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ARTICLE INFO ABSTRACT

Keywords: This study examined the tribological properties of novel mesh tetrahedral amorphous carbon (Mesh ta-C).
Friction Subsequently, comparison was made with conventional ta-C and a-C:H coatings under base-oil lubrication via
Wear cylindrical-pin-on-disk tribo-tester. Analysis of wear track was conducted using field-emission-scanning-elec-

Diamond-like carbon
Material structure

tron-microscope (FE-SEM), atomic-force-microscopy (AFM), and Raman-spectroscopy. The friction coefficient
for Mesh ta-C and conventional ta-C revealed a similar pattern with regard to loads. The Mesh ta-C had excellent

wear resistance, where the wear rates at loads of 20 N was five and 20 times lower than conventional a-C:H and
ta-C, respectively. High wear resistance of Mesh ta-C characterized by inhibition of brittle micro-fracture pro-
pagation, less in abrasive particle created during friction test, and suppressing the effect of graphitization-in-
duced wear on the contact surface.

1. Introduction

Diamond-like carbon (DLC) coatings are known as remarkable fea-
tures applied as the solid lubricants because of low friction, high
hardness as well as wear resistance and chemical inertness. Presently,
the DLC coating has been widely utilized in various industrial appli-
cations to reduce friction and wear, particularly in the automotive in-
dustry. As such, this industry continuously is pursuing lower energy loss
and low gas emissions. In order to achieve legal regulations in relation
to energy efficiency and greenhouse gas emissions, DLC coatings could
be a promising surface material applied on extremely stressed compo-
nents of internal combustion engines to reduce friction and to extend
component lifetime [1].

DLC is divided into two major categories, namely the hydrogenated
amorphous carbon (a-C:H, ta-C:H) and the hydrogen-free amorphous
carbon (a-C, ta-C). Both hydrogenated amorphous carbon (a-C:H) and
hydrogen-free tetrahedral amorphous carbon (ta-C) coatings offer low
friction performance and excellent wear resistance with diverse char-
acteristics of friction and wear properties owing to their particular
hydrogen contents and microstructure [2]. Friction and wear

* This paper was presented at the ASIATRIB2018.

sensitively rely upon system encompassing surface material, lubricants
(oil and additive), environment (temperature, humidity) and lubrica-
tion condition [1-10]. It should be noted that most engine components
are operated in the boundary lubrication regime. Under moderately
severe contact conditions in boundary lubrication regime, direct con-
tact occurs between the sliding surfaces.

Numerous studies have conducted the friction test under the
boundary lubricated regime for DLC coating [11-14]. Nevertheless,
many researchers studied the effect of different lubricating oil and
additive to the tribological performance of the DLC coatings. Under
appropriate base oil and lubricant additives, the tribological perfor-
mance of various types of DLC coating provides ultra-low friction and
high wear resistance [15]. Oil additives and DLC doping elements de-
monstrated substantial and valuable impact on the wear behaviour
[11,16]. Nonetheless, evidence has shown that the use of oil additives
containing phosphorus and sulfur results in substantial harmful effect to
the environment upon refinement process [17].

High hardness material commonly provides a higher wear resistance
compared to the low hardness material under moderate experimental
setup. Nevertheless, with a severe condition, hard and brittle material

* Corresponding author. Department of Micro-Nano Mechanical Science and Engineering, Graduate School of Engineering, Nagoya University, Furo-cho, Chikusa-

ku, Nagoya, Aichi 464-8603, Japan.
E-mail address: muhyiddin@ume.mech.nagoya-u.ac.jp (M.M.B. Mustafa).

https://doi.org/10.1016/j.triboint.2019.01.016

Received 10 September 2018; Received in revised form 14 January 2019; Accepted 14 January 2019

Available online 30 January 2019
0301-679X/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/0301679X
https://www.elsevier.com/locate/triboint
https://doi.org/10.1016/j.triboint.2019.01.016
https://doi.org/10.1016/j.triboint.2019.01.016
mailto:muhyiddin@ume.mech.nagoya-u.ac.jp
https://doi.org/10.1016/j.triboint.2019.01.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.triboint.2019.01.016&domain=pdf

M.M.B. Mustafa, et al.

with lesser crack resistance results in coating damage due to micro-
fracture. Wear by means of fracture-induced, which has been regarded
as significant wear mechanism of brittle material can increase ap-
proximately ten times compared to abrasive wear [18]. In the case of
DLC coatings, wear is accelerated by the through-thickness crack that
causes spalling of the coating [19]. Furthermore, low hardness coating
that forms of high fraction sp? carbon atoms also results in high ma-
terial removal rates under severe condition due to the structural mod-
ification such as graphitization of the contact surface [20,21]. The
hardness of the DLC coating depends on the fraction of the sp* and sp>
carbon structure [22].

Many studies have focused on the ta-C and a-C:H coatings, which
demonstrated high wear or damage to the coating as the sliding dis-
tance, speed, temperature, and load are increased. According to a study
by Ronkainen et al. [2], ta-C coating shows high wear resistance in
contrast to the a-C:H, however, the ta-C coating created larger wear on
the counterpart material. Superhard hydrogen free ta-C coatings are
denoted by a high fraction of tetrahedral bonded (sp®) carbon atoms
[23]. A study by Al Mahmud et al. [10] revealed that the coefficient of
friction (CoF) for both ta-C and a-C:H coatings decreased and largely
affected by the coating graphitization that consequently increased the
wear rates. This finding is in agreement with a previous study by Tas-
demir et al. [9], where the ta-C coating had limited durability causing
high wear rates at high temperature. In addition, ta-C performance also
degraded due to an increase in the sliding distance and load when ta-C
slides against steel in pure base oil lubrication due to fracture-induced
wear. These led to coatings worn out due to polishing wear combined
with tribo-chemical wear [6]. Notably, several studies have shown that
a-C:H coating had larger wear rates under the similar experimental
condition with ta-C coating [20,24].

Commonly, DLC is deposited with a layer of homogeneous structure
except for multilayer coating design. The current research introduced
and investigated a novel Mesh ta-C with as-deposited mesh structure. At
present, investigation on the as-deposited coating structure and its in-
fluence on the tribological performance have been scant. Therefore, the
current study is aimed to investigate the tribological features of the as-
deposited mesh-type structure of tetrahedral amorphous carbon coating
under base-oil lubrication conditions. Unlike the aforementioned DLC,
Mesh ta-C coating properties are unique for its’ mesh-like structure,
which is characterized by the hardness controlled DLC in the direction
of the coating thickness. This novel DLC consists of a softer topmost
surface layer (sp-rich mesh structure) and hard substrate-side layer
(sp®-rich conventional ta-C), proposed to improve both friction and
wear resistance of the coating.

2. Experimental details
2.1. Materials and lubricants

Cylindrical pin and disk were made of high carbon chrome steel
(SUJ-2). Both forms of tetrahedral amorphous carbon (ta-C) and a type
of hydrogenated amorphous carbon (a-C:H) were supplied by the
Nippon ITF Inc. These two forms of ta-C were described by the struc-
ture, which are conventional tetrahedral amorphous carbon (ta-C) and
mesh tetrahedral amorphous carbon (Mesh ta-C) deposited with mesh
structure. The a-C:H coating was produced through chemical vapour
deposition (CVD), while ta-C and Mesh ta-C coating were produced
through physical vapour deposition (PVD). Additionally, fluid polishing
was applied to remove the droplets on the coating surface originated
from the deposition process, which could affect the tribological per-
formance of the coating. The base-oil applied in this research was poly-
alpha-olefin 4 (PAO4) with a viscosity of 6.11 mm?/s and pressure-
viscosity coefficient of 12.85GPa~'at 80°C. The application of ad-
ditive-free oil in this research permits the evaluation of the performance
on the friction and wear of the DLC coating itself devoid of any impact
from the additive in lubricant.
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Fig. 1. Schematic diagram of arc PVD equipment [25].

2.2. Details characteristic of Mesh ta-C coating development

2.2.1. Deposition method and concept

Fig. 1 illustrates the arc PVD equipment used to deposit hydrogen
free (H-free) DLC. Both conventional ta-C and newly developed Mesh
ta-C DLC were deposited using the arc PVD equipment (M720) that
could produce an arc discharge on a solid graphite target.

Typically, ta-C coating was deposited using the PVD method by
controlling the deposition temperature below 150 °C by means of the
cooling system during the coating growth as demonstrated in Fig. 2(a).
Nevertheless, for the Mesh ta-C deposition process, the substrate was
heated up from room temperature to 200 °C continuously during the
deposition process as illustrated in Fig. 2(b). The hardness of the DLC
coating decreased due to heating during the deposition process. By
controlling the temperature distribution, the substrate-side coating is
harder compared to the topmost surface coating. This feature is ex-
pected to reduce the effect of fracture-induced wear which is one of the
reasons for ta-C coating high wear and short lifespan.

2.2.2. Coating structure

Transmission electron microscope (TEM) was used to observe the
deposited ta-C and Mesh ta-C structure. Both samples were cut using a
focused ion beam (FIB). Subsequently, the cross-sectional surface was
observed using TEM H9000 UHR at an acceleration voltage of 300 kV.
The TEM images of the conventional ta-C and Mesh ta-C are shown in
Fig. 3.
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Fig. 2. Deposition method and material concept of (a) conventional ta-C, and
(b) novel Mesh ta-C coating [25].
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(a)
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Fig. 4. Reticulated structure images of Mesh ta-C by (a) Magnified TEM [25],
(b) bright-field scanning transmission electron microscopy (BF-STEM), and (c)
high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM).

Fig. 3(a) demonstrates that the structure of conventional ta-C did
not undergo changes from the substrate to the surface of the coating.
The structure can be classified as homogenous despite the presence of
some micro-particles. On the other hand, Mesh ta-C demonstrates a
white layer that is located at a quarter of the coating thickness as ob-
served in Fig. 3(b). Moreover, the magnified image of the white layer as
shown in Fig. 4(a), (b), and (c), illustrates the reticulated structure
growth from a microparticle, which is a feature of the arc technique
applied for deposition.

The crystallinity analysis was conducted by electron diffraction
method using Field Emission Electron Microscope JEM2100F, with
200kV and 10™° A acceleration voltage and absorbed current, re-
spectively. Crystallinity assessment was performed at area A and B as
demonstrated in Fig. 4(a), where there were two distinct structures
observed. The results of electron diffraction in both areas are shown in
Fig. 5. Both area A and B are verified as amorphous with the disordered
pattern. Nonetheless, at the diffraction spot (black spot) indicated by
the arrow inside the area A, 0.35nm diffraction image was observed,

(b)

Fig. 3. Cross-sectional TEM images of (a) conventional ta-C, and (b) Mesh ta-C [25].

Fig. 5(c). This indicates the existence of crystalline graphite micro-
structure in the Mesh ta-C. On the other hand, no characteristic struc-
ture was observed for conventional ta-C coating, where only diffused
disordered pattern observed, which indicates that it only consists of an
amorphous structure.

2.3. Tribological experiments

The friction tests were performed via the cylindrical pin-on-disk
tribo-tester, Fig. 6(a) under boundary lubrication regime with a con-
stant normal load of 5, 10 and 20 N on the DLC-coated cylindrical pin,
corresponds to the maximum Hertzian contact pressures of 156, 220,
and 311 MPa, respectively. The cylindrical pin holder, Fig. 6(b) de-
signed so it could create a large interference fit where it results in a
large area of the cylindrical pin contact, and thus prevent the cylind-
rical pin from rolling during friction test. The cylindrical pin-on-disk
tribo-tester method is mainly used for investigating the link between
wear mechanisms, and the parameters including the contact pressure,
sliding velocity, and environmental conditions. Cylindrical pin-on-disk
can simulate the real line contact condition in engineering application
of sliding components (main bearing, etc.) inside the engine.

The DLC-coated cylindrical pin was rubbed against an uncoated
SUJ-2 disk positioned 6.65 mm eccentrically from the center of the disk
under a pure sliding condition through fixing the cylindrical pin to the
upper jig to prevent it from rotating. Additionally, the disk was fixed on
the lower holder, which was positioned on the rotary turntable. The
speed and temperature of the tests were fixed at 0.068 m/s (100 rpm)
for 60 mins that correspond to 250 m of sliding distance and 80 °C,
respectively (Table 1). Both cylindrical pin and counterpart disk were
making sure submerged under the PAO4 oil level at which heat was
applied to uphold 80 °C temperature during the friction test. The di-
mensions of the cylindrical pin were 5mm in diameter and 5mm
length, whereas disk of 22.5 mm diameter and 4 mm thick were used in
all experiment. In order to ensure verification and reproducibility of the
findings, each friction tests were replicated three times. Liquid benzene
and acetone were used as a cleaning agent in an ultrasonic bath to
eliminate any contaminants on DLC-coated cylindrical pin and disk.

Wear volume loss and specific wear rates of the DLC-coated cy-
lindrical pin were quantified via Archard wear equations by calculating
the width of the worn area and assuming that the wear track is rec-
tangular-shape Fig. 6(c) observed under the optical microscope as
below:

14

k=5 &)

=(4) @
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(a) (b)

Fig. 5. Crystallinity evaluation at (a) area A, (b) area B, and (c) diffraction spot indicated by arrow inside area A [25].

Where k denotes the dimensional wear rates, F characterizes the Table 1
applied normal load, s indicates the sliding distance, V symbolizes wear Friction test setup parameters.
volume loss, d denotes the wear track width, [ and r indicates the cy-
lindrical pin length and radius, respectively.

Experimental setup

The relation between the lambda ratio (A) and the minimum film Specimens (Cylindrical pin) a-C:H
thickness (hy,) for a rectangular shape are given by Eqn. (3), and hpn ;’Ch @
. g . () a-|
are quantified using Eqn. (4) [26]; Specimens (Disk) SUJ2
Hardness: 9.9 GPa
A= A Ra: 0.01 um
qu.a + qu.b 3) Rotation speed (m/s) 0.068
Constant normal load (N) 5, 10, 20
Temperature (°C) 80
Monin = 1.806(w’)‘°'128(}70 a)0.694§‘0.568Rx0.434 4 Lubricant PAO4
< Duration (minutes) 60
Where;
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Fig. 6. (a) Tribo-tester schematic and cylindrical pin-on-disk configuration, (b) cylindrical pin holder fixture with a pin attached, and (c) schematic diagram of the
worn cylindrical pin.
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Table 2
Mechanical properties of the a-C:H, ta-C and Mesh ta-C coatings.

Properties Disk Cylindrical pin
a-C:H ta-C Mesh ta-C

Dimension (mm) 22.5 X 4 5%X5 5%X5 5X5
Substrate material SuJ-2 SuJ-2 SuJ-2 SuJ-2
Coating method - CVD PVD PVD
Thickness (pm) - 1.79 0.8 1.17
Elastic modulus, Ef (GPa) 275.5 97 661 232.1
Hardness, H (GPa) 9.9 14.8 78.3 27.5
Roughness, Ra (um) 0.010 0.018 0.021 0.026
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Fig. 7. CoF result for a-C:H, ta-C, and Mesh ta-C coated specimen as a function
of load.

Table 3
Calculated lambda ratio A for a-C:H, ta-C, and Mesh ta-C coatings.

Before friction test After friction test

a-C:H 0.29 0.59

ta-C 0.27 0.46

Mesh ta-C 0.24 0.75
20

DLC pin vs SUJ-2 disk in PAO4
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Fig. 8. Wear volumes result for a-C:H, ta-C, and Mesh ta-C coated specimen as a
function of load.
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Fig. 9. Specific wear rates result for a-C:H, ta-C, and Mesh ta-C coated specimen
as a function of load.

Rg.q = roughness of the coated cylindrical pin

Ry = roughness of the disk

w; = load per unit width (N/m)

no = absolute viscosity at OPa pressure and constant temperature
(Pa.s)

i = mean surface velocity (m/s).

¢ = pressure-viscosity coefficient (m?/N)

R, = effective radius of the cylindrical pin

The calculated film parameter was less than unity which indicates
that the friction tests are initially under boundary lubrication regime.

2.4. Surface analysis

NANOPICS 1000 Elionix ENT-1100a Nanoindenter was utilized to
quantify hardness and Young's modulus of the DLC coatings. The sur-
face average roughness, Ra was quantified via AFM (SPM-9700HT), and
structure of the DLC was characterized by the Raman spectroscopy
(NRS-1000 Laser, Jasco Inc., Japan) through laser excitation wave-
length of 532 nm with detection depth of within 300-600 nm [27]. The
worn area of the cylindrical pin and disk were examined by optical
microscope, FE-SEM (JEOL, JSM-7000FK), and AFM. Table 2 demon-
strates the mechanical properties of the DLC-coated cylindrical pin and
disk.

3. Result and discussions
3.1. Friction properties for DLC films under PAO4 boundary lubrication

The coefficient of friction plotted against the load for all three dis-
tinct DLC coatings sliding on-to SUJ-2 disk in PAO4 lubrication are il-
lustrated in Fig. 7. The CoF for Mesh ta-C was varied from 0.06 to 0.08.
Furthermore, it possesses similar pattern and range as observed in ta-C
results for all loads examined regardless of the high average surface
roughness of the Mesh ta-C in contrast to ta-C and a-C:H. In addition,
the a-C:H coating provides the lowest value of CoF at 20 N loads. Al-
though the CoF for the Mesh ta-C is comparatively high in contrast to
the a-C:H and ta-C at lower load, the CoF reduced and had approxi-
mately same results with ta-C once the load rise to 20 N. Based on the
cross-sectional view of the Mesh ta-C coating as illustrated in Fig. 3 (b),
the Mesh ta-C surface contains micro asperities, which is supported by
the high average roughness of the coating. With the rise in load, the
micro-asperities removal rates have elevated and reduced the
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Fig. 10. Optical microscope images of the wear track on DLC coated cylindrical pin for (a) a-C:H, (c) ta-C, and (e) Mesh ta-C; and Raman spectroscopy result of the

specific points for (b) a-C:H, (d) ta-C, and (f) Mesh ta-C for normal load of 20 N.

roughness of the contact surface. This leads to a smoother sliding sur-
face as discussed in section 3.3.2. Moreover, for the a-C:H, a decrease in
the CoF at higher load was linked with the formation of a graphite-like
layer on the topmost surface of the wear track. This synergetic effect of
the DLC and the lubrication film is further described in section 3.3.1.
There was no transition in the lubrication regime where the calcu-
lated lambda ratio A after the friction test is less than 1 as shown in
Table 3. Since the calculated lambda ratio for every specimen used
indicated that the friction test was conducted in the boundary lu-
brication regime, solid asperities of the coating have become the main

mechanism for the improved tribological performance which domi-
nated the contact rather than the oil film. But it is important to note
that the lambda ratio measured in the case of Mesh ta-C increased to
0.75 which indicates that the friction test was approaching closer to the
mixed lubrication regime. This characteristic could explain the reduc-
tion of friction coefficient result by allowing the formation of thicker oil
film.
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specific points measured on the SUJ- 2 disk for (b) a-C:H, (d) ta-C, and (f) Mesh ta-C for normal load of 20 N.

3.2. Wear characteristic of DLC films in PAO4 oil under boundary
lubrication

The detailed specific wear rates for every friction test were quan-
tified on the DLC-coated cylindrical pins as to understand the influence
of DLC structure on wear behaviour and respective wear mechanism of

Mesh ta-C coated specimens with regard to the applied loads. Figs. 8
and 9 demonstrate the findings of wear volumes and specific wear rates
for all three forms of DLC coatings towards applied normal loads. Wear
volumes for all examined DLC rise with distinct rates as the normal load
increased.

From the optical microscope images shown in Fig. 10, and Fig. 11,
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(b)

(©)

Fig. 12. FE-SEM images of the wear track on DLC coated cylindrical pin for (a)
a-C:H, (b) ta-C, and (c) Mesh ta-C for normal load of 20 N.
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and FE-SEM images shown in Fig. 12, there were no tribofilm derived
from the oil can be detected. Since the friction test was conducted in the
PAO4 base oil which characterizes by its high thermal and oxidative
stability, the possibility of tribofilm derived from the oil to form is re-
latively low.

The worn area of a-C:H illustrates smooth surface with no formation
of crack, micro-fracture or spallation inside or outside of the wear track
for entire examined loads. Nonetheless, there was black wear debris left
inside and adjacent to the edge of wear track as shown in Fig. 10(a).
Moreover, investigation on the tribo-film was carried out by the Raman
spectroscopy examination for describing the structure. The findings are
elaborated in section 3.3.1. In addition, the a-C:H also had excellent
wear resistant with the increase in the applied load in contrast to the ta-
C.

The ta-C demonstrated severe wear with the increase in applied
load, there was a linear increase in the wear volume of ta-C with the
applied loads. As illustrated in Fig. 10(c), partial spalling and delami-
nation were observed on the contact area for the ta-C coating for entire
tested loads. The number of partial spalling elevated with the increase
in the load. Furthermore, the colour transfer layer was observed at the
edge of the wear track, which is discussed in section 3.3.1.

The Mesh ta-C demonstrated excellent wear resistance to entire
applied loads. The wear rates of the Mesh ta-C specimens are extremely
low (1.5-4.3 x 10~ 2 mm®/Nm) for the entire applied loads. The wear
rate of Mesh ta-C coating is approximately 21 and 5 times lesser than
specific wear rates of ta-C and a-C:H coating, respectively at 20 N loads
examined. It should be noted that the wear volume of Mesh ta-C had no
impact on the increased applied loads. Fig. 10(e) illustrates that there is
no formation of micro-crack or partial delamination on the wear track
of Mesh ta-C. In some way colour tribo-layer or wear debris left near the
wear track, which is elaborated in section 3.3.1.

3.3. Worn area analysis

3.3.1. Raman spectroscopy and FE-SEM analysis

Raman spectroscopy is a non-destructive instrument for depicting
crystalline, nano-crystalline, and amorphous carbons. Raman spectro-
scopy examination was performed to quantify the alteration in the
structure following the friction test. Raman spectra of disordered gra-
phite demonstrate two quite sharp modes, the G peak almost
1580-1600 cm ™~ ! and the D peak around 1350 cm ™~ !. Raman spectra
are sensitive to carbon alteration, and are linked mainly to the varia-
tions of the sp? phase and only weakly to the sp® phase [28]. Two main
indicators demonstrate graphitization is the increase of I/Ig ratio, to-
gether with the shifting of G-peak to a higher position as depicted by
the red dashed line in Fig. 10(b), (d), and (f); and Fig. 11(b), and (d).

Graphitization of the DLC coating in base oil condition may occur
either by the friction-induced heating under contact or high contact/
shearing stress condition. However, the temperature-induced graphiti-
zation for the DLC require up to 250 °C of contact temperature to occur,
and the actual contact surface temperature also reported to be
100-130°C higher than the pre-set test temperature as a result of
contact area reduction [29]. Furthermore, the transition temperature
for graphitization to occur become lower with the presence of hydrogen
in DLC [30-33].

The tribo-film observed in the wear track and adjacent to the edge
of wear track of a-C:H was assessed by the Raman spectroscopy along
with samples of ta-C, Mesh ta-C, and on every counterpart SUJ-2 disk.
The quantification performed at four distinct points for DLC coated
cylindrical pin, which is inside and outside of the wear track, black/
colour wear debris inside and adjacent to the edge of wear track for a-
C:H, ta-C, and Mesh ta-C as illustrated in Fig. 10(a), (c), and (e), re-
spectively. Furthermore, Raman analysis performed at three points on
SUJ-2 disk for each counterpart of a-C:H, ta-C, and Mesh ta-C as shown
in Fig. 11(a), (¢), and (e), respectively. Recent studies have shown that
friction-induced graphitization at the sliding interface result in
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Fig. 13. AFM images of the wear track for (a) a-C:H coated cylindrical pin, and (b) SUJ-2 disk; and surface profile of the wear track for (c) a-C:H coated cylindrical

pin, and (d) SUJ-2 disk for normal load of 20 N.

excellent DLC tribological performance through friction reduction and
increase wear resistance [34,35]. The transferred graphite-like layer to
the sliding interface can provide excellent tribological performance as a
result of the synergetic effect of the lubricant and the DLC.

Raman spectrum of the black wear debris observed adjacent to the
edge of wear track of the a-C:H coating indicated a remarkable rise in
intensity ratio from 0.84 to 1.43 as well as shifted of G-peak position as
illustrated in Fig. 10(b). This reveals graphitization of a-C:H coating.
Nonetheless, there was no graphitization with regard to Raman spec-
trum of the black wear debris on the wear track. According to Li et al.
[20], the principles wear mechanism of a-C:H coating with free-additive
lubricants is graphitization beside adhesive wear. This results in the a-
C:H coating to be damaged by the continuous elimination of the gra-
phitized a-C:H layer [2,20]. Graphitization of the top surface of the a-
C:H coating characterizes the decrease in CoF as the load increases. The
top surface of the a-C:H coating changes to the graphite-like lamellar
structure which easily sheared among layers [20,36,37]. Moreover, this
graphite-like structure also transferred to the counterpart SUJ-2 disk
where the Raman spectrum shows the rise in intensity ratio to 3.60 as
shown in Fig. 11(b). Graphitization in a-C:H coating occurs as a result
of the diffused hydrogen atom from a-C:H matrix which breaks the
random covalent structure of a-C:H due to high-pressure contact con-
dition [38,39].

Raman analysis on the wear track and outside of the wear track for
ta-C likewise demonstrates no formation of graphitization as illustrated
in Fig. 10(d). Nonetheless, the quantification carried out at the colour
wear debris adjacent to the border of wear track demonstrates the
graphitization of the ta-C coating with the rise in intensity ratio from
0.24 to 2.02. The structural alteration in ta-C was demonstrated by X.
Deng et al. [40], which indicated that the graphite structure partially
formed under high-temperature tribology testing. Regardless of

graphitization, the ta-C coating also shows low friction and reduced
wear resistance when slides against steel at a temperature of 80 °C and
above as a result of thermally activated tribo-chemical interaction be-
tween carbon and ferrous atoms [9]. Optical microscope image of the
SUJ-2 counterpart material of ta-C show black transferred layer on wear
track as shown in Fig. 11(c). Raman analysis on this transferred layer
reveals high-intensity ratio which confirms as the transferred graphi-
tized layer from the ta-C coating during friction test as shown in
Fig. 11(d). For the ta-C coating against the steel contact, abrasive wear
was observed on the sliding surface when lubricated with PAO4 and the
coatings gradually damaged through brittle micro-fracture in the pro-
truding part, which then advances to spalling and delamination of the
coatings [8,10,41,42].

Fig. 10(f) demonstrates the finding of the Mesh ta-C Raman analysis,
where the as-deposited structure was formed in combination of sp? and
sp° phase. Furthermore, the quantification carried out inside the wear
track illustrates that the Ip/Ig ratio elevated from 0.88 to 1.33. This
characterizes the structural transformation to higher intensity graphi-
tization. Therefore, regardless of the alteration in the average rough-
ness of the as-deposited Mesh ta-C, graphitization process could also
characterize the CoF reduction. Furthermore, the increase in the in-
tensity ratio does not affect the wear performance of Mesh ta-C as can
be observed in the case of a-C:H coating. The Mesh ta-C could prevent
the shearing of the graphite-like layer formed on the rubbing surface
which results in high wear resistance of the coating. Additionally, the
Raman analysis conducted on the SUJ-2 disk counterpart material
Fig. 11(f) shows no evidence of graphite-like structure being transferred
as what can be observed in the case of a-C:H and ta-C coating. However,
Raman analysis on the scratch mark observed on the SUJ-2 disk
Fig. 11(e) shows only a D-peak, which can be explained as the oxidize
hematite (a-Fe,Os;) phases at 290 and 1310cm ™' peak position
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Fig. 14. AFM images of the wear track for (a) ta-C coated cylindrical pin, and (b) SUJ-2 disk; and surface profile of the wear track for (c) ta-C coated cylindrical pin,

and (d) SUJ-2 disk for normal load of 20 N.

[22,43-46].

The wear track of the a-C:H as observed by the FE-SEM image
Fig. 12(a), demonstrates a smooth surface lacking any deep scratch
owing to abrasive action by wear particle. Neither inside the wear track
nor outside wear track demonstrates any indication of micro-crack or
fracture. Furthermore, this also demonstrates that there was no spalling
or delamination observed on the wear track of the a-C:H.

On the other hand, the FE-SEM image for ta-C Fig. 12(b), and
Fig. 16(b) demonstrates brittle micro-crack inside and near to the edge
of wear track. This micro-crack turns into severe and propagates to the
edge of wear track when the load is elevated. Based on FE-SEM image,
it is well-established that the crack is a through thickness crack, which
then results in the spalling out and delamination of the coatings that
functions as the abrasive wear particles that quicken the wear. The
findings of the wear track for the friction test of 10 N loads as illustrated
in Fig. 16(b) also indicates numerous micro-cracks that propagate and
impair the coating. In contrast, the crack is evident at the edge of wear
track at 20 N loads, Fig. 12(b). This phenomenon is characterized by the
wear volumes of the ta-C that is nearly at the worn out phase.

With regard to Mesh ta-C, the presence of several areas along the
wear track demonstrates the non-uniform wear track width. This could
be the consequence of the plastic deformation for wear of ductile ma-
terial [47]. In addition, there were no delamination observed inside the
wear track of Mesh ta-C. Nonetheless, micro-cracks were observed ad-
jacent to the spot where spalling occurs, Fig. 12(c) as observed by FE-
SEM. The crack has been shown to lead to the partial spallation of the
coatings. Nevertheless, this micro-crack is not a category of through-
thickness crack as it leads to partial spalling without any indication of
coating delamination.
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3.3.2. AFM analysis of worn surface

In order to elucidate the wear mechanism and behaviour of a-C:H,
ta-C, and Mesh ta-C, the surface examination was performed on the
wear track of both DLC coated cylindrical pin and SUJ-2 disk by AFM.
The measurement areas were fixed at 50 X 50 um as to capture the
surface of inside and outside of wear track. Figs. 13-15 demonstrate the
findings of AFM quantification on both coated cylindrical pin and disk
surface for a-C:H, ta-C, and Mesh ta-C respectively after 1-h friction test
at 20 N loads. For the a-C:H as illustrated in Fig. 13(a), smoothening of
the surface of wear track is evident in contrast to as deposited. Besides
that, the surface profile is illustrated in Fig. 13(c) where the average
roughness of a-C:H wear track decreased by 76% to 4.83nm. On the
other hand, the counterpart material SUJ-2 disk as shown in Fig. 13(b)
indicates the scratch mark at numerous contact points with the quan-
tified average surface roughness of 10.32 nm.

Examination of the ta-C coated cylindrical pin indicates numerous
spots with spallation of the coating and also several deep grooves were
observed on the wear track as demonstrated in Fig. 14(a). The surface
profile of ta-C coated cylindrical pin wear track as illustrated in
Fig. 14(c) is rougher in contrast to a-C:H with an average roughness of
8.39 nm. Whereas the SUJ-2 disk also demonstrates clear deep grooves
marks with an average roughness of 12.14nm as in Fig. 14(d). This
verifies the spalling fragments of ta-C accumulated at the mating sur-
face and functions as abrasive particles causing a severe scratch on the
SUJ-2 mating surface. Combination of the micro-crack of the ta-C
coating as described in section 3.3.1, spalling and abrasion by the
mounted up ta-C fragments cause severe wear of the coating. Since ta-C
is harder in contrast to SUJ-2 steel disk, it produces rough abrasive
wear scratch lines corresponding to the sliding direction by means of
the fragments of abrasive particles. Tasdemir et al. [24] demonstrated
that wear behaviour of the ta-C cylindrical pin lubricated with PAO4
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Fig. 17. Radial crack length measured after indentation test under 0.3, 0.5, and
1.0 kgf loads.

indicated that wear occurs as polishing for DLC/steel contact.

For the Mesh ta-C, the wear track average roughness reduced nearly
3.5 times to 7.42 nm. The surface profiles of the wear track quantified
on the Mesh ta-C coated cylindrical pin also indicates smoothers surface
in contrast to as deposited Mesh ta-C as illustrated in Fig. 15(a), and (c).
Further examination on the mating material SUJ-2 disk exposes pol-
ishing effects that decrease the disk roughness by 2 times from 10 nm to
5.07 nm as illustrated in Fig. 15(b), and (d). The profile of the wear
track on the SUJ-2 disk had less deep scratch marks owing to hard
abrasive particles generated during friction test. Thus, friction reduc-
tion in Mesh ta-C was largely contributed by the surface smoothening
which increases the lambda value from 0.24 to 0.75 after the friction
test. This would favour the friction reduction by allowing the formation
of thicker oil film. Surface enhancement by solid nanoparticles has been
reported to play an important effect that would reduce the friction and
provide high wear resistance through interaction on the sliding surface
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(c)
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Fig. 18. FE-SEM images of indentation mark and radial crack formed on (a) ta-C, and (b) Mesh ta-C coatings; and magnified indentation mark of (c) ta-C, and (d)

Mesh ta-C for 1.0 kgf indentation loads.

[48]. But for the case of additive-free lubricant, surface enhancement
could be achieved by controlling the amount and size of abrasive par-
ticle produce during the friction test. Thus, the wear mechanism of the
Mesh ta-C could be described through the inhibition of micro-crack of
the coating which subsequently prevents the generation of high hard-
ness abrasive particles.

3.4. Crack resistance of the Mesh ta-C

The Mesh ta-C that is made up of sp>rich mesh structure offers
excellent wear resistance despite the fact that the hardness of the Mesh
ta-C coating is nearly three times lesser than the hardness of ta-C
coatings. The advantages of the Mesh ta-C can be explained by the
hardness, which increased along the coating depth from the topmost
surface to the substrate. This leads to prevention of the coating failures
due to brittle micro-crack that result in coating spalling out and dela-
mination. C. Charitidis et al. demonstrated that layered structure (se-
quence of soft/hard carbon layers) causing thick, stable and sp® rich
films demonstrates improved adhesion strength in contrast to those that
are rich in sp? content. This could sustain coating cracking without
debonding. Layered structure coatings display nearly full elastic re-
sponse, while on films rich in sp? content demonstrates massive brittle
fragmentation [49].

As illustrated in Fig. 16(a), the Mesh ta-C coating lacks any brittle
cracking and micro-fracture. Only a tiny scratch without any evidence
of spalling and delamination can be observed. Moreover, the coating
can be considered for transforming elastically in order to absorb the
friction force during the test. Nonetheless, it is clear that crack is
formed on the ta-C cylindrical pin even at lower load, Fig. 16(b). The
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brittle type cracking observed on the cylindrical pin caused micro
spalling and delamination, which formed high hardness fragments that
abrasively accelerate the wear.

To further clarifying high crack resistance of Mesh ta-C as compared
to the ta-C coating, micro-indentation test was conducted on both types
of coating deposited on the Si-substrate. Radial crack length was mea-
sured from the center of the indentation mark to the crack tip. The
result of the radial crack length was simplified in Fig. 17 by averaging
the crack length of 6 indentations test. The micro-indentation test was
only performed on the ta-C and Mesh ta-C specimens, since a-C:H
coating wear mechanism does not involve micro-fracture as discussed
earlier in section 3.3.1.

Mesh ta-C demonstrate the shortest radial crack length for all in-
dentation loads applied as compared to the ta-C, revealing poor fracture
toughness of ta-C coating. By introducing the structure to the ta-C, the
fracture toughness of the coating increased, and thus could prevent the
crack propagation that progress into spalling and delamination of the
coating. The soft structure sp? phase terminates the crack propagation
through energy release by plastic deformation leads to film toughness
enhancement [50]. This is supported by the latest finding by X. Sui
et al. [51] which reported that high crack propagation resistance and
elastic recovery capability through multilayer design of hard and soft
film result in excellent tribological performance. Moreover, increased of
elastic recovery by means of reducing the plastic deformation area re-
sult in improved coating toughness [52,53].

Fig. 18(a), and (b) shows the FE-SEM images of the indentation
mark on the ta-C and Mesh ta-C coating, respectively. It is evidenced
that the diagonal length of the indentation mark on ta-C and Mesh ta-C
is identical even though the ta-C is harder than Mesh ta-C. Furthermore,
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investigation of the radial crack and the indentation mark reveal dif-
ferent crack type between ta-C and Mesh ta-C. The radial crack formed
on ta-C coating is finer as compared to radial crack formed on Mesh ta-C
sample. The ta-C coating also demonstrates a fine layer cracking pattern
inside the indentation mark as shown in Fig. 18(c), which is explained
by the inability of the coating to undergo elastic/plastic deformation
under loading condition. A large amount of transverse cracks in and
around the indentation mark can be observed due to high hardness and
brittle characteristic of ta-C coating.

Moreover, investigation of the indentation mark of Mesh ta-C
coating shows a distinct crack type where each crack was not connected
as shown in Fig. 18(d). This proves the hypothesis that the Mesh ta-C
undergoes elastic/plastic deformation to absorb the induced tensile
stress upon loadings, which result in ductile cracking. The intersection
effect and soft sp? structure could restraint the crack propagation in
Mesh ta-C. In addition, the as-deposited Mesh ta-C top surface form in a
combination of sp? and sp® carbon phase as compared to the only sp>
exist in conventional ta-C. This feature has been reported to provide
high toughness coating with a relatively low hardness as the sp® con-
tents reduce [53].

4. Conclusion

The current study examined the effect of mesh structure DLC
coating on tribological performance, particularly with regard to friction
and wear in base-oil lubrication conditions. The findings of the friction
test revealed that the Mesh ta-C had a similar pattern and value of the
friction coefficient to that of ta-C. Apart from that, there were no gra-
phitized transferred-film found on the SUJ-2 disk for Mesh ta-C which
detected on SUJ-2 disk for a-C:H and ta-C coatings mating material.
Mesh ta-C friction reduction is explained by the surface smoothening
due to polishing effect. With regard to wear, the Mesh ta-C offers ex-
cellent wear resistance in contrast to the a-C:H and ta-C. Furthermore,
specific wear rates of the Mesh ta-C at high load decreased by 93% in
contrast to the ta-C at a nearly similar coefficient of friction. Raman
analysis of the Mesh ta-C and its counterpart worn area shows the re-
duction of wear effect due to the formation of graphite-like structure on
the contact surface. Examination of the wear track of the Mesh ta-C
coated cylindrical pin demonstrates the deterrence of crack initiation
and propagation, where there was a lack of evidence pertaining to
cracks in contrast to the ta-C. Mesh ta-C could sustain the induced
tensile stress by elastic/plastic deformations. Moreover, less amount
and size of high hardness abrasive particles generated also contributes
to the high wear resistance of Mesh ta-C which is verified through re-
duction of the as-manufactured average roughness, Ra of counterpart
material. This result in increased lambda value which allows the for-
mation of thicker oil film. As for ta-C coating, brittle micro-fracture was
observed, that progresses to partial spalling and functions as the high
hardness abrasive particles to accelerate the wear. Whereas, the a-C:H
wear mechanism is elucidated by the progressive elimination of the
graphitized contact surface causing high wear and low friction coeffi-
cient. Hence, the Mesh ta-C indicates excellent wear resistance owing to
inhibition of microfracture and cracks propagation by the structure
together with the reduction of abrasive particle production. On the
other hand, the ta-C and a-C:H endured abrasive wear due to micro-
crack and graphitization-induced wear mechanism, respectively.
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