding lubrication regime can be approximately predicted according
to the A ratio in Eq. (2), where /i, corresponds to the minimum film thickness by the
means of the well-known Hamrock—Dowson formula for isoviscous-elastic lubrication
in Eq. (3),” and Rg is the composite roughness evaluated by replacing the average R,

by the root mean squared roughness Ry in Eq. (4), so defined:
hmin
A= — 2
-0.21

Rmin Nle 0.65 Wy
— =28(== (—) 3
R’ (E’R’) E'R" 3)

Rq = /Rgl + Rgz 4)

Eq. (3) is appropriate for an equivalent ball-on-plane configuration in the quasi-static
condition. The A, is proportional to the effective radius (R'), the lubricant viscosity
(n), the sliding velocity (u. ), and inversely proportional to the average vertical load (W)

and elasticmodulus (E"). Therein,
1 1 1 R,—Ry

- 5
R"" R, R, RyR, ®)
1 1 1—v12+1—v% .
E' 2\ E E, (6)

where R;, E;, v; and R,, E,, v, are the radii, Young’s modulus and Poisson ratio of
the ball and coating, respectively. According to the relevant parameters, /i, is figured
out based on of Eq. (3), around 8.2, 6.6, 5.9, and 5.5 nm corresponding 20, 60, 100, and
140 N for a-C coating, around 8.8, 6.9, 6.2, and 5.8 nm corresponding 20, 60, 100, and
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140 N for a-C/WC coating. Furthermore, the Eq. (2) gave the A ratio between 0.26~0.42
which means that all tests is in the boundary lubrication regime.

2.3. General characterization

The nanohardness (H) and Young’s modulus (£) of coatings was measured using a
Nanoindenter IT microprobe with a diamond Berkovich (three-sided pyramid) indenter
tip and the indentation depth was about 10% of the coating thickness to minimize the
substrate contribution. The coatings’ internal stress was measured by measuring the
substrate bending using a profilometer and the Stoney's equation. Wear tracks of balls
and coatings were examined using scanning electron microscopes (SEM), energy
dispersive X-ray analysis (EDX), Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS). After the friction and wear measurements, the surface chemical
composition were determined using scanning electron microscopy-energy dispersive
X-ray spectroscopy (SEM-EDS) (Oxford IE250 Energy Dispersive Spectrometer, EDS)
under 20 kV accelerating voltage with 10 nA beam current. The chemical states of
elements were analyzed by a PHI-5702 multifunctional X-ray photoelectron
spectroscope (XPS) made by American Institute of Physics Electronics Company using
K-Alpha irradiation as the excitation source. The binding energies of the target
elements were determined at a pass energy of 29.3 eV, with a resolution of about +0.3
eV, using the binding energy of contaminated carbon (Cls: 284.8 eV) as the reference.
The structural characteristics of carbon-based coatings before and after friction testing
were measured using Raman spectroscopy equipped with a 532 nm argon ion laser
from 200 to 2000 cm™. The samples were cleared ultrasonically in ethanol and acetone
bathes to remove residual oil and contaminants before conducting the Raman
spectroscopy. The worn coatings were analysed using Raman spectroscopy in two

regions: within and outside the worn tracks.
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3. Results and discussions
3.1. Friction and wear

Fig. 2 shows the average steady-state friction coefficient as a function of load. The
friction coefficients of the two carbon-based coatings are presents a tendency that the
friction coefficient decreases with increasing loads. The same phenomenon was
already found in another study.22 Furthermore, the addition of the anti-wear additive
ZDDP to the base oil had a practically minor effect on the level of average friction
coefficient at a fixed load value. Fig. 3 shows the evolution of friction as a function of
time for the carbon-based coatings lubricated by PAO and PAO+ZDDP under the
applied loads of 20 and 140 N, respectively. The run-in periods in both conditions were
almost the same (~100 s) and primarily dominated by the coating surfaces’ roughness
at this stage (Table 1). The friction coefficients of a-C and a-C/WC coatings
fluctuated under the base oil case (Figs. 3a and 3¢). However, when PAO+ZDDP was
used, the friction coefficients were more stable than that using base oil for the two
carbon-based coatings (Figs. 3b and 3d). This is probably because ZDDP-derived
tribofilms have the ability to digest small wear debris from the rubbed steel surfaces,
which is an important feature for maintaining a stable friction coefficient and the long

wear life of the components.23
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Fig. 2 The average steady-state friction coefficient of a-C and a-C/WC coating for

1800 s under applied loads of 20, 60, 100 and 140 N, respectively.

0.26 0.26
(@) 8 (b) =L
0.244 a-C/WC 0.24 4 a-C/WC
- 0.224 - 0.224
5 S
2 PAO+ZDDP
£ 0. £
@ 53
S S
g0 g
2 2
= 0.16 =
0.14 0.14 4
0.12 T T T T T T T T 0.12 T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Time (s) Time (s)
0.27 0.27
a-C a-C
0.24 (c) a-C/WC 0.24 (d) a-C/WC
< 0.21 < 021
= =
£ PAO 2 PAO+ZDDP
£ 0.18 £ 0.18
¥ o
S S
.E 0.15 E 0.15
2 2
= 0.12 = 0.12
0.09 0.09
0'06 L) T T L} L) T L) T T 0'06 L L} L) L) L) T T T L]
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 40 600 800 1000 1200 1400 1600 1800
Time (s) Time (s)

Fig. 3 Friction curves for a-C and a-C/WC coating: (a), (b) under applied load of 20 N;

(¢), (d) under applied load of 140 N.
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The influence of the applied loads on the wear rate of a-C and a-C/WC coatings
lubricated by PAO and PAO+ZDDP is shown in Fig. 4. The wear rates of the two
coatings in both PAO and PAO+ZDDP lubricants increased with the increase of the
applied load (except for the a-C/WC coating in PAO+ZDDP under 100 N). The
non-doped carbon-based coating in PAO had a better wear resistance than the a-C/WC
coating, especially under a high applied load (Fig. 4a), which was mainly attributed to
the relative high hardness of a-C coating (Table 1). Moreover, the hard WC particles
that formed on the friction interface intensified the abrasion of the a-C/WC coating
under high applied loads. When ZDDP was added in PAO oil, the wear rates were
reduced by one or two orders of magnitude under the same applied load. This effect
was even more pronounced in the a-C/WC coating. As shown in Fig. 4b, the wear rate
of a-C/WC coating in PAO+ZDDP was lower under the applied loads of 20, 60, and
100 N than that of the a-C coating. This was probably because a-C/WC coating was
very helpful to the formation of ZDDP-derived tribofilms, which can prevent the
direct contact between the friction pairs. To understand the effect of additive ZDDP to
the two kinds of carbon-based coatings further, the corresponding ratio of the coatings
volume loss in PAO+ZDDP to that in PAO under different applied loads is presented
in Fig. 5. The volume loss ratio of both a-C and a-C/WC decreased first and increased
afterward with the increase of applied load. The volume loss ratio of the a-C/WC
coating was smaller than that of the a-C coating, which implied that a-C/WC had a
better wear resistance in PAO+ZDDP than the a-C coating. In addition, a maximum
volume loss ratio for a-C/WC coating was obtained under an applied load of 100 N.
When the applied load further increased to 140 N, the wear protection of ZDDP
lessened. This is probably because the ZDDP-derived tribofilms were scraped off
easily under the applied high load and some hard grains generated in the tribochemical
reactions between the a-C/WC coating and ZDDP under the high load resulted in a

more severe abrasive wear. The arguments were proven by further experiments.

11
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Fig. 4 The wear rates of the carbon-based coatings in (a) PAO, and (b) PAO+ZDDP.
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Fig. 5 Volume loss ratio (PAO+ZDDP/PAO, %) of the carbon-based coatings under

different applied loads.

The surface SEM images and cross-section profiles of the wear tracks of the
carbon-based coatings under an applied load of 100 N are shown in Fig. 6. The wear

volume loss of the carbon-based coatings in PAO+ZDDP was very low compared with

12
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that in PAQO, and the wear track was shallow and narrow. Furthermore, the wear tracks
in PAO showed deep plough and adhesion wear characteristics, whereas the wear
tracks in PAO+ZDDP were very smooth and showed a featureless appearance. Thus,
the friction reduction and wear resistance of the carbon-based coatings in

PAO+ZDDP were dominated by the ZDDP-derived tribofilms or the tribochemical

products.
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Fig. 6 SEM images and cross-section profiles of wear tracks of the carbon-based

coatings in PAO and PAO+ZDDP under an applied load of 100 N.
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3.2. ZDDP-derived tribofilm mechanism

The tribofilm formation mechanisms on steel surfaces have been detailed
elsewhere.”*?® As shown in Fig. 7, the characteristics of the wear scars on steel balls
tested in PAO with and without additive ZDDP were quite different. When ZDDP was
added to PAO, the wear scar area of the steel balls against the carbon-based coatings
decreased significantly, and the contact surfaces of the mating steel balls were covered
by continuous and compacted ZDDP-derived antiwear tribofilms, completely different
from the wear scar of the steel ball couple in base oil PAO. The formed tribofilms
could provide a protective effect, which sustains the relatively low wear volume loss of
the carbon-based coatings in PAO+ZDDP. Furthermore, the tribofilm on the steel ball
against a-C/WC was thicker and covered on a larger area, which could explain why the
wear ratio of the a-C/WC coating was smaller than that of a-C in PAO+ZDDP under an

applied load of 100 N.

20kV X100 100pm 20kU X100 100pm

Fig. 7 SEM images of wear scar of steel ball (a), (b) against a-C coatings in PAO and
PAO+ZDDP, (c), (d) against a-C/WC coatings in PAO and PAO+ZDDP under an
applied load of 100 N.

The energy dispersive X-ray (EDX) elemental mapping of the wear scars of the

steel balls against the carbon-based coatings tested in PAO and PAO+ZDDP under a
14
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100 N load is shown in Fig. 8. A brighter area means a higher concentration of
detected ion. The results indicated that the wear scars were covered with patches of
oxidation layer, regardless of the ZDDP presence, whereas an apparent pad-like
covering layer formed on the wear scar only in the presence of ZDDP. As indicated
by the P, S and Zn mapping images in Figs. 8a and 8c, the covering layer was mainly
dominated by the ZDDP-derived tribofilm rather than the carbon transfer film.
Moreover, as shown in Figs. 8b and 8d, carbon or tungsten was enriched on the wear
scar in the case of the base oil PAO. The coating material easily transferred to the
mating steel ball and formed a carbon transfer film in the base oil PAO. However, the
two kinds of elements were rarely detected on the steel ball wear scar in the
PAO+ZDDP condition, which indicated that the transfer process could be suppressed
by additive ZDDP. Following a sliding friction conducted at 100 N for the a-C/WC
coating in PAO+ZDDP, wear debris were harvested from the resid. As shown in Fig.
9, the transmission electron micrograph (TEM) and selected area electron diffraction
(SAED) of the wear debris indicated the formation of a large number of crystalline
particles embedded within an amorphous matrix. According to the corresponding
EDX, the debris was mainly made of ZDDP containing iron nano-particles. Some
authors have reported that the wear debris containing iron and iron oxides have good

wear resistance that protects the contact surface.”””*

15
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Fig. 8 Elemental distribution maps of wear scar on the steel balls sliding against (a)
a-C and (c) a-C/WC coatings in the PAO+ZDDP, (b) a-C and (d) a-C/WC coating in
the PAO under an applied load of 100 N.
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Fig. 9 (a) TEM, SAED, and (b) EDX of the wear debris from the test conducted at
100 N for a-C/WC coating in PAO+ZDDP.

XPS data of tribofilms of wear scar that formed on both carbon-based coatings
and steel balls tested in PAO+ZDDP were obtained to determine the elemental
chemical state of tribofilms. Fig. 10 shows the Zn 2p, S 2p, P 2p and O 1s XPS
spectra of tribofilms that formed on the steel balls. The binding energies of Zn 2p
(1022 eV), S 2p (164.4 eV), P 2p (134.2 eV) and O 1s (530.9 and 533.2 eV) peaks
suggested that the tribofilms that formed on the steel ball were composed of
ZDDP-derived ZnO/ZnS and zinc phosphate anti-wear species, which could provide
wear protection.”***>! Moreover, the intensities of these peaks for the steel ball

against a-C/WC were stronger than that for the steel ball against a-C, which indicated

17
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the formation of a thicker tribofilm on the steel ball against a-C/WC. Thus, metal
doping tungsten elements can increase the surface activity of carbon-based coatings
and promote the formation of tribofilm, and therefore results in good antiwear and
friction reduction. More experiments were conducted to identify the effect of ZDDP

on antiwear performance.
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Fig. 10 XPS spectra of Zn 2p, S 2p, P 2p and Ols peaks obtained from the tribofilms
formed by the PAO+ZDDP on the steel balls under the load of 100 N.
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More than one mechanism operating in tribofilm formation may exist. Yin et al.
described a mechanism in which ZDDP is concentrated in some of the metal surfaces
and then interacts with the metal ions to form short or long chain zinc
polyphosphates.®® In Yin ef al.’s mechanism, high temperature and load increase the
rate of ZDDP decomposition and facilitate the formation of tribofilms. Fig. 11 shows
the SEM images of the wear scars of the steel ball against the a-C/WC coating tested
in PAO+ZDDP for all the applied loads. When the load was lowered to 20 N, less
tribofilms were detected on the contact surface of the steel ball, and the protective
effect was mainly ascribed to the formation of oil film by the mechanical and/or
thermal action. These pad-like tribofilms on the mating steel ball surface increased
with the applied loads. The tribofilms were completely covered on the worn scar when
the load rose to 100 N. This is because the high contact pressure, along with the high
energy input and thus the high potential, hastened the ZDDP-derived tribofilms
formation and improved the friction reduction and antiwear properties. However, when
the applied load rose to 140 N, the tribofilms were not observed clearly on the wear
scar. This is because the removal rate of tribofilms from the contact surface was
higher than its growth rate under excessive applied loads.” Thus, no antiwear

performance from ZDDP existed.

19
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20kU X100 100pm 28k0 %188 1895m

Fig. 11 SEM images of wear scar on the steel balls against a-C/WC coating tested in
PAO+ZDDP under different loads: (a) 20 N, (b) 60 N, (c) 100 N, and (d) 140 N,

respectively.

Fig. 12 shows the S 2p, P 2p and Zn 2p XPS spectra of the worn surfaces of the
a-C/WC coatings tested in PAO+ZDDP under different applied loads. The results
suggested that ZDDP was decomposed during the rubbing test and formed ZnS/ZnO
and zinc phosphate corresponding to the binding energies of Zn 2p (1022.3 eV), S 2p
(161.7 eV) and P 2p (133.8 eV).”***>! Tribofilms formed on the contact surface of
the coatings, further explaining the absence of carbon-based transfer film in the
presence of ZDDP. Moreover, the content of S and Zn from ZDDP was larger under a

high load than a low load, but the content of such elements decreased when the load

increased to 140 N. This chemical change appears to agree well with the results in Fig.

11.
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Fig. 12 XPS spectra of Zn 2p, S 2p and P 2p obtained from the worn surfaces of
a-C/WC coating tested in PAO+ZDDP under different loads.

3.3. Graphitization mechanism of carbon-based coatings

Raman spectra of coating surfaces before and after rubbing in PAO and PAO+ZDDP
were obtained to identify graphitization. Fig. 13 shows the Raman spectra obtained
from the as-deposited coatings within and outside the wear tracks of coatings after
sliding against steel balls under a load of 100 N. /p//g ratio increased, and the G band
peak within and outside the wear tracks of coatings shifted to a higher wave number
after the rubbing tests. Temperature and/or contact pressure-induced graphitization of
the carbon-based coatings may have occured.** In addition, the Ip/lg ratio within the
wear track of the carbon-based coatings tested in PAO was higher than that outside of
the wear track, suggesting that the contact pressure was an important factor in
inducing graphitization. The high wear rate in the base oil tests can be attributed to the
formation of graphite layer on the contact surface. Particularly, the relatively soft
graphite layers were more prone to mechanical damage and wear. However, for the
coatings tested in the PAO+ZDDP, the intensity ratio Ip/lg within the wear track
dropped to a lower value than that of the base oil PAO, i.c., a lower degree in the
presence of ZDDP. As proposed by Ferrari and Robertson,” the surface of the wear

track tested in base oil suffered a higher graphitization than that lubricated in
21
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PAO+ZDDP. According to Kalin,* the ZDDP-derived tribofilms that formed on the
carbon-based coating surfaces reduced the peak contact stresses and resulted in a
more homogeneous stress distribution at the friction interface, thus suppressing the
tribo-induced graphitization under high load and temperature conditions. Meanwhile,

compact and continuous tribofilms exerted a wear-protective effect at the interface.
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Fig. 13 Raman spectra from as deposited coatings, within and outside wear tracks of (a)

a-C and (b) a-C/WC coatings tested in PAO and PAO+ZDDP at a load of 100 N.
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3.4. Tribochemical reaction mechanism

The W 4f XPS spectra on the wear scar of the a-C/WC coating tested in PAO+ZDDP
under applied loads of 100 and 140 N are shown in Fig. 14. The binding energies of W
41 (33.2, 34.2, 35.4, and 41.7 eV) corresponded with the WS,/WOj derived from the
tribochemical reaction between a-C/WC coating and ZDDP.*"" Therefore, additive
ZDDP could react with the metal doping phase under the combined action of high
temperature and high applied load to form tribochemical products at the interface,
which is in agreement with the results reported in a study of ZDDP at high
temperature.®® Thus, the formation of friction reduction or antiwear WS,/WO, was
also an important factor to the low wear rate of the a-C/WC coating under an applied
load of 100 N (Fig. 14a). When the applied load increased to 140 N, the tribochemical
reaction on the rubbing surface was governed by the formation of amounts of WO;
(Fig. 14b). The formation of the hard particle (WO3) accelerated the abrasive wear
and resulted in the higher wear rate of the a-C/WC coating than that of the a-C

coating.

(a) W 4f (b) W 4f

WO, (34.2 eV)
WC (31.8 eV)l
WO, (35.4,37.4,37.8 eV)

1\

Intensity (arb. units)
Intensity (arb. units)

WO, (41.7 eV)

WC (31.8 eV)

WS, (33.2 eV)

— T T T T T T — T T T T T T T
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Binding Energy (eV) Binding Energy (eV)

Fig. 14 The XPS spectra of W 4f obtained from wear scar of a-C/WC coating tested in
PAO+ZDDP at (a) 100 N and (b) 140 N, respectively.
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Fig. 15 shows the schematic of the friction mechanism for the a-C/WC coating
during the reciprocating sliding in PAO and PAO+ZDDP. The excellent antiwear
performance of the a-C/WC coating in PAO+ZDDP was dominated by two major
effects. First, the EDX and XPS results provided direct evidence of the formation of
ZDDP-derived tribofilms consisting of zinc phosphates and zinc sulfide/sulfates on
the rubbing surface of the a-C/WC coating. In addition, the ZDDP-derived tribofilms
was also formed on the a-C film although the tribofilm of a-C is thinner and smaller
than that of a-C/WC, which suppressed graphitization and led to lower wear than
PAO. The tribofilms at the interface can prevent the direct contact of tribo-pairs and
suppress the graphitization under high load/temperature conditions, and result in good
antiwear property (graphitization of the rubbing surfaces of carbon-based coatings in
PAO contributed to friction reduction, but at the same time increased the wear).
Moreover, the existence of doping tungsten elements increased the surface activity of
the carbon-based coating, which was also beneficial to tribofilms formation and
adsorption on the a-C/WC (Fig. 8). On the other hand, the products formed by
tribochemical reaction between the metal doping phase in the a-C/WC coating and
ZDDP under a certain range of load had good friction reduction and wear resistance,
further reduced the wear, and prolonged lives of components. But for the a-C film,
there are not the tribochemical products due to the lack of metal doping phase. Thus,
the volume loss ratio (PAO+ZDDP/PAOQO, %) of the a-C coating was larger than that of
the a-C/WC coating. However, the excessive contact pressure can destroy the
dynamic equilibrium of ZDDP-derived tribofilms, leading to the impossibility of
forming a continuous and compacted antiwear tribofilm on the rubbing surface.
Additionally, for the a-C/WC tested in PAO+ZDDP, excessive contact pressure can
promote the forming of hard WO3, which increases the abrasive wear and worsen the
tribological performance of the a-C/WC coating. However, the a-C coating has a
relatively less change of wear in PAO+ZDDP because there is no hard WO; from

tribochemical reaction.
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Fig.15 Schematic diagram of frictional mechanism for the a-C/WC coating lubricated

with PAO and PAO+ZDDP.
4. Conclusions

The effect of contact pressure on the tribological performance of a-C and a-C/WC
coatings was investigated in base oil PAO and PAO+ZDDP at 180 °C
(operating temperature of engine lubricating oil). The following conclusions can be

made.

1. Average steady-state friction coefficients slightly differed between a-C and
a-C/WC coatings whether in PAO or PAO+ZDDP. However, when ZDDP was added
to the base oil, the wear rate of the two carbon-based coatings decreased to more than
one or two orders of magnitude higher than that in PAO. In particular, a-C/WC coating

achieved better antiwear performance.

2. High temperature and contact pressure can induce the graphitization of the
rubbing surface of carbon-based coatings in PAO during oscillating sliding. However,
for the carbon-based coatings in PAO+ZDDP, ZDDP-derived tribofilm acted as a
mechanically protective barrier that prevented tribo-induced graphitization. Therefore,

the excellent antiwear performance of a-C/WC coating in PAO+ZDDP was due to the
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formation of tribofilms and the tribochemical products WS,/WQO,, which had good

wear resistance and friction reduction that resulted in less wear loss than a-C coating.
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