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Abstract: Diamond-like carbon (DLC) and graphite-like carbon (GLC) coatings have good prospects for
improving the surface properties of engine parts. However, further understanding is needed on the effect
of working conditions on tribological behaviors. In this study, GLC and two types of DLC coatings were
deposited on GCrl5 substrate for investigation. The friction and wear properties of self-mated and
steel-mated pairs were evaluated. Two temperatures (25 and 90 C), three lubrication conditions (base oil,
molybdenum dithiocarbamate (MoDTC)-containing oil, MoDTC+zinc dialkyldithiophosphate (ZDDP)-
containing oil), and high Hertz contact stress (2.41 GPa) were applied in the experiments. The results
showed that high temperature promoted the effect of ZDDP on steel-mated pairs, but increased wear
under base oil lubrication. The increased wear for steel-mated pairs lubricated by MoDTC-containing oil
was due to abrasive wear probably caused by MoOs and 3-FeMoO.a. It was also found that in most cases,
the tribological properties of self-mated pairs were better than those of steel-mated pairs.
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required to drive the car accounts for only 21.5%
[2]. Thus, reducing the friction of transmission parts

1 Introduction

In recent years, the increased number of motor  is a major challenge for improving fuel efficiency

vehicles has made automobile exhaust emissions an and reducing emission.

issue of concern in the society. Excessive emissions
not only cause severe air pollution but also energy
waste and economic losses. To achieve the goal of
energy conservation and emission reduction, the
European Union has published emission standards,
such as “Euro V” and “Euro VI” [1]. For passenger
cars, approximately 28.8% of the energy generated
by fuel is used to deal with unnecessary friction in
components, such as the engine, whereas the energy

Diamond-like carbon (DLC) coating possesses
excellent friction reduction and wear resistance
characteristics as well as good chemical inertness
[3, 4]. Graphite-like carbon (GLC) coating is mainly
comprised of highly disordered sp* bonds with small
graphite clusters [5] that exhibit good tribological
properties and high load capacity under various
conditions [6-10]. Both DLC and GLC are excellent
candidates for improving the tribological properties
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of engine components.

The two most commonly used lubricant additives,
molybdenum dithiocarbamate (MoDTC) and zinc
dialkyldithiophosphate (ZDDP), were designed for
traditional ferrous material, and act on the surface
of the mating pair that causes the tribochemical
reaction to improve friction and wear behavior [11,
12]. Numerous studies have been conducted on
the synergistic effect of MoDTC and ZDDP with
DLC films. MoS; is one of the decomposition products
of MoDTC that exhibits low shear strength and
lamellar structure. Previous studies have shown
that its friction-reducing capability is closely related
to the amount of MoS, [13-15]. MoDTC has been
found to cause significant wear on some DLC coatings
when sliding against steel. The wear acceleration
could be attributed to the formation of abrasive
MoOs[16, 17] or MoC; [18] particles, the chemical
reaction between Mo compound and C dangling
bond [19], or the oxidation of carbon films [20].
-FeMoO, was also found to be a tribochemical
product of MoDTC [21], which may contribute to
the increased wear of DLC. Although different
wear mechanisms have been proposed, it is clear
that the ferrous surface-induced the severe wear
caused by MoDTC. ZDDP eliminates such wear in
most cases. When blended with MoDTC, ZDDP
can provide abundant S elements to promote the
formation of decomposition products, MoS, [22].
Previous studies suggest that in the case of DLC/
steel, ZDDP prevents the dangling bonds on the
carbon surface from forming covalent bonds with
the ferrous surface by creating a reaction film,
thereby eliminating chemical wear. The reaction film
also reduces mechanical wear to a certain extent [23].
ZDDP is believed to inhibit the graphitization of
DLC films during friction, thus reducing surface
wear [24]; graphitization hinders the generation of
ZDDP-derived tribofilms [25]. For DLC/DLC and
DLC/steel, previous studies showed that tribofilm
derived from ZDDP formed on the carbon film,
but the morphology was far from the pad-like
anti-wear film generated on the steel/steel tribopair
[26]. Through in situ tribological tests, the mixed
layer of zinc sulfide and metal oxides that formed
on steel were not found on hydrogenated DLC,
which could be the reason for the discontinuity and
low durability of the tribofilm [27]. However, most
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of the studies mentioned above were carried out at
the Hertz contact stress of 1 GPa and a temperature
of approximately 100 ‘C. Engine components, such
as the valve cam, can sustain higher contact pressure,
and engine wear frequently occurs during the cold
start owing to the lack of lubricating oil available
to the engine components when the engine is still
at room temperature. To fully investigate the
tribological characteristics of DLC under actual
engine operating conditions, it is important to conduct
tribological experiments under normal temperature
and high Hertz contact stress. Few studies have
been conducted on the tribological behaviors of
oil-lubricated GLC. Thus, the effect of lubricating
oil additives on GLC films requires further research.

In this study, the experiments were conducted
on the GLC coating and two types of DLC coatings,
hydrogenated amorphous carbon (a-C:H) and
tetrahedral amorphous carbon (ta-C) coatings. The
tribological behaviors of self-mated tribopairs and
those sliding against GCr15 steel were investigated
under high Hertz contact stress (2.41 GPa), lubricated
by base oil and oils containing MoDTC and MoDTC+
ZDDP. Their mechanisms were also discussed. The
main purpose of the experiment is to investigate
the effects of temperature and mating pairs on
tribochemical reactions between carbon-based coatings
and oil additives, and determine the mechanisms
of the friction and wear behaviors of the coatings
under high Hertz contact stress.

2 Experimental
2.1 Deposition of the films

Before deposition, the GCr15 steel substrates (dim-
ensions of ¢20 mm x 10 mm) were each ultrasonically
cleaned in petroleum ether, acetone, and alcohol
for 20 min, and then dried with nitrogen. The a-
C:H and GLC coatings were deposited on the GCr15
substrates with chromium transitional layers using
the unbalanced magnetron sputtering ion deposition
system (UDP650-4, Teer, England). The ta-C coating
was deposited on the substrate through multi-arc
ion plating (Flexicoat 850, Hauzer, the Netherlands).
A graphite target was used to provide the carbon
in all deposition processes. The deposition details
of the three coatings are listed in Table 1.
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Table 1 Deposition details of the coatings.

Coatings Precursors G(a;i(f'ln(l))w Interlayer Targez\\]/)oltage Targe(tAc)urrent Bias(\{;))ltage Dg[r);)esi(ttil())n
GLC Ar 16 Cr 750 3.5 70 4
a-C:H Ar + C4Hy, 16 +4 Cr 640 3.5 70 4
ta-C Ar 90 Cr — 60 50 0.625

2.2 Base oil and additives

An API-II base oil with viscosities of 6.383 mm?*/s
and 18.851 mm?/s at 80 and 40 ‘C, respectively,
was selected. The elemental compositions of 2-
ethylhexyl MoDTC are Mo 10 at% and S 11 at%.
The compositions of ZDDP are 10 at% Zn, 8 at% P,
and 15 at% S. Both additives were used separately
with a mass ratio of 1%.

2.3 Tribological tests

The experiments were conducted on an UMT-3
Bruker Tribolab reciprocating friction and wear
tester. The fixed coated or uncoated GCrl5 ball,
with a diameter of 6 mm, was in the upper position,
whereas the reciprocating coated substrate was in
the lower position. The load applied in this experiment
was 50 N, which provided a maximum initial
contact pressure of 2.41 GPa. Each test lasted for
1h at 25 or 90 C. The reciprocating amplitude
was 5 mm and the frequency was 5 Hz. The wear
track of the coated substrate was measured on the
K-tencor D-100 two-dimensional profiler, and the
wear scar of the balls was observed using a scanning
electron microscopy (SEM). The two-dimensional
profiler was automatically integrated to calculate
the area of the wear track at the cross-section after
the flattened baseline was processed. Three cross-
sectional areas were sampled (two from both ends
and the other from the middle of the wear track),
averaged, and then multiplied by the reciprocating
amplitude (5 mm) to calculate the wear volume.
The wear rate (K) of the DLC coatings was based
on the wear volume of the coated disc substrate
mentioned above, which was calculated by the
following equation:

AV
FxS

(1)

where AV (mm?) is the wear volume, F (N) is the
applied normal load, and S (m) is the sliding
distance.

Each experiment was conducted three times to
ensure repeatability, and the average values were
adopted in the study.

2.4 Surface analysis

Field-emission SEM (FESEM, HitachiS4800) was
used to obtain the cross-section image of the
coatings. The TTX-NHT2 nano-indenter (Anton
Paar, Austria) was employed to investigate the
hardness and elastic modulus of the DLC coating;
the test depth was approximately 10% of the coating
thickness. After the experiment, the morphologies
of wear tracks and wear scars, and elements in the
wear tracks were studied through SEM (TESCAN
MIRAS3) and energy-dispersive spectroscopy (EDS,
Bruker XFlash 630). Further investigation of the
transfer layer and degree of graphitization on the
wear scars and wear tracks were performed by
Raman spectroscopy (532 nm Ar* laser excitation
source, LabRam HR 800).

3 Results

3.1 Properties of the coatings

The cross-sectional surface morphologies of GLC,
a-C:H, and ta-C coatings are shown in Fig. 1(a). It
was observed that the thickness of GLC and a-C:H
coatings was 1.8 um. Owing to the high internal
stress of the ta-C coating, the thickness was controlled
at 0.66 pm to ensure the high adhesion strength.
The thickness of Cr interlayers ranged from 0.2 to
0.3 pm for the three coatings. The deposited grains
of the GLC coating was uniform, exhibiting a
graphitic structure. The a-C:H coating exhibited a
dense columnar structure without obvious gaps.

http:/friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Fig.1 (a) Cross-sectional SEM images and (b) 3D surface morphological images of the coatingé.

For the ta-C coating, the grain size was relatively
small and the structure was dense. As seen from
the 3D surface morphologicaies in Fig. 1(b), the
GLC and a-C:H coatings showed smooth surfaces
with only a few bulges. The surface of the ta-C
coating seemed quite rough, exhibiting lots of
sharp particles and defects.

The mechanical properties of the coatings and
GCr15 ball are listed in Table 2. Among the three
coatings, ta-C had the highest hardness and elastic
modulus of 64.0 and 442.0 GPa, respectively, which
were attributed to the greater number of sp®hybrid
bonds in ta-C compared with the other coatings.
The roughness of ta-C was much higher compared
with the other two coatings, corresponding to its
surface morphology. This phenomenon was explained
by the large number of carbon ions that accumulated
on the Cr interlayer and formed large particles,
which increased the surface roughness.

3.2 Lubrication regime

The A is the ratio of elastohydrodynamic (EHD)

Table 2 Mechanical properties of the coatings and GCrl5

ball.
. Hardness Elastic - Adhesion Roughness
Specimen (GPa) modulus  strength (nm)
(GPa) N)
GLC 14.2 163.0 19.3 11.0
a-C:H 25.0 218.0 15.4 12.0
ta-C 64.0 442.0 18.5 40.7
GCrl5 7.3 208.0 — 25.0

film thickness and composite surface roughness,
which was used to determine the lubrication regime
in this experiment. The minimum EHD film thickness
(hmin) was calculated by the Hamrock-Dowson
formula [28]:

V 0.68 . F -0.073
hy =363 L | (aE)” (1-e )R
1 ER ER?
()

where 71 is the fluid viscosity, V is the sliding
velocity, E’ is the effective elastic modulus, a is the
viscosity-pressure coefficient, R is the radius of the
mating ball, F is the applied normal load, and k is
the ellipticity.

The X is calculated by the following Eq. (3) [29]:

h_. h_.
A =—_min _ min (3)

o 2 2
"0-1 '|'O'2

where o is the combined surface roughness of the

coating (01) and mating ball (02).

According to the relevant parameters, the minimum
film thickness was approximately 6.97-7.84 nm at
25 C, which decreased to 2.33-2.62 nm at 90 C.
The combined surface roughness of all tribopairs
was in the range of 11.0-40.7 nm. Therefore, the 4
ranged from 0.17 to 0.71 at 25 C, and 0.06 to 0.24
at 90 C, revealing that the lubrication regime in
the experiment was boundary lubrication.

3.3 Tribological behaviors
3.3.1 Friction coefficient (COF)

Figures 2 and 3 show the COF curves at 25 and
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90 C. At 25 C, the COF of all tribopairs fluctuated =~ GLC at 0.08. The friction-reducing effect of MoDTC
greatly. Under base oil lubrication, the lowest COF on DLC/steel and GLC/steel was more obvious,
was achieved by ta-C/steel at approximately 0.07.  but also caused a larger range of COFs than in the
The COF of GLC/steel was approximately 0.11,  base oil. For GLC, the COF ranged from 0.06 to
which is significantly higher than that of GLC/  0.20. Under MoDTC lubrication, the average COF of
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Fig. 2 COF curves vs. time of different tribopairs at 25 C.
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Fig. 3 COF curves vs time of different tribopairs at 90 C.
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GLC/steel and a-C:H/steel was approximately 0.06.
The lower value of ta-C/steel reached approximately
0.05 and showed a downward trend during the
friction process. ZDDP had a minor effect on the
friction-reduction and did not reduce the fluctuation
of the COF. For the self-mated tribopairs, the effect
of additives on the COF was not obvious. However,
ta-C/ta-C is a special case. The wear rate (to be
discussed in the next section) confirmed that ta-
C/ta-C was worn out under all three lubrication
conditions. Hence, the COFs were not significant
for the investigation. Compared with the steel-mated
tribopairs, the COFs of the self-mated tribopairs
were more stable.

At 90 C, the COF of each tribopair was very
stable. First, it should be mentioned that ta-C/ta-C
was worn out under all three lubrication conditions,
the same as at 25 C. The ta-C coating was also
worn out when wearing against the steel ball under
base oil lubrication, as indicated by the sudden
decrease of the COF. Under base oil lubrication,
the COFs of all tribopairs were lower and more
stable than those at 25 C. The COF of a-C:H/a-
C:H was the lowest at approximately 0.04, which
is half of that at 25 'C. MoDTC reduced the COF
of steel-mated tribopairs to half of that in the base
oil but significantly increased that of self-mated
tribopairs. For the steel-mated tribopairs, the COF
increased slightly when ZDDP was contained in
the oil, compared to MoDTC-containing oil., but
the effect was opposite for the self-mated tribopairs.
Nonetheless, the overall effect was not significant.

3.3.2  Wear rate

Figure 4 shows the wear rates of coatings for the

-
n
=3
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steel-mated and self-mated tribopairs at 25 C. For
the steel-mated tribopairs, the wear rate of ta-C/
steel was the highest under base oil lubrication,
which was six times of that of a-C:H/steel. The
effect of MoDTC on aggravating the wear of DLC/
steel, as reported in Refs. [16, 26, 30], was also
observed in this experiment. However, it is worth
noting that MoDTC had anti-wear effects on ta-C/
steel instead. On the other hand, ZDDP had a
limited effect on reducing wear for DLC/steel and
GLC/steel. For the self-mated tribopairs, the wear
rates of GLC/GLC and a-C:H/a-C:H were very low,
but that of ta-C/ta-C was extremely high such that
it became worn out. The effect of additives on the
wear rate was small. The only exception was ZDDP,
which increased the wear of GLC self-mated pairs.

Figure 5 shows the wear rates of coatings for the
steel-mated and self-mated tribopairs at 90 C. It
can be seen that the wear rates of the steel-mated
tribopairs under base oil lubrication almost doubled,
which wore out ta-C/steel. MoDTC aggravated the
wear of GLC/steel but had little influence on the
wear rate of a-C:H/steel. For ta-C/steel, it effectively
improved the wear resistance of the coating. The
anti-wear effect of ZDDP on the steel-mated tribopairs
greatly improved, reducing the wear rate to a very
low level. The wear rate of self-mated tribopairs
under base oil lubrication increased, but it was still
much less than that of the steel-mated tribopairs.
MoDTC exacerbated the wear of GLC/GLC, but
ZDDP suppressed this phenomenon. For a-C:H/a-
C:H, the additives played anti-wear roles. However,
ta-C/ta-C suffered the same severe wear as that at
25 C.
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Fig. 4 Wear rates of different tribopairs at 25 C.
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Fig. 5 Wear rates of different tribopairs at 90 C.

3.4 SEM and EDS analysis

The wear tracks of the coated substrate were observed
using SEM and the morphological images under
MoDTC+ZDDP lubrication and base oil lubrication
conditions were given in Figs. 6 and 7, respectively.
Figures 4 and 5 show that the temperature had
obvious effects on the wear rates of a-C:H/a-C:H
lubricated by base oil, and that of the steel-mated
pair lubricated by MoDTC+ZDDP-containing oil.
Therefore, the wear tracks of GLC/steel and a-C:H/
steel lubricated by MoDTC+ZDDP-containing oil,
and ta-C/steel and a-C:H/a-C:H lubricated by base
oil, were compared.

Under the lubrication of MoDTC+ZDDP-containing
oil, it was observed that the width of the wear
track on GLC at 90 C, the number of furrows, and
the depth of the wear track significantly decreased,

2SIEE ‘ GLC/steel
Furrows D‘ [
. Weir track

Fig. 7 SEM images of the wear tracks under base oil lubrication.

as shown in Fig. 6. For a-C:H/steel, no spalling of
the coatings appeared at higher temperatures, and
the width of the wear track was also reduced.
Under base oil lubrication, high temperature
aggravated wear (Fig. 7). For ta-C/steel, the width
of the wear track increased, and the worn-out area
of the coating also increased significantly. For
a-C:H/a-C:H, the number of furrows increased and
was distributed continuously on the wear track.
Since the tribofilms were mostly generated on
the mating ball, it is necessary to observe the
morphologies of the wear scar on the balls, and
then use EDS to analyze the element content of the
tribofilm that formed on the coating. Figure 8 and
Table 3 show that for GLC/GLC lubricated by
MoDTC-containing oil, a relatively dense friction
reaction film, rich in Mo, S, O, and other elements,
was formed on the wear scar. However, the analysis

a-C:H/steel

Wear track

1a-C:H/a-C:H
Furrows |

CoH o

a-C:H/a-C:H

Furrows

EAf

Wear track
| O

Wear track
100 um
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Base oil MoDTC MoDTC+ZDDP
GLC/GLC
a-C:H/a-C:H
ta-C/ta-C
100 pm
Fig. 8 SEM images of wear scars on the self-mated balls at 90 C.
Table 3 Element content of the wear scars on the self-mated balls at 90 C.
) ) ) . Element content (at%)
Mating pairs and lubricated conditions
C (0] Fe Mo S Zn P
GLC/GLC, base oil 97.37 2.29 0.30 — — — —
GLC/GLC, MoDTC 76.83 10.01 3.43 4.89 4.59 — —
GLC/GLC, MoDTC+ZDDP 96.65 3.02 0.17 0.02 0.08 0.03 0.03
a-C:H/a-C:H, base oil 98.32 1.39 0.28 — — — —
a-C:H/a-C:H, MoDTC 94.42 1.44 0.39 2.39 3.64 — —
a-C:H/a-C:H, MoDTC+ZDDP 98.05 1.44 0.39 — 0.08 — —
ta-C/ta-C, base oil 49.13 11.86 38.91 — — — —
ta-C/ta-C, MoDTC 30.72 5.52 57.28 1.52 2.18 — —
ta-C/ta-C, MoDTC+ZDDP 55.16 3.45 38.81 0.71 1.33 0.39 0.15

of the results of tribological experiments indicates
that this tribofilm did not improve tribological
performance. Instead, it exacerbated the wear on
the coated substrate. Under the lubrication of
MoDTC+ZDDP-containing oil, a discontinuous pale
film appeared on the surface of the mating ball,
which was similar to the friction reaction film
described in other literatures. EDS analysis found
that few P and Zn elements appeared. Compared
with GLC/GLC, the oxygen content of the wear
scar of a-C:H/a-C:H was relatively low, and the
Mo and S content decreased after the addition of

ZDDP; there was also no enrichment of Zn or P.
For ta-C/ta-C, the coating was worn out under all
lubrication conditions. Some glassy pad-like reaction
films containing P, Zn, S, Fe, and Mo appeared on
the exposed steel substrate lubricated by MoDTC+
ZDDP-containing oil, which is consistent with the
morphology of the tribofilm that formed on the
ferrous surface.

The morphologies and element content of wear
scars on steel-mated balls at 90 °C are shown in
Fig. 9 and Table 4, respectively. For GLC/steel, the
transferred carbon is seen at the center of the wear
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scar under base oil lubrication. The wear scar
became larger when lubricated by MoDTC-containing
oil, and the deep furrows on it indicate that the
wear mechanism was abrasive wear. The addition
of ZDDP helped recover the worn surfaces; it
formed a continuous tribofilm containing C, O, Fe,
and a small amount of Mo, S, Zn, and P. The wear
condition of a-C:H/steel was similar to the above
phenomenon. It is worth noting that the addition
of MoDTC caused a large amount (71.25%) of the
transferred carbon. For ta-C/steel, the wear scar
became much larger compared with that on the

Base oil

GLC/steel

a-C:H/steel

ta-C/steel

other two tribopairs.
3.5 Raman analysis

Raman spectroscopy is widely used to distinguish
the bonding states of the carbon phase in GLC and
DLC coatings. The Raman spectrum of the GLC
and DLC coatings generally shows a broad peak at
approximately 1,500 cm ™, which can be decomposed
into two peaks corresponding to the D peak and G
peak, respectively. The D peak shoulder is located
at approximately 1,360 cm!, and the G peak is

MoDTC

MoDTC+ZDDP

Fig. 9 SEM images of wear scars on the steel-mated balls at 90 C.

Table 4 Element content of the wear scars on the steel-mated balls at 90 C.

Element content (at%)

Mating pairs and lubricated conditions

C Fe Mo S Zn P
GLC/steel, base oil 22.58 53.34 18.91 — — — —
GLC/steel, MoDTC 33.10 4.78 50.50 9.18 2.26 — —
GLC/steel, MoDTC+ZDDP 32.82 3.96 59.59 0.97 1.27 0.99 0.40
a-C:H/steel, base oil 18.63 19.65 59.25 — — — —
a-C:H/steel, MoDTC 71.25 1.76 21.89 2.81 1.97 — —
a-C:H/steel, MoDTC+ZDDP 15.54 6.95 71.22 0.60 1.29 2.25 1.01
ta-C/steel, base oil 25.04 6.66 66.64 — — — —
ta-C/steel, MoDTC 41.10 5.43 40.71 7.60 3.99 — —
ta-C/steel, MoDTC+ZDDP 31.53 3.61 61.02 0.94 1.71 0.96 0.23
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located at approximately 1,580 cm™ [31]. The D
peak is attributed to the breathing modes of sp?
atoms in rings and the G peak is attributed to the
bond stretching of all pairs of sp? atoms in both
rings and chains [32]. Higher values of the Ip/Ic
ratio mean a higher sp?/sp® ratio and a higher
degree of graphitization.

By observing the Raman spectra of wear tracks
on the coated substrate at 25 and 90 C, it was
found that most of the Ip/Igratios varied little, which
proved that no obvious graphitization occurred.
The only exception was the Ip/Igratio of ta-C/ta-C
under MoDTC-containing oil lubrication, which
increased after wear, as shown in Fig. 10. Moreover,
no other peaks appeared in the spectra, which
indicated that the formation of tribofilm derived
from additives on the coated substrate was difficult.

To further investigate the composition of tribo-
chemical products and the formation of carbon
transfer films, Raman spectroscopy was performed
on the wear scars of the mating balls.

Figure 11 shows the Raman spectra of wear
scars on mating balls of GLC. It was observed from
Fig. 11(a) that no sign of an increase in the Ip/Ic
ratio of the GLC coating on the ball lubricated by
base oil at 90 ‘C, which was similar to the coated
substrate. The characteristic peak of Fe,Os; was in
the range of 120-310 cm™ [15]. Two first-order
active modes, El2g peak at 380 cm ™' and Ay, peak at
410 cm'!, related to the vibration of Mo-S-Mo
layer were found [33]. The peak near 820 cm™
indicates the presence of MoO:s [34]. The characteristic
peak of Fe;Os was near 680 cm™ [35]. The peak

Iv/Ic=0.95 D
ta-C/ta-C under 90 °C G
Gyl
=
& G
& | bil=129 D
£ | ta-C/ta-C under 25 °C
2
=
—
G
Ip/lc=0.47 D
as deposited

200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
Raman shift (cm™)

Fig. 10 Raman spectra of wear tracks on ta-C coated substrates
lubricated by MoDTC.

Friction

near 926 cm 'was assigned to Mo=C stretching in
B-FeMoO, [36]. For GLC/GLC, when ZDDP was
added, the MoS, peak became less intense, which
indicated that ZDDP inhibited its generation.
However, after the addition of ZDDP, the increased
intensity of amorphous carbon peaks was observed,
which indicated that the carbon content of the tribofilm
increased and the iron oxide peak disappeared
simultaneously, which proved that ZDDP could
effectively inhibit metal oxidation, or protect the
ball coating without exposing the steel substrate.
For GLC/steel, a weak Fe;O4 peak appeared, which
indicated that the ferrous surface was further
oxidized under base oil lubrication. After adding
MoDTC, strong MoS; and Fe;Os; peaks occurred.
For MoDTC+ZDDP-containing oil lubrication, apart
from MoS;, and Fe,Os characteristic peaks, weak
peaks near 820 and 926 cm ' also appeared, indicating
that small amounts of MoO; and (3-FeMoO, appeared
on the wear scar.

The Raman spectra at 25 ‘C are shown in Fig. 11(b).
For GLC/GLC, only the amorphous carbon peaks
were seen under the lubrication of base oil and
MoDTC-containing oil. The MoS, peaks were exhibited
weakly under the lubrication of MoDTC+ZDDP-
containing oil. For GLC/steel, the characteristic peaks
were less intense, indicating that the additives were
less effective under such circumstances.

Figure 12 shows the Raman spectra of wear
scars on mating balls of a-C:H. At 90 C, the self-
mated tribopairs did not undergo graphitization
for a-C:H lubricated by base oil as shown in Fig.
12(a). It showed less intense MoS, characteristic
peaks lubricated by MoDTC+ZDDP-containing oil.
After the addition of ZDDP, the weak peak near
926 cm 'indicated the existence of 3-FeMoO.. For
a-C:H/steel, base oil lubrication generated a large
amount of iron oxide. When ZDDP was added, the
MoS; peaks were enhanced, and the amount of
transferred amorphous carbon seemed to increase.
The weak characteristic peaks of MoOs; and (-
FeMoO; also appeared.

At 25 C, no peaks apart from those of amorphous
carbon were found for a-C:H/a-C:H. The additives
affected the steel-mated pairs, as observed from
the MoS; peaks in Fig. 12(b). The transferred carbon

VENSIVIEIRVSQYI-ILEQAS @ Springer | https:/mc03.manuscriptcentral.com/friction



Friction

GLC/GLC base oil : (a)

, GLC/GLC MoDTC '
GLC/steel base oilM
—AA

; GLC/steel MoDTC

.1 GLC/steel MoDTC+ZDDP

200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
Raman shift (em™)

Intensity (a.u.)

Fig. 11

a-C:H/a-C:H base oil

N\ @

a-C:H/a-C:H MoDTC

i
a-C:H/a-C:H MoDTC+ZDDP

a-C:H/steel base,oil

Intensity (a.u.)

a-C:H/steel MoDTC

a-C:H/steel MoDTC+ZDDP

200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
Raman shift (cm™)

11

GLC/GLC base oil

L

GLC/GLC MoDTC /%
GLC/GLC MoDTC+ZDDP '
A

GLC/steel bnse}oil + v
GLC/steel MoDTC
GLC/steel MoDTC+ZDDP

L L 1

T 1 i 1 1

200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
Raman shift (cm™")

Intensity (a.u.)

Raman spectra of wear scars on mating balls of GLC at (a) 90 'C and (b) 25 C.
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Fig. 12 Raman spectra of wear scars on mating balls of a-C:H at (a) 90 ‘C and (b) 25 C.

was confirmed for a-C:H/steel lubricated by MoDTC
and base oil since the broad peaks appeared between
1,300 and 1,600 cmm ™.

Figures 13(a) and 13(b) shows the Raman spectra
of wear scars on mating balls of ta-C at 90 and
25 C, respectively. At 90 C, for ta-C/ta-C, no
obvious characteristic peaks appeared under base
oil lubrication, but MoS; peaks and weak carbon
peaks appeared when MoDTC was added. For
ta-C/steel, insignificant carbon peaks appeared under
base oil lubrication, and the characteristic peaks of
MoS; were relatively lubricated by MoDTC-containing
oil. When ZDDP was added, weak Fe,O;, Mo0S,, and
MoOs peaks appeared, and the 3-FeMoO; peak was
more intense. In addition, there were multiple strong
carbon peaks when lubricated by MoDTC+ZDDP-
containing oil.

At 25 C, for ta-C/ta-C, amorphous carbon peaks
appeared under base oil lubrication, indicating the
existence of a small amount of carbon residue.

Weak peaks of MoS; were found on peaks under
the lubrication of the additives. For ta-C/steel, strong
FesO4 peaks appeared under base oil lubrication,
indicating that the ferrous surfaces suffered severe
oxidation. Fe;O; and MoS, peaks appeared when
MoDTC was added, like other steel-mated pairs.
Under the lubrication of MoDTC+ZDDP-containing
oil, the peaks of 3-FeMoO,, MoO;, MoS,, Fe;Os,
and amorphous carbon all appeared.

3.6 Discussion

At 90 C, the fluctuation of the COF was very
small but was very large at room temperature
(25 'C). This may be attributed to the viscosity of
the lubricant. At room temperature, the viscosity
of the lubricating oil was relatively high; thus, the
fluidity was poor. Under high contact stress, dry
friction tended to occur in the local area owing to
oil starvation during the friction process; hence,
the sudden increases of COF occurred frequently.

http:/friction.tsinghuajournals.com | www.Springer.com/journal/40544 | Friction
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Fig. 13 Raman spectra of wear scars on mating balls of ta-C (a) 90 C and (b) 25 C.

At the same time, as MoDTC is a kind of viscous
liquid, the fluidity of lubricating oil would be
further reduced after its addition, which exacerbated
the COF fluctuations at room temperature. At high
temperatures, the high fluidity of the base oil
helped stabilize the COF. As shown in Fig. 3, the
COFs of GLC/GLC and a-C:H/a-C:H at 90 C were
both stables at 0.04, which were lower than those
at 25 °C. This illustrates that GLC/GLC and a-C:H/
a-C:H tribopairs have good inherent friction behaviors.
However, for steel-mated tribopairs under base
oil lubrication, no decrease in COF occurred at
high temperatures. The reason is that the oil film
thickness decreased with lubricant viscosity, leading
to more surface asperities shearing against each
other. The oxidation of ferrous surfaces might also
increase the asperities that caused a high COF.
Figures 11 and 12 show that the Raman spectra of
GLC/steel and a-C:H/steel both have strong Fe;O,
peaks at 680 cm ™ at high temperatures, which
indicated that the ferrous surface was severely
oxidized under base oil lubrication. On the other
hand, high temperatures promoted the decomposition
of MoDTC to generate more MoS,, which helped
reduce the COF. ZDDP was more reactive at high
temperatures, but the tribofilm that formed on
DLC/GLC had little effect on the friction.

The bearing capacity of the oil film decreased at
high temperature, causing damage under high stress,
resulting in severe wear. Therefore, the wear rate
of the coated substrate under base oil lubrication
increased at 90 ‘C. This phenomenon is reflected
in Fig. 7. The wear of ta-C/steel under base oil
lubrication at 90 'C was particularly intensified,

which was attributed to its high roughness and
hardness. The hard asperities on the surface increased
the contact stress, which damaged the oil film more
severely at 90 C, resulting in more severe wear. For
lubricant additives, high temperature promoted the
formation of tribofilms originating from ZDDP,
which effectively reduced the wear for steel-mated
pairs caused by MoDTC. The increased amount of
MoS; at high temperatures also reduced the contact
pressure to lower the wear rate.

Figures 8, 11(a), and 12(a) show that under the
lubrication of MoDTC-containing oil, the surfaces
of the wear scars on the mating balls of GLC/GLC
and a-C:H/a-C:H were rich in Mo and S elements.
MoS; was confirmed on the wear scars by Raman
spectra; this increased the COF, which suggested
that the friction-reducing property of MoS, was
less effective than self-mated coatings. From the
observation of Figs. 8 and 9, under the lubrication
of MoDTC+ZDDP-containing oil, no enrichment of
P and Zn occurred on the wear scars of the self-
mated pair, except for ta-C/ta-C. In addition, the
surface of ta-C was bare steel substrate. However,
Mo, S, Zn, and P were present on the wear scars of
the steel-mated pairs. Those above revealed that
the ferrous surface is essential for ZDDP to form a
tribofilm with wear resistance. By comparing Figures
4 and 5, it can be concluded that the wear resistance
of ZDDP under high temperatures was very
effective for steel-mated tribopairs. Figures 11-13
show that under the lubrication of MoDTC+ZDDP-
containing oil, the peaks at 380 and 410 cm™ of
steel-mated tribopairs were stronger at 90 C,
which indicated the promotion of MoS, formation.
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It is worth noting that the peaks near 926 and
820 cm™ corresponding to B-FeMoOs; and MoOs;,
only appeared after the addition of ZDDP. MoO;
was a common decomposition product of MoDTC,
and (-FeMoO, was probably generated by the
reaction between ferrous surfaces and MoSx (x > 2),
an intermediate decomposition product of MoDTC
at low temperature [18]. In this experiment, MoOs
and [-FeMoOs may act like abrasive particles.
When ZDDP was added to the oil, the anti-wear
tribofilm prevented the particles from directly
contacting with the surface of the mating pairs.
Meanwhile, MoO; and 3-FeMoO, were embedded
in the tribofilm.

In this experiment, the only graphitization occurred
at ta-C/ta-C, as shown in Fig. 10. In Refs. [37, 38], it
was found that increased load, the use of MoDTC
additives, and metal-doping increased the Ip/Ig
ratio of the DLC coating during the friction process.
However, both the Mo compound and doped metal
particles could lead to increased contact stress,
thus inducing graphitization. According to Haque's
study [39], the temperature during friction is
negatively related to the stress that induced
graphitization. Although a large load of 50 N was
used in this study, the Hertz contact stress
generated by most of the tribopairs did not reach
the inducing value. The ta-C/ta-C had hard asperities
on both contact surfaces, which would greatly
increase the contact stress to reach inducing values
at 25 and 90 C, and then caused graphitization.
Moreover, the spalling of ta-C surface occurred
owing to the high contact stress of ta-C/ta-C, and
the hard ta-C particles caused severe third-body
abrasive wear.

4 Conclusions

In this study, the effects of tribopairs and temperature
on the tribological behaviors of GLC and DLC
coatings, lubricated by the base oil and additive-
containing oils under high Hertz contact stress,
were investigated. The conclusions are as follows:

1) At high temperatures, the COF was stable
owing to the low viscosity of the base oil. The
wear resistance of ZDDP was also enhanced for
steel-mated tribopairs. The decomposition of MoDTC

13

was promoted to form MoS,, MoOs, and 3-FeMoO,
under the lubrication of MoDTC+ZDDP-containing
oil. However, the lower viscosity of the base oil
decreased the bearing capacity of the oil film and
exacerbated wear.

2) The wear condition of ta-C/ta-C was severe,
which was caused by third-body abrasive wear
due to its high roughness and high hardness. The
only graphitization in the experiment occurred on
the wear scar of ta-C/ta-C lubricated by MoDTC-
containing oil. The inherent COFs of GLC/GLC
and a-C:H/a-C:H were lower than that of MoS..
The type of wear caused by MoDTC on the steel-
mated tribopairs was abrasive wear. This only
caused wear on coatings with a hardness within a
certain range and had no effect on ta-C coating
with high hardness.
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