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Surface texturing is emerging as one of the viable means that can be applied to improve the tribological
properties of diamond like carbon (DLC) films. In this study, textured DLC films were in-situ fabricated by
masking the substrate with metallic meshes during the deposition process. The tribological behaviors of the
textured DLC films with micro-dimples densities of 39%, 52% and 58% were studied and compared with that of
the un-textured DLC films under dry friction and liquid lubrication conditions. The results showed that the
textured DLC films with micro-dimples density of 52% exhibited the lowest average coefficient of friction (COF)
and wear rate both under dry friction and liquid lubrication conditions. The improved tribological performance
of the textured DLC films with optimum micro-dimples density (52%) under dry friction could be attributed to
the friction-induced graphitization of the textured layer and entrapment of wear debris in the micro-dimples.
Under liquid lubrication condition, the micro-dimples played the double role of wear debris and lubricating oil
reservoirs, then the graphitized textured layer on the worn surface combined with the liquid lubrication film

formed a solid-liquid duplex lubricating, thus achieving significantly lower friction and wear.

1. Introduction

Diamond-like carbon (DLC) films have been used in many applica-
tions which include automotive components [1], cutting tools [2],
computers [3] and other electronic parts [4] and biomedical devices [5]
due to their superior mechanical, chemical, electronic, and tribological
properties. Despite the fact that DLC films demonstrate far superior
properties, the ever-increasing demands of the industry have chal-
lenged their performance capabilities, especially their tribological
performance [6-9]. To further enhance the tribological performance of
DLC films, various attempts have been made, such as elements or
compounds doping [10-12], microstructure design [13,14] and surface
modification [15,16]. Of all these methods, surface texturing is the one
displaying the greatest potential as far as boosting the tribological
properties of DLC films is concerned, owing to its simple preparation,
remarkable qualities and more affordable processing costs [17,18].

Surface texturing has been proven both theoretical and practically
to be a crucial technique to enhance the tribological performance of
machine components. In this technique, micro-textures are created on

the component surfaces to reduce friction and wear. To achieve these
benefits, researchers optimize the geometric parameters of textures,
including density, depth, and diameter in particular conditions. The
improved tribological performance of textured surfaces could be asso-
ciated to several mechanisms such as wear debris entrapment for
minimizing third body abrasion [19], improvement of hydrodynamic
lubrication [20] and load carrying capacity enhancement [21].

The widely used methods to obtain controlled surface texturing can
be divided into three groups [22]: high energy beam/electric discharge
methods [23], etching techniques [21] and micromachining/forming
techniques [24]. As for the texturing of DLC films, there are two ways
that can be considered in each method: direct texturing of an already
coated part or indirect texturing of a part prior to coating. Amongst the
various surface texturing techniques, laser surface texturing (LST) [25]
is one of the most widely used thermal energy based noncontact method
which can be employed for surface texturing on almost all types of
materials. However, the collateral damage during laser material inter-
action such as multiple spallation of surfaces and material evaporation
are inevitable in most LST processes. Thus, application of the LST
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Fig. 1. The surface 2D/3D images and dimples depth profile of DLC-smooth (a), DLC-T39% (b), DLC-T52% (c) and DLC-T58% (d).

technique is still restricted in cases of direct or indirect film texturing
given that comprises risks of collateral damages on film or substrate.

In the present study, the micro-textured DLC films were in-situ de-
posited by masking the substrate with metallic meshes during the de-
position process, and the focus of this study is the tribological behaviors
of the in-situ textured DLC films under dry and lubricated conditions.
The tribological properties of the in-situ textured DLC films with var-
ious texture densities and un-textured DLC films were contrastively
studied, and the friction-induced material evolution on the sliding
surface was investigated. Based on these studies, the effect of the tex-
ture size, relevant friction and wear mechanism under dry friction and
liquid lubrication conditions were revealed in detail.

2. Experimental
2.1. In-situ deposition of textured DLC films

Depositions were carried out in a closed field unbalanced magne-
tron sputtering (CFUBMS) system with two graphite targets and two Cr

targets. The polished (Ra < 0.03 pm) AISI 316 stainless steel sheets
(30 mm X 30 mm X 10 mm) and Si (1 0 0) wafers were selected as
substrates. Prior to film deposition, the substrates were ultrasonically
degreased with acetone and methanol for 10 mins and then cleaned
with Ar™ ions for 20 min at a substrate pulsed bias of —500 V to re-
move surface oxide and trigger surface activation. A thin Cr adhesion
layer (~200 nm) and a Cr — C graded interlayer (~100 nm) were
deposited to improve the adhesion of the DLC films. In order to obtain
micro-textured DLC films, metallic meshes with different grid intervals
of 0.16 mm, 0.3 mm and 0.46 mm were placed on the substrate surface
during the film deposition process. According to our previous experi-
ments, if the metallic meshes were tightly covered on the substrate
surface, the final deposited DLC films will be divided into discrete
pieces because there was no film at all in the place covered by the
metallic meshes. Thus, the overall strength, load-bearing capacity, wear
resistance and corrosion resistance of the DLC films would be greatly
reduced. Therefore, to obtain continuous and full covered DLC films
with a top texture layer, the metallic meshes were not tightly covered
on the substrate surface, but maintained at a certain distance, and this
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Fig. 2. The hardness (a) and elastic modulus (b) of concave and protruding part
of textured DLC films.

distance was strictly controlled between 50 and 200 pm. Then, both
textured and un-textured DLC films with thickness averages from 0.5 to
0.8 um were deposited by sputtering of high-purity graphite targets at a
DC power supply of 2500 W. The film deposition was started at a
pressure of around 3 x 102 Pa and the deposition process was carried
out at substrate pulsed bias of —70 V, frequency of 250 kHz and process
pressure of 0.2 Pa under Ar flow. The obtained samples were labeled
with their texture density: DLC-smooth, DLC-T39%, DLC-T52%, and
DLC-T58%.

2.2. Tribological evaluation

Tribological tests were performed on a CSM tribometer in ball-on-
disk reciprocating mode with amplitude of 5 mm and sliding frequency
of 5 Hz under dry and liquid lubricating conditions at 25 °C. The load
applied for dry and lubricated tests were 10 N and 20 N, respectively.
The theoretical minimum of the initial Hertzian contact stress was
about 1.22 GPa under dry friction and 1.53 GPa under lubricated
condition according to the ball-disk (un-textured plane) contact mode.
The AISI52100 steel ball with a diameter of 6 mm was used as the
friction counterpart. Before tribological tests, specimens and balls were
cleaned with ethanol to make sure there were no residual and solid
contaminants on sample surfaces. The lubricating oil used in liquid
lubricant condition tests was Poly alpha olefins (PAO 8), which was
dripped onto the sample surface with a fixed quantity to provide a
continuous lubricant film between the steel balls and DLC films. After
friction testing, the sliding balls were observed by scanning electron
microscopy (SEM) or optical microscopy (OM) and the wear tracks were
observed by an optical profiler (Micro XAM 3D). Eventually, the

Applied Surface Science 525 (2020) 146581

average wear volume could be obtained by measuring each wear track
in the cross for three times. Hence, the specific wear rate was calculated
as the ratio of the wear volume loss over the normal load multiplied by
the total reciprocating sliding distance. The micro-Raman spectroscopy
equipped with a 532 nm argon ion laser from 600 to 2000 cm ™' was
used to investigate the structural properties of the DLC films before and

after friction testing.
3. Results and discussion
3.1. Characterization of the textured DLC films

Fig. 1 shows the surface images of micro-textured DLC films with
different geometric dimensioning. The micro-dimples area densities of
textured DLC films are 39%, 52% and 58% (Fig. 1b-d). The mean area
density is calculated by the ratio of the micro-dimples area to the total
area. As shown in Fig. 1b, the micro-dimple width and length of the
DLC-T39% were 0.46 and 0.36 mm, respectively, and the interval be-
tween these two dimples was 0.16 mm. The other two samples (DLC-
T52% and DLC-T58%) had a common feature, which was that the width
and length of their micro-dimples were the same, and the values were
0.3 mm (Fig. 1c) and 0.16 mm (Fig. 1d), respectively. The micro-dim-
ples interval of these two samples were 0.12 mm and 0.1 mm. Fig. 1
also presents the 2D micro-dimple depth profile, the total thickness of
the three textured DLC films were 0.76 pm, 0.8 ym and 0.5 pm, and the
depths of the dimples were 0.16 mm, 0.16 mm and 0.14 mm, respec-
tively. The topographic features of micro-dimples were more obvious in
3D images of the textured samples, but unexpectedly the covered region
became the concave part while the exposed region became the pro-
truding part. This phenomenon may account for the micro-clearance
between the metal mesh and the substrate. During the deposition pro-
cess, many of the sputtering species remained in a natural state, and as
a result, they could not be controlled by the electric and magnetic fields
proposed by Nakao et al [26]. While the presence of metal meshes
would affect the distribution of the sputtering species, and the density
around the wire increased, thus increasing the deposition rate of the
DLC films under the metal meshes. This meant that the depth of the
texture dimples depended on the height of the protruding part of the
textured layer. The experimental results revealed that in a certain range
(50-200 um), the larger the clearance, the faster the deposition rate
increases. Therefore, the depth of the texture dimples could be con-
trolled by strictly regulating the clearance distance between the metal
meshes and the substrate surface.

Hardness and elastic modulus of the textured and un-textured DLC
films were determined using a nanoindenter with a load of 10 mN.
Fig. 2 illustrates the variation of hardness (Fig. 2a) and elastic modulus
(Fig. 2b) on the concave and protruding parts of the textured DLC films.
It could be seen that hardness and elastic modulus of the un-textured
DLC films were lower than those of the textured samples. In addition,
the hardness and elastic modulus indicated the same trends that the
value of the concave part was lower than that of the protruding part and
they were increasing at first and then dropped later on. The hardness of
the concave and protruding part shown in Fig. 2a increased from about
11 GPa at DLC-smooth to maximum values of about 13 GPa and 19 GPa
at DLC-T52%, respectively. An interesting fact was that when the
micro-dimples density was up to 52% the hardness of the protruding
part of the textured DLC films was much higher than that of the concave
part. The elastic modulus of the concave and protruding parts in Fig. 2b
rose to about 157 GPa and 187 GPa at DLC-T52%, respectively, and
then declined to approximately 152 GPa and 181 GPa at DLC-T58%,
indicating that surface texturing was helpful in improving the hardness
and elastic modulus of the DLC films.

Raman spectroscopy is widely used to investigate detailed structural
feature of DLC films. The prime interest in the DLC films is to probe the
sp° content which played a significant role on the properties of the
films. The Raman spectra of un-textured and textured samples is
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Fig. 3. Raman spectra of the DLC films (a) and the corresponding Ip/Ig and G
position (b).

presented in Fig. 3a. A broad peak appeared in the frequency ranging
from 600 to 2000 cm ™~ '. As observed, these samples showed a typical
DLC shoulder (D-peak around 1380 cm 1) on a skewed broad peak (G-
peak around 1560 cm™!). Fig. 3b illustrates the intensity ratio of D
peak to G peak (Ip/Ig) and G positions as a function of the dimples
density. The Ip/Ig decreased first and then increased afterwards with
increase of the dimples density while the G peak positions remained
almost unchanged, which implied that the textured DLC films contain
relatively higher sp®> bonded carbon compared with un-textured DLC
films. Meanwhile the increased Ip/Ig at DLC-T58% indicated that an
excessively high texture density was not conducive to increasing the sp>
content [27]. This tendency agreed well with the changes of hardness
and elastic modulus of textured and un-textured samples.

Contact angle measurements were carried out to investigate the li-
pophilicity of the textured and un-textured samples, and the final
contact angle was determined by averaging values at five different
points on each sample surface. Values of samples’ contact angles were
presented in Fig. 4. It could be seen that the oil contact angles of tex-
tured samples were lower than that of un-textured sample. The smaller
the contact angle, the better the lipophilicity. Thus, among the textured
samples, the specimens with dimples density of 52% exhibited super
lipophilicity due to the lowest contact angle about 23.5°. The lipophilic
DLC coating surface usually had a high surface energy and it would
provide a much stronger interaction between the oil and the DLC sur-
face, suggesting a continuous lubricant film with high adhesiveness to
the DLC surface during the sliding process under oil lubrication [28].

3.2. Tribological properties

3.2.1. Dry friction

Fig. 5 shows the coefficient of friction (COF) and wear rates of the
DLC films as a function of reciprocating sliding time, and the average
COF in steady state is also provided in the inset illustration. According
to Fig. 5a, after a short run-in period, the COF of all textured specimens
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Fig. 5. Friction coefficients (a) and wear rates (b) of textured and un-textured
DLC films under dry friction condition.

were smaller than that of un-textured one. After a sliding time of
1250 s, the COF of DLC-T39% increased initially and exceeded un-
textured sample. While for the other textured samples, the COF was
always smaller than that of the un-textured sample, even the COF of
DLC-T52% continued to decrease to a minimum value of about 0.05
after the run-in period. The decreased COF of the textured specimens
might be attributed to the friction induced optimization of the textured
sliding surface (graphitization and wear debris entrapment), and this
shall be further discussed in the following section. Fig. 5b illustrates the
wear rates of all the specimens. It was pretty obvious that the wear rates
of textured specimens were lower than un-textured one. Remarkably,
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Fig. 6. The SEM images of worn ball surfaces and the corresponding 3D images
of wear tracks under dry friction condition: DLC-smooth (a/e), DLC-T39% (b/f),
DLC-T52% (c/g) and DLC-T58% (d/h).

DLC-T52% exhibited a superior anti-wear property and showed the
lowest wear rate. The anti-wear performance of these DLC films was
highly consistent with their hardness, elastic modulus and COF.

Fig. 6 shows the SEM images of the worn ball surfaces and the 3D
images of the wear tracks on DLC films. Transfer film formation was
clearly observed on the wear scars, especially for the one sliding against
the un-textured DLC film, DLC-T52% and DLC-T58%. For DLC films, the
formation of transfer film involves two important processes: graphiti-
zation and transfer. Surface texturing with appropriate dimples density
promoted graphitization of the sliding surface due to the increased
contact stress caused by the decreased real contact area. The sharp
edges of texture dimples constantly scratched the sliding surface during
the sliding process, resulting in the continuous transfer of the graphi-
tized film to the coupled steel ball surface and distributing them along
the sliding direction, thus the transfer film on the steel balls sliding
against the textured specimens presented obvious directionality
(Fig. 6b—d). A continuous and compacted transfer film has been proved
to prevent the direct contact between friction pairs effectively, then
resulting in low COF and wear [29]. In addition, the wear scar sliding
against the DLC-T52% showed the minimum size indicating the smal-
lest contact area, thus further reducing COF. However, the steel ball
sliding against the DLC-T39% revealed an abnormally large wear scar
indicating a severe wear of the steel ball. This might be due to the low
dimples density. The lower the dimples density, the larger the texture’s
dimple size. Thus, the contact surface of the steel ball would be caught
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in the large dimples and be continuously cut by the dimple’s edge
during the sliding process eventually resulting in an ever-increasing
contact area and COF. The 3D images of wear tracks (Fig. 5e-h) pre-
sented that the wear depth and width decreased initially and then in-
creased and both finally reached the minimum at DLC-T52%. It was
worth noting that there was a large amount of accumulated wear debris
around the wear track of untextured DLC film, while there was only a
small amount of wear debris for the textured one. This meant that the
textured dimples could effectively capture the wear debris and store
them. It has been proven that the accumulation of the wear debris in the
direction of sliding strongly affects the deviation and stability of the
tribological performance [17]. Once the wear debris captured in the
dimples were rolled repeatedly to form a compacted smooth tribofilm
during the sliding process, the friction and wear of the DLC film would
be reduced significantly. While for the DLC-T39%, the amount of wear
debris caused by the severe wear of the steel ball exceeded the storage
capacity of the textured dimples, thus some wear particles were trans-
ferred to the steel ball side (Fig. 6b).

Furthermore, with investigation of the phase transformation of DLC
films during the friction test as sole objective, a micro-Raman spec-
troscopy was performed so as to acquire information about the ar-
rangement and alignment of the carbonaceous network. Fig. 7 displays
the Raman spectra obtained from the wear tracks under dry friction
condition (Fig. 7a) and the corresponding Ip/Ig ratio and G peak po-
sition (Fig. 7b). Two shoulders at 1381-1385 cm™ ! and
1561-1571 cm ™~ * can be observed on the Raman spectra, corresponding
to D band and G band respectively. Table 1 lists the Gaussian fitting
results of Raman spectra of as-deposited films in Fig. 3a and the wear
tracks of textured and un-textured DLC films in Fig. 7a. Compared with
the as-deposited DLC films, G peak position of wear track of DLC-
smooth and DLC-39% increased by 10 cm™?, respectively. Never-
theless, the G peak position of DLC-39% and DLC-58% in the wear track
were almost the same to the as-deposited film. The Ip/Ig ratio in the
wear track of the DLC-T52% increased from 1.75 to 2.0 compared with
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Fig. 7. Raman spectra of wear tracks (a) and the corresponding I/Ig and G
peak position (b) under dry friction condition.
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Table 1
The fitting results of Raman spectra in Figs. 3 and 7a.
Samples D peak position G peak position In/Ig
(em™) (em™)
DLC-smooth  As-deposited 1377 1559 1.93
Wear track 1385 1569 2.00
DLC-T39% As-deposited 1382 1561 1.75
Wear track 1380 1571 1.78
DLC-T52% As-deposited 1383 1566 1.75
Wear track 1383 1561 2.00
DLC-T58% As-deposited 1384 1565 1.87
Wear track 1381 1564 1.91

the as-deposited film, while the Ip/Ig ratio for the other samples slightly
changed. According to Ferrari and Robertson’s [30,31] three-stage
model about the Raman spectra of disordered and amorphous carbon,
the DLC-T52% underwent an obvious graphitization process during the
friction testing. Some of the graphitized tribofilm was transferred to the
steel ball surface by the sliding process, thus the real sliding interface
was changed from between DLC and steel ball to graphitized tribofilm
and graphitized transfer film. The low shear property of internal sliding
of this graphitized carbon material resulted in a low COF, and the re-
peated transfer of the graphitized carbon between the two sides of the
sliding surfaces prevented any severe wear of the friction pairs [32].
It could be seen from the 3D images of the wear tracks shown in
Fig. 6e-h that the wear depth had exceeded the micro-dimples depth at
the end of the friction test. That is, surface texturing may only play a
role at the early stages of the friction process. Fig. 8 illustrates the initial
contact state of un-textured and textured DLC films during the friction
test. As shown in Fig. 8a, for the un-textured DLC films, amounts of
wear particles stacked at the interface interfered with the sliding pro-
cess and caused some severe abrasive wear. Additionally, high contact
pressure casused by the wear particles lowered the graphitization
temperature and thus triggered the graphitization transformation [15],
which increased adhensive wear due to the graphitization caused
softening of the sliding surfaces. During the friction process, the gra-
phitized layer was continually transferred to the steel ball surface to
form a compacted and dense transfer film (Fig. 6a), thus the worn film
surface still presented the initial structural characteristics of diamond-
like carbon (Fig. 7). As for DLC-T52%, it also underwent an obvious
graphitization transformation because of the high contact stress caused
by the decreased contact area. However, unlike the un-textured DLC
films, although material transfer still occurred on the sliding surface,
most of the graphitized wear debris were trapped by the micro-dimples
during the sliding process as shown in Fig. 8b. Therefore, DLC-T52%
simultaneously achieving low friction and wear due to the interfacial
sliding between the graphitized tribofilm and transfer film. According

!

DLC-smooth

: Substrate
: DLC film

® : Debris

DLC-T52%
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to the tribological features of DLC films [6,29,33], once a stable low-
friction interface is formed, the graphitized carbon will be transferred
repeatedly between the two sides of the sliding surfaces rather than
causing severe wear of the friction pairs. Therefore, even the texture
layer was worn through (Fig. 6g), the friction coefficient did not change
significantly (Fig. 5a). So from the experimental presentations, the
surface texture layer only played a role in the early stage of friction
process, but from the tribological mechanism, it laid the foundation for
achieving and keeping the low friction. However, when the micro-
dimples densities were smaller, such as in DLC-39% (Fig. 8c), the steel
ball was easy to sink into the larger dimples, which resulted in the in-
crease of the sliding resistance and plough-cutting of contact surface. As
a result, the real contact area was constantly extended, and hence in-
creasing the friction coefficient. Meanwhile when the micro-dimples
densities were too large, such as DLC-58% (Fig. 8d), the framework of
the textured layer was too thin, thus the textured layer was easily worn
out during the slding process and failed to function as the textured layer
in DLC-T52%.

3.2.2. Liquid lubrication

To study the impact of in-situ texturing on the tribological behaviors
of DLC films under liquid lubrication, a certain amount of PAO 8 oil was
added to the sliding interface of the friction pairs. The COF of textured
and un-textured samples are shown in Fig. 9a. Under liquid lubrication
condition, the COF of the un-textured sample was higher than that of
the textured samples and the frictional coefficient curves of textured
samples were more stable and smoother than that of DLC-smooth. The
illustrated average COF showed that the textured samples exhibited
almost the same friction coefficient of 0.075-0.077. The wear rates of
the textured and un-textured DLC films are presented in Fig. 9b. The
textured DLC films showed a significant lower wear rate compared with
the DLC-smooth. Whilst among the textured samples, DLC-52% showed
outstanding low wear rate indicating a superior wear resistance. Thus,
in-situ surface texturing can effectively improve the tribological per-
formance of DLC film not only under dry friction but also under liquid
lubrication condition.

The OM images of the worn ball surfaces sliding against the textured
and un-textured DLC films are displayed in Fig. 10a—-d. It was obvious
that the wear scars on the steel balls sliding against the textured DLC
films were smaller than the one sliding against the un-textured film.
When the micro-dimples density was 52%, the steel ball was sig-
nificantly less worn out. The 3D topographies of the wear tracks are
illustrated in Fig. 10e-h. A series of furrows on the worn surface of DLC-
smooth indicated a severe abrasive wear, and an amount of scratches on
the corresponding worn ball surface (Fig. 10a) further confirmed this.
The wear tracks of the textured DLC film were smoother and narrower
than that of the DLC-smooth, especially the DLC-52%. Under liquid

.

l’ / DLC-T38%

DLC-T58%

— : Graphitized layer

Fig. 8. Schematic illustration of friction and wear mechanism for DLC-smooth (a), DLC-T52% (b), DLC-T38% (c) and DLC-T58% (d) under dry friction condition.
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Fig. 9. Friction coefficients (a) and wear rates (b) of textured and un-textured
DLC films under liquid lubrication condition.

lubrication condition, the improved tribological properties of the tex-
tured DLC film might be attributed to the dual function of wear debris
capturing and oil storage in micro-dimples. As observed in Fig. 4, sur-
face texturing considerably decreased the contact angle between PAO
and DLC film, which in turn increased its lipophilicity and promoted the
formation of thick and continuous lubricating films on the sliding in-
terface, thus resulting in lower friction and wear [34].

The Raman spectra of the wear tracks and the corresponding Ip/Ig
ratio and G peak positions under liquid lubrication condition are pre-
sented in Fig. 11. The Gaussian fitting results of the as-deposited film’s
Raman spectra and the wear tracks are shown in Table 2. It could be
seen that the Ip/Ig ratio of wear tracks of the textured samples was
higher than that of the un-textured sample. For the DLC-smooth, the G
peak position shifted from 1559 to 1572 cm ™! after the friction test,
while the Ip/Ig was almost unchanged. For the textured samples, there
was no significant difference in the D peak and G peak positions in-
between the as-deposited films and wear tracks. However, compared to
the as-deposited film, the Ip/Ig ratio of the wear track of DLC-39%,
DLC-52% and DLC-T58% sharply increased from 1.75 to 2.07, 1.75 to
2.03 and 1.87 to 2.0, respectively. These results indicated that the
textured samples clearly underwent more significant graphitization
than DLC-smooth during the friction test, particularly those of DLC-39%
and DLC-T52%. To make it easier for evaluation the friction and wear
behavior of DLC films under liquid lubrication condition, the applied
load and friction test duration were deliberately increased; the applied
load was 20 N and the friction test duration was 60 min. Under such
harsh conditions, friction-induced graphitization of DLC film was in-
evitable, especially for the textured DLC film due to the increased
contact pressure caused by the decreased contact area.
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Fig. 10. Optical microscope images of worn ball surfaces and the corresponding
3D images of wear tracks under liquid lubrication condition: DLC-smooth (a/e),
DLC-T39% (b/f), DLC-T52% (c/g) and DLC-T58% (d/h).

Fig. 12 illustrates the schematic view of the sliding contact state for
the textured and un-textured DLC films under liquid lubrication con-
dition. For the un-textured specimen shown in Fig. 12a, the wear debris
were randomly dispersed to all the sliding interfaces along with the
flow of the lubricating oil, thus interfering with the sliding process and
accelerating abrasive wear. On the other hand, even the DLC film had
been graphitized under heavy load (20 N), the graphitized layer was
also washed away by lubricating oil, which made it difficult to achieve
a solid-liquid duplex lubrication effect and was also the reason why the
Raman signal of graphitization in the wear track of DLC-smooth was
less significant. While for the textured DLC films shown in Fig. 12b,
micro-dimples could serve as reservoirs for wear debris and lubricating
oil. The graphitized wear debris were stored in the micro-dimples and
continuously compacted to a dense graphitized layer during the sliding
process. Consequently, the graphitized layer on the worn surface
combined with the liquid lubrication film resulted in a solid-liquid
duplex lubrication effect. Even if the textured layer was worn through,
the micro-dimples from outside the contact region could still trap wear
debris and store oil. Nonetheless, the function of the wear debris/oil
reservoirs and the real contact pressure competed during boundary
lubrication sliding [35]. When the dimple density was too low (DLC-
T39%), the wear debris could not be totally captured in the micro-
dimples and the stored oil was not sufficient to form a thick lubrication
film on the sliding interface. On the other hand if the dimple density
was excessively large (DLC-T58%), the decreased contact area would
increase the average contact stress on the sliding surface and thus
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Fig. 11. Raman spectra of wear tracks (a) and the corresponding I/Ig and G
peak position (b) under liquid lubrication condition.

Table 2
The fitting results of Raman spectra in Figs. 3 and 11a.
Samples D peak position G peak position In/Ig
(em™) (em™)
DLC-smooth  As-deposited 1377 1559 1.93
Wear track 1387 1572 1.95
DLC-T39% As-deposited 1382 1561 1.75
Wear track 1381 1566 2.07
DLC-T52% As-deposited 1383 1566 1.75
Wear track 1380 1563 2.03
DLC-T58% As-deposited 1384 1565 1.87
Wear track 1389 1570 2.0
a b
Debris

et see e e e AW U Y e X
0Oil
Micro-dimples filled

Substrate with oil and debris

Fig. 12. Schematic illustration of friction and wear mechanism for un-textured
(a) and textured specimens (b) under liquid lubrication condition.

tremendously reducing the lubricant film thickness, then deteriorating
the friction and wear behavior. Therefore, the average COF and wear
rate of the DLC-T58% went down to the minimum.

4. Conclusions

In this study, textured DLC films were in-situ fabricated by masking
the substrate with metallic meshes during the deposition process. The
tribological behaviors of un-textured and textured DLC films with dif-
ferent micro-dimples densities under dry friction and liquid lubrication
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condition were contrastively investigated. The key results are sum-
marized and highlighted as follows:

(1) Textured DLC films with micro-dimples densities of 39%, 52% and
58% were successfully fabricated. It was extraordinary that the
region covered by the metallic meshes became the concave part of
the textured film, while the exposed region became the protruding
part.
In-situ surface texturing can significantly reduce friction and wear
of DLC films both under dry friction and liquid lubrication condi-
tions. Under dry friction, the improved tribological properties can
be attributed to the friction induced graphitization of the textured
layer and trapping of wear debris in micro-dimples. Under lu-
bricated condition, the micro-dimples played the double role of
wear debris and lubricating oil reservoirs, thus the graphitized
textured layer on the worn surface combined with the liquid lu-
brication film achieved a solid-liquid duplex lubricating effect.

(3) Appropriate micro-dimples density is the key to achieve superior
tribological properties. In this study, the textured DLC films with
the micro-dimples density of 52% reached the lowest COF and wear
rate both under dry and lubricated conditions.

(2
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