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Abstract: Molybdenum dialkyldithiocarbamate (MoDTC) is widely used as a friction modifier in engine lubricating
oil. Under MoDTC lubrication, the friction and wear behaviors of tungsten-doped diamond-like carbon (W-DLC)
films annealed at 100—400 °C were discussed and evaluated using scanning electron microscopy (SEM), atomic
force microscopy (AFM), and Raman spectroscopy. Under (polymerized alpha olefin) PAO + MoDTC lubrication,
the coefficient of friction of all samples decreased, but the wear rates of the W-DLC films annealed at 300 °C
increased significantly. By interacting with zinc dialkyldithiophosphate (ZDDP), the wear rates of W-DLC films
annealed at different temperatures declined significantly owing to the formation of dense phosphate tribofilms
on the worn surfaces.

Keywords: diamond-like carbon (DLC); annealing; friction and wear behaviors; molybdenum dialkyldithio-
carbamate (MoDTC); zinc dialkyldithiophosphate (ZDDP)

1 Introduction

The efficiency and life of the engine affects its energy
saving and economic performance. Low-viscosity
lubricants, friction modifiers, and lubricated coatings
can effectively reduce the coefficient of friction (COF)
and improve the engine fuel economy. Diamond-like
carbon (DLC) films are also widely used in engine
systems owing to their high hardness, good lubrication
performance, and chemical inertness [1-4]. DLC films
are metastable amorphous structures composed of sp?
and sp® carbon bonds (sp*C and sp*-C). However,

the conversion from sp®-C into sp?-C occurs at high
temperatures, resulting in a change in the structure
and properties of DLC films [5-8]. The working
temperature of the engine is 120-150 °C [9, 10].
Moreover, the flash temperature during the friction
process may reach 200 °C, which is an important
factor for increasing the temperature of the working
surface [11, 12].

Tungsten achieves excellent frictional properties at
high temperatures in DLC films. In air, tungsten-
doped DLC films have stable tribological properties at
high temperatures (400-500 °C), owing to the oxidation
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of W into WO; (tungsten content of approximately
20 wt%) [13-15], leading to the application of W-DLC
films in automobile engines, such as on the surfaces of
the valves and cams [16, 17]. In addition, lubricants
are conducive to the removal of abrasive particles, and
additives can further reduce friction and wear [18, 19].
Therefore, the tribological properties of W-DLC films
annealed at different temperatures under oil lubrication
have been discussed.

MoDTC is commonly used as a friction modifier,
which can be decomposed into tribofilms on counter
surfaces. The tribofilms are mainly composed of N,
C, and O, with nanoscale embedded MoS,, and thus
MoDTC exhibits friction reduction properties during
the friction process [20-22]. As a type of anti-friction
film, DLC films are expected to further reduce the
frictional loss and interact with MoDTC. However,
previous studies have shown that MoDTC aggravates
the wear of DLC films [23-29]. Some studies have
considered that MoO; particles decomposed from
MoDTC become abrasive during the friction process,
which worsens the wear of DLC films [23-26]. In recent
years, current studies have focused on the reasons
for the increased wear of DLC films lubricated
with MoDTC, and it was found that Mo,C particles,
produced by tribochemical reactions between DLC
films and MoDTC, are the main contributor [27-29].

MoDTC reacting with other additives has been
universally investigated, particularly the interaction
between MoDTC and ZDDP (the most widely used
extreme agent) [30-37]. It was found that a carbon-
rich amorphous phosphate structure was formed on
the worn surfaces, and MoS, was embedded in the
gaps of pad-like phosphate structures under MoDTC
and ZDDP lubrication conditions [31, 32]. Moreover,
by interacting with DLC films, ZDDP can suppress
the wear caused by MoDTC [32-34]. The formation
of tribofilms depends on the worn surfaces, based
on the physical adsorption and chemical reaction of
additives on the worn surfaces. Therefore, changes in
the chemical composition of DLC films greatly affect
their mechanical properties and tribological behavior
by interacting with additives, altering the efficiency
and service life of the engine [25, 26, 38—40].

In Section 2 of this study, the effects of annealing
temperature on the morphology, chemical structure,
and mechanical properties of W-DLC films were

investigated, along with the friction and wear behavior
under PAO lubrication. With an increase in the annealing
temperature, the thickness of the W-DLC film decreases
because of the graphitization. Moreover, oxygen was
obtained on the unworn surfaces of W-DLC films
annealed at 400 °C. When the annealing temperature
reached 500 °C, the films were destroyed. The hardness
and elastic modulus of the W-DLC films decreased
with an increase in the annealing temperature. Under
PAO lubrication, a lower COF was observed for the
films annealed at 200 and 300 °C compared with those
annealed at other temperatures. This was attributed to
the fact that the proper increase in the sp*C bond has
a positive effect on the removal of the wear particles.
Based on Section 2, the effects of annealing temperature
on the friction and wear behavior of W-DLC films with
MoDTC and MoDTC + ZDDP additives are discussed
in Section 3.

2 Experimental

2.1 Materials and lubricants

W-DLC films were deposited on an AISI 316 L stainless
steel substrate through magnetron sputtering (W
content of 4.5 at%) with a thickness of 2.2 um.
Furthermore, the W-DLC films were annealed at 100,
150, 200, 300, 400, and 500 °C in the atmosphere, and
the unannealed films were labeled as 25 °C W-DLC
films.

The base oil used in the tribotests was synthetic poly-
alpha olefin (PAO-4), with a viscosity of 16.68 mm?/s at
40 °C and 3.84 mm?/s at 100 °C, respectively. The con-
centrations of MoDTC (Mo: 10.0 wt% and S: 11.0 wt%)
and ZDDP (Zn: 10.0 wt%, P: 8.0 wt%, and S: 16.0 wt%)
were both 1 wt%. The lubricating conditions are
listed in Table 1. The wear radius of the steel balls in
Eq. (1) was measured using an optical microscope. The
wear volumes V (m?®) of the steel balls were calculated

Table 1 Oils and additive contents.

) Additive type
Oil
MoDTC ZDDP
PAO — —
PAO + MoDTC 1 wt% —
PAO + MoDTC + ZDDP 1 wt% 1 wt%
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using Eq. (1) [25]:
1% =%Tch(3rz+ h*) 1)

where 1= R—+R*-#%, R is the radius of a steel ball
(0.003 m), and r is the radius of the wear scar (m) on
the ball.

The Archard wear equation [25] was used to calculate
the wear rates of the W-DLC films and steel balls:

Vv
k, = T3 2)

where k, is the wear rate per unit load and per unit
distance (m®/(N'm)), F is the normal load (N), and S
is the sliding distance (m).

The minimum thickness of the oil films was calculated
using the Dawson equation [25]:

hmin — 3.63R(u>e)0468 3 (w*)70A073 A (G*)0.49 . (1 _ e70A68k) (3)

ﬂ’ = hmin /(R:-ba]] + R2 )0'5 (4)

a-disc

where U*=n,U/E*, G*=a/E*, w*= P/E*R?, n, is
the dynamic viscosity (3.26x107° Pa-s at 100 °C), &
is the viscosity—pressure coefficient (3.5x107° Pa! at
100 °C), R is the radius of the ball (3 mm), U is the linear
speed (0.02 m/s), P is the normal load (10 N), E* is
the effective modulus of elasticity (98.3-101.01 GPa)
calculated according to the elastic modulus of the
ball (213 GPa) and annealed W-DLC films (166.8—
176.5 GPa), and k is an elliptical parameter, which
is equal to 1.03 for point contact mode. R, (2 nm)
and R, 4. (1.45-3.20 nm) are the roughnesses of the
ball and the annealed W-DLC films, respectively. The
values of A were 0.085-0.091 (A < 1), which indicates
that all tribotests were operated under boundary
lubrication.

2.2 Experimental parameters

The friction and wear behavior of W-DLC films (20 mm x
20 mm x 3 mm) were tested using a ball-on-disc
tribometer, of which the counter-bodies were AISI
52100 steel balls. All tribotests were carried out in
reciprocating mode with a load of 10 N at a temperature
of 100 °C, and the contact stresses were approximately
0.9 GPa. The maximum sliding speed was 0.02 m/s.

The length of the wear tracks on the surfaces of the
W-DLC films was 2 mm. Furthermore, the total sliding
distance was 48 m for 12,000 cycles.

The hardness and elastic modulus of the W-DLC
films annealed at different temperatures were measured
using a nanoindenter with a Berkovich diamond tip
(Nanoindenter G2000, MTS, USA). The cross-sectional
morphologies of the wear tracks were characterized
using a 3D surface profilometer (AEP, NanoMap-D,
USA). The surface and cross-sectional morphologies
of the wear tracks on the W-DLC films were inves-
tigated by an scanning electron microscope (SEM,
MERLIN Compact, Carl Zeiss, USA), and the elemental
compositions of the wear scars on the counter bodies
were determined through the energy-dispersive X-ray
spectroscope (EDS, equipped on SEM, Bruker XFlash
630, USA). Topographic images of the wear tracks on
the W-DLC films were analyzed by the atomic force
microscope (AFM, MFP-30, Asylum Research, USA).
The chemical compositions of the unworn surfaces
and wear tracks of W-DLC films were characterized
by the Raman spectroscope (LabBram HR Evolution,
HORIBA, Japan) scanning from 200 to 2,000 cm™ for
60 s with a 532-nm wavelength laser source.

3 Results

3.1 Characterization of W-DLC films

The surface morphologies, chemical compositions,
and mechanical and tribological properties with PAO
lubrication of the W-DLC films annealed at different
temperatures are discussed in Section 2. The thicknesses
of the W-DLC films annealed at various temperatures
decreased. W-DLC films graphitized with rising tem-
peratures on the surfaces characterized by Raman
spectra and further oxidized at 400 °C. Remarkably,
the W-DLC films annealed at 500 °C were destroyed
and failed. A smaller roughness of the films annealed
at 400 °C occurred because of the oxidation of the
W-DLC films. With the increase in annealing tem-
perature, the roughness of the W-DLC films increased
and the hardness of the W-DLC films decreased.
Meanwhile, the elastic modulus of the samples was
almost the same, except for a large decrease at 500 °C.
The decrease in H/E and H3/E? ratios (H and E are the
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hardness and elastic modulus of annealed W-DLC
films, respectively) reflected the deterioration of the
plastic resistance and toughness of the W-DLC films.
Under PAO lubrication, the W-DLC films annealed at
300 °C exhibited the lowest COF and wear rate among
the annealing temperatures. The characteristics of the
W-DLC films annealed at different temperatures are
listed in Table 2.

3.2 Friction and wear behavior

Under different lubrication conditions, the COF as a
function of the sliding cycles of the annealed W-DLC
films is shown in Figs. 1(a) and 1(b). Figure 1(c) shows
the COFs during the last 3,000 cycles under various
lubrication conditions, and COFs under PAO lubrication
are introduced in Section 2. The friction and wear
behavior of W-DLC films annealed at 500 °C are not
discussed because of the destruction of the films.
Under PAO + MoDTC lubrication, it can be pointed
out that the COF is sensitive to annealing temperatures,
as shown in Fig. 1(a). The COFs of the samples
annealed at all temperatures were smooth with an
increase in the sliding cycles. COFs with a variety

of temperatures were lower than those of the base
oil, indicating that MoDTC played a role in friction
modification during the friction process. Furthermore,
the COF of the sample annealed at 300 °C decreased
furthest (29%) compared with the unannealed W-DLC
films, at approximately 0.08, whereas those of samples
annealed at 100-200 °C showed little difference.

Figure 1(b) shows the COF of the samples annealed
at 25-400 °C under PAO + MoDTC + ZDDP lubrication.
The friction curves of the W-DLC films annealed at
all temperatures were stable and almost the same, i.e.,
approximately 0.09.

Under PAO + MoDTC and PAO + MoDTC + ZDDP
lubrication, Figs. 2 and 3 show the cross-sectional
morphologies and wear rates of W-DLC films annealed
at different temperatures, respectively. It was observed
that abrasive wear occurred on these W-DLC films
under both lubrication conditions. Abrasive wear is a
typical characteristic of DLC films lubricated with
MoDTC [8]. It was noted that the depths of the wear
tracks of W-DLC films annealed at changing tem-
peratures lubricated with PAO + MoDTC were smaller
than those lubricated with PAO + MoDTC + ZDDP,

Table 2 Characteristics of W-DLC films annealed at different temperatures.

Annealing temperature (°C) 25 100 150 200 300 400 500
Film thickness (um) 2.20 2.18 2.08 1.92 1.80 1.75 —
Roughness (nm) 145+£0.09 1.67+0.08 1.66+0.16 1.88+0.11 2.29+0.18 1.51+0.05 3.20+0.40
Ip/I of Raman spectra 1.65 1.86 1.61 1.90 2.33 2.10 1.01
G peak position of 1,557.82 1,557.15 1,560.11 1,569.25 1,571.18 1,581.14 1,581.17
Raman spectra (cm )
Hardness (GPa) 152+1.5 14.0+09 13.9+0.8 13622 11.8+£1.5 9.5+0.7 0.8+0.1
Elastic modulus (GPa) 176.5+£5.6 170.2+8.1 169.0+6.2 173.7+14.1 1692+156 166.8+83  65.1=+4.7
I/1: the relative intensity ratio of the D and G peaks.
; 0.16
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Fig. 1 COF as a function of sliding cycles at annealing temperatures within the range of 25-400 °C lubricated with (a) PAO + MoDTC
and (b) PAO + MoDTC + ZDDP, and (c) steady-state COFs for the last 3,000 cycles at the annealing temperature with different additives.
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Fig. 2 Cross-sectional morphologies of wear tracks of W-DLC films lubricated with (a) PAO + MoDTC and (b) PAO + MoDTC + ZDDP.
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Fig. 3 Variation in wear rates with annealing temperature under different lubrications: (a) W-DLC films and (b) steel balls.

which proves that the addition of ZDDP has a positive
effect on reducing the wear. Compared with the PAO
+ MoDTC lubrication, more furrows appeared on the
wear tracks under PAO + MoDTC + ZDDP lubrication.
Furthermore, the widths of the W-DLC films annealed
at 150-300 °C were larger than those annealed at other
temperatures under PAO + MoDTC lubrication.

Under PAO + MoDTC lubrication, the wear rates of
the W-DLC films are shown in Fig. 3(a). The wear rate
of the unannealed W-DLC film was 3.6 x 107® m%/(N-m),
and that of the annealed films increased. It should be
noted that W-DLC films annealed at 300 °C exhibited
the maximum wear rates (9.2 x 107 m3/(N-m)), whereas
the wear rates of films annealed at 100, 150, 200,
and 400 °C were almost the same, at approximately
4.7 x 1071 m%/(N'm).

Lubricated with PAO + MoDTC + ZDDP, the wear
rate of the W-DLC films annealed at 25 °C was
1.48 x 107 m®/(N-m), which is lower than those of the
annealed films shown in Fig. 3(b). Moreover, the wear
rates of W-DLC films annealed at different temperatures
were lower than those under PAO + MoDTC lubrication,
although the wear tracks of the annealed W-DLC films
still exhibited abrasive wear.

Figure 3(b) shows the wear rates of the steel balls
against W-DLC films annealed at various temperatures.
Based on Eq. (1), the wear volume of steel balls is
related to the wear scar diameter, which is directly
affected by the mechanical properties and tribochemical
reaction.

3.3 Film structure analysis

Typical D and G peaks of the C—C bonds of DLC
films could be observed in the Raman spectra, owing
to the breathing mode of A;; symmetry in aromatic
rings and the bond stretching of sp? atoms in both
aromatic rings and chains, respectively [41]. Typical
shoulder D peaks (1,370-1,420 cm™) and asymmetrical
G peaks (1,557-1,580 cm™) of carbon crystals, as the
characteristic peaks of DLC films, can be obtained [41,
42]. The increase in the D peak is an indication of the
state of development of the sp? phase and indicates
that the sp? sites begin to organize into small graphitic
clusters [43]. The increase in the peak intensity of
the shoulder peak D indicates that the sp® bond is
transformed into an sp? bond in the DLC film,
indicating that the film is graphitized. Therefore, the
increase in the Ip/I; ratio (the relative intensity ratio

www.Springer.com/journal/40544 | Friction
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of the D and G peaks) and the increase in the G peak
position prove the graphitization of the films [42, 43].

3.3.1 Unworn surfaces of W-DLC films

The Raman spectra of W-DLC films annealed at various
temperatures (within the Raman shift range of 200-
2,000 cm™), as shown in Fig. 4(a), were analyzed using
Peakfit software. Furthermore, the G peak position
and Ip/I; ratio are shown in Fig. 4(b). In addition, as the
temperature increased, the G peak position shifted
from 1,557.82 to 1,581.17 cm™, which indicates that
the disorder of the C-C bond on the surfaces of the
films was enhanced by the annealing temperature
[12, 44]. The Ip/Ig ratios increased approximately with
an increase in the annealing temperature, further

(@)

Relative intensity (a.u.)
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confirming the graphitization of the W-DLC films.
The Ip/I; ratios of the unannealed W-DLC films were
approximately 1.65, and those at 100 °C increased
slightly, owing to the decrease in internal stress.
Meanwhile, the Ip/I; ratios at 400 °C decreased owing
to the oxidation and carbon gasification of the
W-DLC films.

3.3.2 Worn surfaces of W-DLC films

A random Raman spectrum (ranging from 200 to
2,000 cm™) and optical images of the worn surfaces of
W-DLC films annealed at various temperatures under
PAO + MoDTC and PAO + MoDTC + ZDDP lubrication
are shown in Fig. 5. The middle areas of the optical
images were detected by Raman spectroscopy, which
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are the white areas in the wear tracks. Raman peaks
of tungsten oxide located at 886 and 964 cm™ were
obtained, which were the same as the Raman shift of
the WO; peak on the surfaces of W-DLC films annealed
at 500 °C, as shown in Section 2 [45]. As shown in
Fig. 5(d), serious furrows occurred on the worn surfaces
of the W-DLC films annealed at 25 and 400 °C under
PAO + MoDTC + ZDDP lubrication. Figure 6 displays
the Ip/Ig ratios and G peak positions as a function of
annealing temperature with different lubrications, as
indicated in Fig. 5. It can be observed that the Ip/Ig
ratios changed slightly, and the position of the G peaks
increased significantly at only 300 and 400 °C under
the same lubrication conditions. This indicates that
the graphitization of W-DLC films annealed at 300 and
400 °C was more serious at all temperatures.
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) L
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25} 11580 2
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15} / 11560 S
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3.4 Chemical analysis of tribofilms

3.4.1 PAO + MoDTC lubrication

Raman spectra in the typical areas (dark areas in wear
tracks) of W-DLC films (200-2,000 cm™) and steel
balls (200-2,000 cm™) lubricated with PAO + MoDTC
were characterized, as shown in Fig. 7. From Fig. 7(d),
it was found that dark tribofilms appeared on the
worn surfaces of the steel balls against W-DLC films
annealed at different temperatures under PAO +
MoDTC lubrication.

MoS, peaks have four first-order Raman active
modes, which represent Ellg, E;g, E;g, and A;g [46-48].
Only two active modes can be observed here, E;g and
A,,, corresponding to the Raman peaks at 380 and
410 cm™ on the worn surfaces of both W-DLC films
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Fig. 6 Ip/l; ratios and G peak position of W-DLC films as functions of annealing temperature lubricated with (a) PAO + MoDTC

and (b) PAO + MoDTC + ZDDP.
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Fig. 7 Under PAO + MoDTC lubrication, Raman spectra and optical images on wear tracks of (a, b) W-DLC films and (c, d) steel balls.
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and steel balls. However, the MoS, peak became weak
when the annealing temperature was higher than
200 °C. It is believed that graphitization occurred
on the worn surfaces of the W-DLC film at high
temperatures, and the graphite phase was easily
sheared, which made MoS, difficult to adhere to the
wear tracks of the W-DLC films; thus, the MoS, peaks
on the steel balls were prominent. In addition, for the
steel balls, FeO and Fe,O; peaks appeared on the worn
surfaces of the W-DLC films annealed at 150-400 °C
[49], located at 775 cm™. Furthermore, a peak was
observed at 612 cm™, which was assumed to be Fe;O,
[50]. Except at 400 °C, obvious D and G peaks can be
observed on the wear scars of the steel balls, as shown
in Fig. 7(c). It is worth noting that the Raman peak of
MoQO; appeared on the steel balls countered with the
W-DLC film annealed at 25 °C, located at 989 cm™ [51].
However, itwas not found on the steel balls against the
W-DLC films annealed at other annealing temperatures.
It should be noted that, although the intensity of the
D and G peaks of C—C bonds was weakened on the
steel balls against W-DLC films annealed at 400 °C,
WO, peaks appeared.

The AFM topographic images and lateral force
profile of the wear surfaces of the unannealed W-DLC
are shown in Fig. 8. Topographic images of AFM are
shown in Fig. 8(a). The dark areas represent a low
friction force in the lateral force profile, which are
marked with red dotted lines. It can be observed
that low-friction areas appeared in the wear tracks
of the unannealed samples, whereas the heights of the
corresponding morphologies were almost the same.
Therefore, in combination with Figs. 7 and 8, MoS,
layers were obtained in the wear tracks of W-DLC films

(@) =~

®) 2

annealed at 25 °C [52]. However, this phenomenon
was not observed on the worn surfaces of the W-DLC
films annealed at other temperatures.

3.4.2 PAO + MoDTC + ZDDP lubrication

Under PAO + MoDTC + ZDDP lubrication, AFM
morphologies of the wear tracks of W-DLC films
annealed at various temperatures are as shown in
Table 3, scanned by two areas (5 pm x 5 pm and
20 pum x 20 um). Pad-like tribofilms were observed
on the worn surfaces of the W-DLC films annealed
at all annealing temperatures, which is the typical
morphology of phosphate tribofilms decomposed
from ZDDP + MoDTC [53-55]. In the 20 pm x 20 pm
topographies, the heights of the positions marked
with a white dotted line are shown in the bottom line
of Table 3. The height of the tribofilms on the worn
surfaces of the W-DLC films annealed at temperatures
ranging from 150 to 200 °C decreased relative to
those of the unannealed samples, and the latter was
more uniform than the former. It can be seen that the
tribofilms on the worn surfaces of the W-DLC films
annealed at 300 °C were high and uniform compared
with other annealing temperatures. In the case of
W-DLC films annealed at 400 °C, more cracks and
furrows could be obtained on the wear tracks (Fig. 2),
and tribofilms of W-DLC films annealed at 400 °C grew
higher and more compact on the cracks and furrows
than those at other regions, because more stresses
emerged near the cracks and furrows.

Figure 9 presents the Raman spectra of W-DLC film
discs (200-2,000 cm™) and steel balls (200-2,000 cm™),
as well as the optical images of the corresponding areas
under PAO + MoDTC + ZDDP lubrication. Except for

Fig. 8 Under PAO + MoDTC lubrication, (a) topographic images and (b) lateral force profile on the wear tracks of W-DLC annealed

at 25 °C.
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Table 3 Under PAO+MoDTC+ZDDP lubrication, AFM images of wear tracks of W-DLC films annealed at all temperatures.
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Fig. 9 Under PAO + MoDTC + ZDDP lubrication, Raman spectra and optical images of wear tracks of (a, b) W-DLC films and (c, d)

steel balls.

the obvious D and G peaks of the C-C bonds, MoS,
peaks were observed on the worn surfaces of the
W-DLC films, the positions (380 and 410 cm™) of
which were the same as those under PAO + MoDTC
lubrication. In addition, the MoS, peak on the steel
balls located at 450 cm™ represented the Mo-S bond
in the A;; vibration mode of MoS, [36]. It should be
noted that the intensities of the MoS, peaks, D peaks,
and G peaks of the steel ball against the W-DLC films
annealed at 400 °C were lower than those of the other
annealing temperatures. Figure 10 shows the SEM
morphologies and EDS analysis of the characteristic
locations of the steel balls compared with W-DLC
films annealed at 25, 200, and 400 °C, which were
similar to those of the samples annealed at other
temperatures. The tribofilms on the worn surfaces of
all steel balls were almost the same and were composed
of carbon, zinc, sulfur, phosphorus, and molybdenum.
However, obvious sulfur and phosphorus could
be found in the EDS spectra of the steel balls in
comparison with W-DLC films annealed at 400 °C;
however, the intensities of sulfide peaks were not
obvious in the Raman spectra. It is generally believed
that sulfide exists in the lower layer of phosphate.
Furthermore, phosphate was shown to protect MoS,
under MoDTC + ZDDP lubrication in previous studies
[56]. However, the feedback of phosphate was weaker

than that of sulfide in the Raman spectra, leading to a
lower peak intensity of sulfide. Another possible reason
for this phenomenon is that sulfur comes from sulfate,
an intermediate product of ZDDP decomposition [57].

4 Discussion

Under PAO + MoDTC and PAO + MoDTC + ZDDP
lubrications, the Ip/I; ratios and G peak positions of
W-DLC films with different annealing temperatures
changed little compared with the unworn surfaces, as
shown in Figs. 4 and 6. The annealing treatment
reduced the internal stresses of the W-DLC films and
converted the C—C bond from sp? into sp? however,
the friction processes cannot provide sufficient energy
to further graphitize the W-DLC films.

As a hard film, a DLC film is easy to exfoliate owing
to its high internal stress. Therefore, abrasive wear was
the main wear mechanism. Under PAO lubrication,
optical images of the worn surface are shown in
Fig. S1 in the Electronic Supplementary Material (ESM).
Obvious spalling occurred in the wear tracks of the
films annealed at 25, 300, and 400 °C, as marked in
red. The spalling on the worn surfaces of the W-DLC
films annealed at 25 °C is due to the high internal
stress. Although the average COF of the samples
annealed at 300 °C was lower due to the interaction of

EN?V%}SS%Y%}}%;AS @ Springer | https://mc03.manuscriptcentral.com/friction



Friction 10(7): 1061-1077 (2022)

1071

Fig. 10 Under PAO + MoDTC + ZDDP lubrication, SEM
morphologies of wear scars on the steel balls countered with W-DLC
films annealed at (a) 25 °C, (b) 200 °C, and (c) 400 °C.

graphite carbon and abrasive particles, the hardness
and plastic resistance of the annealed W-DLC films
decreased with an increase in the annealing tem-
peratures reflected by H/E and H’/E?. Thus, spalling
occurred on the worn surfaces of the W-DLC films
annealed at 300 and 400 °C.

Under the PAO + MoDTC lubrication, MoS,
decomposed by MoDTC achieves a good lubrication
performance and plays a role in reducing friction
with the combined effect of temperature and shear
stress. The tribochemical reaction process of MoDTC is
generally considered to be divided into three stages:
(1) the formation of nitrogen-containing substances
to protect the surface from wear, (2) the formation of
Mo oxides, and (3) the formation of MoS, and Mo
oxides. As hard particles, Mo oxides form abrasive
wear on the worn surface [57]. However, compared
with the optical images on the worn surfaces of W-DLC

films annealed at different temperatures under PAO +
MoDTC lubrication (Fig. 5(b)), it can be seen that the
abrasive wear significantly decreased, particularly
for the samples annealed at 400 °C. MoDTC cannot
only reduce the COF, it also alleviates the spalling of
annealed W-DLC films, which is inconsistent with the
general phenomenon of friction and wear behaviors
of DLC films lubricated using MoDTC.

It should be noted that WO; peaks appeared on the
worn surfaces of W-DLC films annealed at different
temperatures under PAO + MoDTC and PAO +
MoDTC + ZDDP lubrication. However, under PAO and
PAO + ZDDP lubrication, no WO; peaks emerged on
the worn surfaces of any samples (Raman spectrum
of a worn surface under PAO and PAO + ZDDP
lubrication is shown in Fig. 52 in the ESM). This is due
to the formation of oxide by the reaction products of
MoDTC and is not due to oxidation during friction.
The W-O bond energy (35.7 and 38.0 eV) is lower
than the Mo—O bond energy (228.1 and 231.2 eV) [25],
and thus WO, is easier to produce. However, unlike
MoQO;, WO; has lubricity and interacts with MoS, and
graphite carbon, which can further remove the abrasive
particles and reduce wear.

41 PAO +MoDTC lubrication

Under PAO + MoDTC lubrication, except at 300 °C,
the typical phenomenon of increasing the wear rates
did not occur on the W-DLC films annealed at other
temperatures, which was higher than that of the
unannealed films. According to Figs. 7 and 8, MoS,
layers and Raman peaks of MoO; appeared on the
worn surfaces of the unannealed W-DLC films and
their counter bodies. However, this phenomenon was
not observed in the samples annealed at other tem-
peratures. This may be because the surface graphitization
of the samples occurred with an increase in the
annealing temperature, which was conducive to
the removal of wear particles on the worn surfaces.
When the annealing temperature was lower than
300 °C, the D and G peaks of the carbon bond, MoS,,
and WO; peaks were observed by combining the
Raman spectra of the worn surfaces of the W-DLC
films and steel balls. Therefore, under PAO + MoDTC
lubrication, the lubrication mechanism was the
interactive lubrication of graphitized carbon, WO;,

www.Springer.com/journal/40544 | Friction



1072

Friction 10(7): 1061-1077 (2022)

and MoS,. In addition, it was indicated that W-DLC
films annealed at 300 °C were heavily graphitized
(the relative intensities of the D and G peaks of steel
balls were greater) compared with other temperatures,
resulting in the lowest COFs. However, graphite
carbon was easily removed, and thus the wear rates
of W-DLC films annealed at 300 °C were increased
under PAO + MoDTC lubrication. Oxygen appeared
on the surface of W-DLC films annealed at 400 °C
(detected by EDS spectra in Section 2); however, the
typical D and G peaks on the steel balls were not
obvious at 400 °C, whereas the Raman peaks of WO,
were prominent under PAO + MoDTC lubrication.
Therefore, it can be seen that WO; and MoS, played a
dominant role in the lubrication of W-DLC films
annealed at 400 °C. WO; has a crystalline structure,
and its lubrication performance is not as good as that
of graphite carbon and MoS, [12]. Therefore, under
PAO + MoDTC lubrication, the COFs and wear rates
of W-DLC films annealed at 400 °C were similar to
those of films annealed at 150 and 200 °C. However,
under PAO + MoDTC lubrication, the degree of
graphitization and oxidation of the unannealed
W-DLC films were not relatively light during the
friction process. The relative intensities of the D, G,
and WO, peaks of the steel balls were low, compared
with temperatures of 100-300 °C, leading to higher
COFs, the better mechanical properties, and higher
wear resistance.

4.2 PAO +MoDTC + ZDDP lubrication

Under PAO + MoDTC + ZDDP lubrication, typical D
and G peaks appeared on all wear scars of the steel
balls. The relative intensities of the D and G peaks of
the steel balls countered with W-DLC films annealed
at 400 °C were lower, but those at 150, 200, and 300 °C
were higher. Meanwhile, pad-like tribofilms were
detected on the worn surfaces of the W-DLC films,
and the compositions of the tribofilms on both the
counter bodies were similar. Therefore, the COFs of
the W-DLC films annealed at different temperatures
were almost the same. Under the PAO + MoDTC +
ZDDP lubrication, the tribological mechanism was
the interaction between graphitized carbon, MoS,,
WO,, and pad-like phosphate. The tribofilms on the
surfaces of the W-DLC films grew more uniform

and compact (the tribofilms on the worn surfaces of
W-DLC films annealed at 25, 200, and 400 °C under
PAO + ZDDP lubrication, as shown in Table S1 in the
ESM), and it can be seen that MoDTC and ZDDP
effectively promoted tribochemical interactions to
achieve better anti-wear tribofilm growth [26-30, 53].
Annealing affected the formation of pad-like phosphate,
particularly at 150 and 200 °C. However, the phosphate
tribofilms grown on the worn surfaces of the W-DLC
films annealed at 300 °C were obviously better than
those annealed at the two temperatures. The hardness
of the W-DLC films annealed at 300 °C decreased, and
thus cracks and other damage were more likely to
occur at the early stage of friction and wear behaviors
(the optical images of the wear tracks of W-DLC
films annealed at different temperatures under PAO
lubrication are shown in Fig. S1 in the ESM),
promoting the formation of the phosphate structure
owing to the high contact stress [58, 59]. When the
annealing temperature was increased to 400 °C, the
hardness of the W-DLC films further declined, and
obvious furrows and plastic deformations appeared
on the worn surfaces, causing the tribofilms to
concentrate near the furrows owing to high contact
stress. The decrease in the mechanical properties and
uneven tribofilms led to an increase in the wear rate
of the W-DLC films annealed at 400 °C, compared with
the samples annealed at 300 °C. It was suggested that
the addition of ZDDP provided sulfur to promote the
formation of MoS, or to protect MoS, from oxidation
[56, 59-61]. However, it was observed that the relative
contents of MoS, and carbon bonds on the worn surfaces
of W-DLC films annealed at various temperatures
and their counter bodies did not increase or even
decrease after adding ZDDP, as shown in Figs. 7 and 9.
Metal sulfide, the base of phosphate tribofilms, is
close to the surface of counter bodies [54, 56, 61,];
therefore, Raman spectra showed that the relative
content of MoS, was lower.

Furthermore, under the PAO + MoDTC + ZDDP
conditions, the depths of the wear tracks and wear
rates of the W-DLC films were significantly reduced
owing to the anti-wear effect of ZDDP. Compared
with PAO lubrication, the COFs of samples annealed
at different temperatures decreased under PAO +
MoDTC and PAO + MoDTC + ZDDP lubrications,
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particularly at 100, 150, and 400 °C. Overall, the friction
and wear properties of W-DLC films annealed at
25 and 100 °C were better than those of the films
lubricated with PAO + MoDTC and PAO + MoDTC +
ZDDP.

5 Conclusions

The interactions between annealed W-DLC films,
MoDTC, and MoDTC + ZDDP were studied, and the
main conclusions are as follows:

1) Under PAO + MoDTC lubrication, MoS, and WO;
were produced on the W-DLC film surfaces owing to
the addition of MoDTC, which led to a decrease in
COF. The COF of W-DLC films annealed at 100-300 °C
was lower than that of the unannealed samples,
whereas the intensity of the C-C bond Raman peak
of the former was higher than that of the latter. When
the W-DLC films were annealed at 25-400 °C and
lubricated with MoDTC, the lubrication mechanism

was the interaction of graphite carbon, MoS,, and WO;.

When the annealing temperature was 300 °C, the peak
strengths of D and G were relatively high, which led
to the minimum COF and maximum wear rate.

However, WO; and MoS, play a leading role in the
lubrication mechanism of W-DLC films annealed at
400 °C.

2) Under PAO + MoDTC + ZDDP lubrication, the
COFs of W-DLC films at all annealing temperatures
were almost the same, whereas wear rates decreased
dramatically compared with MoDTC lubrication for
phosphate tribofilms. The tribofilms of W-DLC films
annealed at 300 °C were higher and more compact
compared with those of the samples annealed at other
temperatures.
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