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ARTICLE INFO ABSTRACT

Keywords: The diamond-like carbon (DLC) coating prepared using filtered cathodic arc deposition (FCVA) lost its promising
DLC coating wear resistance under high temperatures. Element-doped DLC coatings have been investigated to suppress car-
FCVA

bon oxidation reaction and subsequently enhance the wear resistance in high-temperature environments. Pre-
vious research clarified the excellent tribological properties of boron-doped DLC (B-DLC) but identified challenge
such as arc discharge extinguishment and coating declamation (under high-temperature friction test). In this
study, the introduction of Argon gas (10 sccm) during the deposition process stabilized stable arc discharge,
resulting in high hardness and deposition rate. Moreover, a chromium interlayer and varying concentration of Cr
dopant (0.5 %, 1.0 %, 3.0 % at.) were added to B-DLC to develop a stable, co-doped DLC with low friction and
high wear resistance. Raman spectroscopy and nano-indentation revealed an increase in the disordered carbon
structure and reduction in hardness and Young’s Modulus with Cr doping. Macroscopic ball-on-disk friction test,
showed 1 % Cr-doped B-DLC (a-C:B:Cr;) coating exhibited super low friction (avg. coefficient 0.02) and a low
specific wear rate (<5.0 x 10~® mm3/Nm). Raman spectroscopy indicated that the transferred graphite-like
tribo-film onto the surface of SigN4 counterparts contributed to stable low friction. Additionally, XPS analysis
on the DLC coatings’ wear track suggested the rich B—B bond might contribute to its high wear resistance. This
successful improvement on element-doped DLC prepared by FCVA provided valuable insights for further
exploration of DLC coating applied to various working situations.

High temperature tribological properties
Argon gas assisted arc deposition
Boron/chromium co-dopants

1. Introduction [15]. Therefore, DLC coatings have garnered significant attention for

applications in automobile and manufacturing industries. There has

Diamond-like Carbon (DLC), with high hardness and chemical
inertness, is one of the most common amorphous carbon materials,
featuring a combination of sp? and sp® hybridized carbon atoms. Its
novel tribological properties, along with corrosion resistance, have
expanded the extensive exploration in various research fields, such as,
biomedical [1-5], material science [6-9], and optical fields [2,10,11]. In
particular, due to its significant structure, DLC coating can realize low
friction and exhibit high wear resistance, serving as an outstanding solid
lubricant to protect the friction counterparts [12-14]. In sight of global
warming issues and urgent need to reduce carbon emission, the typical
tribological properties of DLC coatings may improve energy efficiency
and reduce gas emission compared with conventional lubricant material
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been a notable increase in DLC-related research, including the prepa-
ration method [16-21], structural characterization [22-27], evaluation
on mechanical and tribological properties [28-30] and so on [31].
Various types of deposition methods have been further developed in the
past decades [32-34]. Filtered cathodic vacuum arc (FCVA) deposition
system has become widely used to prepare defect-free DLC coating with
high hardness and promising wear resistance [35-39]. The so-called
tetrahedral amorphous carbon (ta-C) coating deposited by FCVA de-
vices, containing >60 % sp° structure and usually exhibiting the hard-
ness higher than 40 GPa, were further investigated as the considerable
alternative materials of conventional DLC coatings and applied to
various frictional counterparts and lubrication situations [40].
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Around two decades ago, the academic interest and challenge related
to DLC coating on tribological properties shifted towards the application
in high temperature atmosphere and other ultra-harsh environments
[41-471; Deng et al. [48] found that ta-C coating still maintained a low
friction coefficient (u < 0.1) in air even when the environmental tem-
perature exceeded 500 °C. However, the coating was dramatically worn
out once the temperature reached over 200 °C. Consequently, it has been
reported that the elements doped into DLC coatings, for instance, boron
(B), silicon (Si), [49] chromium (Cr), [50] tungsten (W) [51] can sup-
press the oxidation reaction of carbonaceous coating, thereby improving
the thermal resistance and the wear resistance at elevated high tem-
perature. For instance, Hofmann et al. [49] prepared three types of Si-
doped DLC with various dopant concentrations, revealing the indenta-
tion hardness and friction coefficient remained stable as the environ-
ment temperature increased to 500 °C. Furthermore, W-doped DLC [51]
was found to exhibit low friction and low wear under high temperature
of 400 °C and 500 °C, where tungsten trioxide (WO3) richly detected in
the transfer layer was interpreted as the main factor of superior tribo-
logical properties above-mentioned.

In our previous research, we found the boron doped DLC (B-DLC)
deposited by FCVA can maintain low friction coefficient and exhibit
high wear resistance at 300 °C [52]; the graphitization transfer layer
promoted by high temperature are the main factor of low friction, and
the incorporation of boron dopant suppress the oxidation of carbona-
ceous coating, resulting in the high wear resistance of DLC coating.
However, we also observed issues such as the extinguishment of arc
discharge during deposition process, as well as the easy delamination of
coatings, significantly restricting the practical application of DLC
coating. In details, arc discharge occurred on the carbon target surface,
subsequently generating carbon plasma. However, when using a boron
dopant-included target arc frequently extinguished, causing the coating
process to cease and adversely affecting both the quality and produc-
tivity of the coating. In addition, delamination consistently occurred due
to the weakening adhesion force between the coating and substrate
during friction, resulting in high friction and severe wear. Therefore, our
objective was to address these two issues to unlock the potential for a
long-term, hard carbonaceous coating with exceptionally low friction
and wear. Building on insight from this previous research, we started
with the development of coating design, as well as FCVA deposition
characteristic to make progress towards this high-temperature friendly
B-DLC.

In this research, we designed to introduce the Cr interlayer to buffer
the hardness difference between soft substrate and hard DLC coating,
enhancing the adhesion force and protecting the delamination of DLC
coating from substrate under high-temperature friction test [53].
Furthermore, while tackling the challenge of extinguishment during the
coating procedure, we identified a crucial factor: the internal pressure of
the vacuum chamber significantly influenced the extinguishment, a
phenomenon we diligently monitored throughout the process. To
counter this, we proposed the introduction of Argon gas to enhance
electron atom presence, thereby ensuring the continuity of arc
discharge. This concept was inspired by the stabilizing effect of Argon
gas on plasma generation during the sputtering process [54,55]. In this
study we focused on developing the deposition continuity of FCVA
system, optimizing deposition parameters and discussing the mecha-
nism of Argon gas effect on the DLC preparation [24]. Moreover, DLC
coatings modified by co-dopant elements (B/Cr) began to be explored to
achieve synthetic effects [56,57], in details, Cr-DLC was reported to
maintain low friction and high wear resistance at high temperature
[58,59]1; besides, the Cr-incorporated DLC will exhibit affinity with Cr
interlayer. Thus, we proposed to prepare the thermal stable a-C:B:Cr
coating exhibiting superior tribological properties at 300 °C in air.

We employed the structural characterization, evaluating the me-
chanical properties by nano-indentation and profilometer. In addition,
the macro ball-on disk friction tests were conducted at 300 °C, figuring
out the tribological properties of a-C:B:Cr coatings and identifying the
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Fig. 1. Schematic diagram of T-shaped FCVA deposition system, where carbon
plasma with the dopant-induced plasma (B/Cr) was generated by arc discharge,
bending 90° under the magnetic force and finally depositing on the rotated
cathodic substrate. Neutral particles and impurities mixed in the original car-
bon target were gathered in the frontal collection area. In addition, Argon gas
was introduced, then ionized at the arc discharge area, providing sufficient
electron for the continuous arc discharge of carbon plasma.

optimal concentration of chromium dopant. Finally, electron micro-
scopy, Raman spectroscopy, X-ray Photoelectron Spectroscopy (XPS)
were used to clarify the friction and wear mechanism of a-C:B:Cr coat-
ings, and reveal the influence of embedded co-dopants on coating design
and tribological properties.

2. Experimental
2.1. Coating preparation

The a-C:B:Cr coating was prepared on an Inconel disk and deposited
by the T-shaped filtered cathodic vacuum arc (FCVA) deposition system,
as illustrated in Fig. 1 [60,61]. A Cr film was served as an interlayer to
strengthen the adhesion between Inconel substrate and a-C:B:Cr coating.
The Inconel disk (with the size of 20 mm in diameter and 2 mm in
thickness), was composed of nickel (68 %), chromium (17 %) and iron
(8 %), and selected as the substrate due to its high strength and thermal
stability under high temperature. The Cr interlayer with the thickness of
50 nm, was fabricated by magnetron sputter prior to main DLC depo-
sition. The T-shaped FCVA equipment utilized magnetic force and can
remove the neutral atoms and macro-particles by employing a 90°
curved filter. Prior to the main deposition, the surface of all samples was
ultrasonically cleaned with acetone and alcohol for 15 mins each. The
cylindrical graphite target (with 50 mm in diameter and 24 mm in
height), incorporated in boron (5.0 at. %) as well as Cr dopants (0.5, 1.0,
3.0 at. %) (provided by Toyo Tanso Co., Ltd.) was used as the carbon
source of DLC films. In this study, we labeled the coating using a
consistent Cr-dopant atomic concentration; for example, a-C:B:Crgs
corresponded to the coating deposited with a 0.5 % Cr dopant included
in the graphite target. The deposition was carried out by following the
three steps, reported in our previous works [60,61]: (1) pre arc on the
graphite target, (2) Argon-plasma etching and (3) a-C:B:Cr coating
deposition. The chamber was initially vacuumed below 4.0 x 1072 Pa,
and the work pressure mainly fluctuated around the 0.02 Pa during the

Table 1
Conditions for a-C:B:Cr coatings using filtered cathodic vacuum arc
depositions.
Substrate, Inconel (Cr interlayer)
Pressure, Pa 4.0 x 1073
Arc current, A 65
Substrate voltage, V —-100
Coat/interval, sec 10/40
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Fig. 2. Schematic diagram of ball on disk friction tester at high temperature,
increasing temperature was employed by the infrared lamp; and the DLC-coated
disk was held on the rotated stage, performing the friction between disk and
held Si3Ny ball. The normal load was applied by the motionless weight, and the
friction force was measured by a load cell.

deposition process. The pre arc process was employed to remove the
water molecules and large particles adhered in the pipe duct. Argon-
plasma was performed to remove the oxide layers and impurities on
the surface of Inconel substrate, with 1.80 kV of discharge voltage and
16 sccm (standard cubic centimetre/min) of Argon flow rate. The main
DLC deposition was conducted with an arc current of 80 A, as well as the
substrate bias of —100 V. One deposition cycle consists of 10-second arc
discharge, followed by a 40-second cooling interval. The details were
listed in Table 1. During the deposition process the flow rate of Argon
gas varied from O to 16 sccm for the a-C:B:Cr 5 coating as a preliminary
exploration to optimize the deposition conditions, and 10 sccm was
applied to other a-C:B:Cr coatings.

2.2. Structural characterization and surface observation of a-C:B:Cr
coating

The coating thickness of doped-DLC was obtained by profilometer
(Mitutoyo, SV-3100), measuring the step difference between coating
and the marks prepared prior to the deposition. The nano-indentation
with the 300 pN load (Elionix, ENT-1100a) was used to evaluate the
hardness and Young’s modulus, considering the thickness of doped-DLC,
the indentation depth was controlled within the 1/10 of the DLC coat-
ings to eliminate the influence from substrate. The Oliver & Pharr
method was specifically utilized to extract the reduced Young’s
modulus, ensuring the reliability of the measured data.

The surface morphology of both ball and disk, as well the changes
(worn area, debris and transfer layer) after friction test, were observed
using a confocal laser scanning microscopy (Olympus, OLS5100, Japan).
In addition, the scanning electron microscopy (SEM; Hitachi SU-8200,
Japan) equipped with an energy-dispersive X-ray spectroscope (EDS;
QUANTAX FlatQUAD) was also used to observe the frictional surface at
the micrometer scale. EDS analysis was employed at a 5 keV of accel-
eration voltage to obtain the elemental mapping images and suspect the
chemical composition of the bulk coating as well as the tribo-film.

Raman spectroscopy (Jasco, NRS-1000) with 532 nm laser was
employed to analyze the structure of a-C:B:Cr coating and suspect the
structure transition during the friction process. Ip/I¢ ratio was used to
evaluate the disorder and graphitization of carbonaceous material
[25,62]. The collected Raman spectrum was deconvoluted into two-
peaks (i.e., D and G peak) using Gaussian functions, and the intensity
ratio of D and G peak, G peak position, as well as the full width at half
maximum (FWHM) were respectively analyzed.

Chemical composition was estimated using the PHI Quantera III XPS
instrument (ULVAC-PHI Inc., Japan), investigating the boron (Bis)
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Fig. 3. Extinguishment numbers of arc discharge during the deposition of a-C:
B:Cr coating demonstrated a dramatic suppression through introducing the
Argon gas, as depicted in (a). However, excessive introduction of Argon gas led
to a decrease in the deposition speed and hardness of a-C:B:Cr coating.
Therefore, 10 sccm was selected as the optimal flow rate. (b) 10-sccm Argon gas
can be perfectly applied to all kinds of a-C:B:Cr coating, with extinguishment
numbers controlled below the 10 times within 40 min deposition for all cases.

carbon (Cys), oxide (O15) and chromium (Crop) spectra. Each acquired
narrow peak was deconvoluted to fit chemical bonds respectively, with
background determined using the Shirley method; the calculated area
ratio of fitting spectra in a narrow peak was used to compare the con-
centration of each chemical bonds [25].

2.3. Ball-on disk friction test at high temperature of 300 °C

The ball-on-disk friction tester was used to evaluate the tribological
properties at 300 °C, as illustrated in Fig. 2. The a-C:B:Cr coating disk
was held at the rotation stage, sliding against the SisN4 ball (@ = 8 mm)
counterpart. The rotation speed was set as 200 rpm, and the diameter
was 6 mm, corresponding to the sliding velocity of 62.8 mm/s. The
normal load was applied to 1.0 N by the motionless weight. The speci-
mens were heated by an infrared lamp in ambient air and maintained at
the set temperature of 300 °C throughout the entire friction test. It took
45 min for the temperature to stabilize, after which the friction test was
conducted for 5 mins (1000 cycles). The friction force was measured by
a load cell and converted to the friction coefficient. To ensure the
credibility, the friction tests were repeated for three times under the
same conditions. The wear tracks of DLC disks and the wear scar of balls
were observed using the confocal laser scanning microscopy; and the
specific wear rate of DLC disks was calculated based on results measured
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Table 2

The thickness and hardness of a-C:B:Cry 5 coating deposited under different flow
rate of introduced Argon gas, were used as the selective parameters to determine
optimal flow rate of Argon gas. It was found that 10 sccm Argon gas was able to
deposit thicker and harder a-C:B:Crg 5 coating.

Flow rate of Argon gas, Thickness, Hardness,
scem nm GPa
0 20 9.2
10 110 12.4
16 72 9.8

by profilometer at the cross-sectional four points of the wear track.
3. Results

3.1. The suppression of arc discharge extinguishment with the
introduction of Argon gas

Fig. 3 demonstrated the improvement effect on continuous coating
with the introduction of Argon gas. We utilized the B/Crps-included
carbon target to conduct a preliminary experiment, clarifying how the
flow rate of Argon gas influenced the continuity of FCVA. We counted
the extinguishment numbers to demonstrate the continuity of arc
discharge. As shown in Fig. 3(a), without Argon gas being introduced,
the extinguishment occurred as predicted. After a 10-minute coating, the
extinguishment numbers exponentially increased, making the deposi-
tion of a-C:B:Cry 5 coating hardly conducted. Only 20 nm of a-C:B:Crq 5
coating was obtained after more than 40-minute deposition. Conversely,
the extinguishment numbers dramatically decreased with the intro-
duction of 10-sccm Argon gas, with only five-time extinguishment
occurring within a 40-minute coating period. Furthermore, optimization
of the flow rate of Argon gas was conducted. Introducing 16-sccm Argon
gas under the same deposition condition resulted in a similar continuous
deposition as the “10-sccm coating”, with only three-time extinguish-
ment, ensuring the normal deposition of element-doped DLC coating and
repeatedly proving the effectiveness of Argon gas-assisted deposition.
Herein, we selected the thickness and hardness of the DLC coating to
estimate the efficiency of Argon gas-assisted deposition. As listed in the
Table 2, under 40-minute deposition, the 10-sccm Argon gas assisted
deposition could obtain the most optimized film, with thickness of 110
nm and hardness of 12.4 GPa. However, the 16-sccm Argon gas-assisted
deposition only got a 72-nm film with the hardness of 9.8 GPa, sug-
gesting that excessive introduction of Argon gas decreased the deposi-
tion rate. The reason for this will be discussed in the following content.

Based on the continuity, speed of deposition, and the hardness of a-C:
B:Cr coating, the 10-sccm Argon gas-assisted deposition was selected as
the main coating parameter in this study. As shown in Fig. 3(b), four
types of boron-incorporated graphite with different chromium contents
were used in this 10-sccm Argon gas-assisted deposition system. As ex-
pected, the extinguishment numbers were successfully suppressed
within 10 occurrences during a 40-minute deposition period. Addi-
tionally, all a-C:B:Cr coatings achieved a thickness of over 100 nm.
Specifically, the thicknesses of the four coatings were 225 nm (a-C:B),
128 nm (a-C:B:Crgs), 142 nm (a-C:B:Cry), and 198 nm (a-C:B:Crj3).
Although the deposition speed of B/Cr co-incorporated graphite target
was slightly decreased compared with the B-incorporated one, the
variation in thickness among four coatings was within 100 nm. This
range was considered to be within the same thin film region and was not
expected to have a significant influence on the exploration of mechan-
ical as well as the tribological properties. The effective deposition was
believed to solve the conventional issue of element-included graphite
target in the FCVA system, and more importantly, enrich the preparation
methods of doped-DLC deposition.
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Fig. 4. The hardness and Young’s modulus of three kinds of a-C:B:Cr coating.
Table 3

The Ip/I ratio, D peak and G peak, deconvoluted from Raman spectra of a-C:B:
Cr coatings.

a-C:B a-C:B:Crg s a-C:B:Cr; a-C:B:Crs

In/Ig 0.36 0.63 0.73 1.49
D peak 1364 1374 1382 1384
G peak 1554 1553 1552 1550
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Fig. 5. Friction coefficient curve of a-C:B:Cr coating vs SizNy ball at 300 °C, all
coatings exhibited a similar run-in period within the initial 400 cycles, and the
friction coefficient of a-C:B:Cr; coating showed the smallest fluctuation during
steady-state period, suggesting the stable tribo-film was formed between
counterparts.

3.2. The mechanical properties of a-C:B:Cr coatings with various
chromium elements concentration

The mechanical properties and structural characterization of four
different a-C:B:Cr coatings were evaluated. As demonstrated in Fig. 4,
the a-C:B coatings exhibited the highest hardness among the four coat-
ings, with a value of 25 GPa. However, with the incorporation of Cr
dopant, all three types of a-C:B:Cr coatings become softer, with hardness
dropping to around 80 % of that of the a-C:B coating. This suggested that
the incorporation of Cr dopant into-B-DLC lowered the mechanical
properties of a-C:B:Cr coating.

Raman spectroscopy was utilized for the structural characterization,
focusing on the conventional D peak and G peak of carbon-related ma-
terials and analyzing the influence caused by the incorporation of
chromium dopant. The deconvoluted peak positions of the D peak and G
peak were respectively listed in Table 3, and original Ip/I; ratio clearly
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Fig. 6. The summary results of average friction coefficient and specific wear
rate of a-C:B:Cr coating, a-C:B:Cr; coating exhibited the lowest friction coeffi-
cient of 0.02 and smaller specific wear rate of 5.0 x 10~® mm®/Nm; demon-
strating that the incorporation of the optimal 1.0 at. % Cr-dopant improved the
tribological properties of B-DLC.

demonstrated that with increasing content of Cr-dopant, the disorder
structure of carbon atoms increased, and more graphite-like carbon has
been formed.

3.3. Tribological properties of a-C:B:Cr coatings at high temperature of
300 °C

Since the initial evaluation on the B/Cr co-doped a-C coating has
been conducted, the tribological properties were further estimated at a
high temperature of 300 °C. Three groups of ball-on-disk friction tests
were mainly conducted, using a-C:B coating, a-C:B:Cr; coating and a-C:
B:Crj coating. Additionally, the a-C coating and a-C:B:Crg 5 coating were
included for basic discussion on friction coefficient as the reference
group. The overall friction curve depicted in Fig. 5 suggested that the
run-in period endured a short process of 400 cycles before entering the
steady-state period.

The friction coefficient of a-C:B:Cr; coating has been decreasing
since the initial run-in period, subsequently demonstrating stable low
friction with minimal fluctuation since 500 cycles; and maintaining this
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state until the end of friction test. Conversely, the friction coefficient of
a-C:B coating decreased during the run-in period, and gradually
increased with a large fluctuation after 400 cycles. The a-C:B:Cr3 coating
exhibited the common behavior of increasing friction coefficient during
the run-in period. After reaching the steady state, the increasing friction
coefficient remained above 0.5. In addition, the a-C:B:Crg 5 showed the
similar frictional behavior to a-C:B:Cr; coating, whereas with a higher
friction coefficient and increasingly larger fluctuation after 350 cycles;
the friction coefficient dramatically increased to 0.4 at the 900th cycle,
and the black wear debris inside the wear track (shown in Fig. S2)
indicated that the coating peeled off from the substrate. Therefore, the
tribological properties of peeling-off a-C:B:Crg 5 coating would not be
further explored in the following part. The a-C coating showed an
increasing friction coefficient during run-in period, with friction coef-
ficient staying at around 0.25 in the steady-state period.

The average friction coefficient at the steady-state period has been
summarized in Fig. 6, along with the specific wear rate of each coating.
The a-C:B:Cr; coating realized the lowest friction with the approximate
value of 0.02, almost approaching the super low friction level. However,
the a-C:B and a-C:B:Cr3 coatings exhibited high friction coefficient of
0.22 and 0.53, respectively. Besides, both the a-C:B and a-C:B:Cr;
coating showed the high wear resistance at the same level, where spe-
cific wear rates <5.0 x 10~® mm®/Nm, representing an 80 % reduction
compared to the a-C:B:Crs coating. Therefore, the a-C:B:Cr; coating has
obtained the desired low friction and high wear resistance among the
well-prepared a-C:B:Cr coatings.

4. Discussion
4.1. Effect of introducing Argon gas on arc discharge and deposition

When considering the strategy to suppress the extinguishment, it is
essential to discuss the arc discharge process occurring on the surface of
the graphite target. Typically, arc discharge was initially triggered on
the surface of graphite target (cathode), giving rise to the cathode spot as
a highly energetic emitting area. In these spots, graphite bulk material
was melted and vaporized, leading to the ionization of carbon atoms due
to collisions with accelerated electrons, thus generating carbon plasma.
The extracted carbon plasma, under the influence of a magnetic field,

(bl) Carbon ions Free electron
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Fig. 7. Schematic diagram of effectiveness on continuous arc discharge through the introduction Argon gas. While using a dopant-included carbon target, the weak
arc discharge might not generate enough free electron to sustain the subsequent arc discharge, resulting in a broken arc known as extinguishment. By introducing
Argon gas into the carbon target, it participated in the arc discharge process and generated enough free electrons to strengthen the weak arc discharge, thereby

solving the extinguishment issues.
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Fig. 8. Optical images of transfer layer on the SizN4 ball surface, sliding against
the (al) a-C:B coating, (a2) a-C:B:Cr; coating, and (a3) a-C:B:Crs coating. The
transfer layer adhered on the SizN4 ball surface was measured by Raman
spectroscopy, with the Raman spectrum measured at the representative position
(marked with red indicators) shown in (b1). The Ip/I; ratio suggested that the
graphite-like transfer layer of a-C:B:Cr; coating adhered on the surface of Si3Ny4
counterpart, resulting in stable ultra-low friction. The Raman spectrum of the
as-deposited a-C:B:Cr coating was depicted in (b2). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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was used for deposition. Simultaneously, the movement of certain
electrons formed an electric path between anode and cathode, therefore,
the electric potential promoted further arc discharge on the graphite
cathode, which can be regarded as the driving force of maintaining
continuous generation of plasma. In other words, plasma ignition
occurred at the graphite cathode, where a sufficient number of free
electrons were needed to sustain further arc discharge; as shown in Fig. 7
(al) to (a2). Initially, in the original design of FCVA equipment, only the
graphite target was used for DLC coating, where impact ionization (arc
discharge) generated sufficient seed electrons to maintain continuous
deposition. However, Paschen’s law suggested that the material of the
cathode influenced the creation of free electrons resulting from
impacting ions. Therefore, incorporating other dopants into the graphite
target reduced carbon plasma density, resulting in fewer free electrons
available to maintain the electric path, as illustrated in Fig. 7(b1) to
(b2). Consequently, the arc cannot be continuously discharged,
becoming a significant reason for extinguishment. To address this issue,
Argon gas was introduced to maintain continuous arc discharge in the
FCVA system. Since Argon gas participated in the ionization process and
released free electrons, the increasing free electrons built a stable elec-
tric path for the further arc discharge [63]. The schematic of this
strategy was illustrated in Fig. 7(cl) to (c2). As described, the intro-
duction of 10-sccm Argon gas notably reduced extinguishment numbers
compared with the non-introduction of Argon gas assisted deposition.
On the other hand, excessive introduction of Argon gas not only pro-
vided more free electrons, but also promoted the collision between
Argon atoms and carbon ions. This decreased the mean free path of
carbon plasma, reduced plasma energy and free electron, excitation and
ultimately lowered plasma density. This might be the main factor
leading to the significantly decreased deposition rate of 16-sccm Ar gas
assisted coating.

4.2. Surface characterization of friction counterparts and clarification on
mechanism of low wear and friction of a-C:B:Cr; coating

Generally, harder coating was considered to exhibit higher wear
resistance, whereas in high-temperature atmosphere and under friction,
structural transform could occur. Therefore, it became necessary to
conduct more surface observation, as well as the structural character-
ization. Optical microscopy observations straightforwardly displayed
the worn parts of coatings and their respective counterparts, pinpointing
important areas for further surface analysis. As shown in Fig. 8(a), the
average diameter of the wear scar on the SigNy ball sliding against the a-
C:B and a-C:B:Cr; coating were within 100 pm, while that of a-C:B:Crs
coating was above 200 pm. Besides, transfer layers can be observed in
the respective wear scars on the surface of SigN4 ball; and the repre-
sentative area within the transfer layer (marked by red circle) was

Fig. 9. Optical images of wear track of (al) a-C:B coating, (a2) a-C:B:Cr; coating, and (a3) a-C:B:Crs coating. The areas of “inside wear track” and “outside wear
track” were respectively analyzed by XPS. The wear tracks of a-C:B and a-C:B:Cr; coatings appeared relatively clean and smooth, whereas the wear track of a-C:B:Cr3
coating was predominantly covered with black wear debris (similar to oxidants, shown in Fig. S5-2(3)).
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Fig. 10. By, spectra of a-C:B:Cr coatings, (al) inside and (a2) outside the wear tracks. From the bottom to the top, the spectra was respectively a-C:B coating, a-C:B:
Cr; coating, and a-C:B:Crj coating. The Oy, spectra of a-C:B:Cr coatings, (b1) inside and (b2) outside the wear tracks. Again, from the bottom to the top, the spectra

corresponded to a-C:B coating, a-C:B:Cr; coating, and a-C:B:Cr3 coating.

measured by Raman spectroscopy. The spectra demonstrated in Fig. 8
(b1) indicated that the transfer layer from a-C:B:Cr; coating to the sur-
face of SigN4 ball (Fig. 8(a2)) exhibited a highest Ip/I; ratio, with the
value increased to 1.03 compared to as-deposited value of 0.73 (Fig. 8
(b2)). This suggested the graphitization process of amorphous DLC

coating was largely accelerated and the transformed graphite-like car-
bon film was transferred to the surface of Si3N4 ball, thereby realizing
the low friction between a-C:B:Cr; and SigNy4. A slightly transformed
graphite-like carbon film with an Ip/I ratio of 0.65 (compared with the
original 0.36 of the as-deposited a-C:B coating shown in Fig. 8(b2)) can
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be detected on the surface of SigN4 ball for the a-C:B coating group
(Fig. 8(al)), which might correspond to the products formed during the
coefficient-decreasing process. These products have not maintained
stable low friction, and the accumulated transferred wear debris of a-C:B
coating took the lead, conversely resulting in the high friction.
Furthermore, the a-C:B:Crj3 coating group has not promoted the graph-
itization process, as evidenced by the low Ip/Ig ratio of 0.35 (Fig. 8(a3)),
but also formed black materials on the surface of SizN4 ball, indicating a
strong oxidation process occurring during friction at the high tempera-
ture (Fig. S5).

Subsequently, the wear track of a-C:B:Cr coatings were also
observed, as shown in Fig. 9. The width of each wear track was
consistent with the diameter of the wear scar as discussed in Fig. 8(al to
a3). Two deep scratches (Fig. S5-2) along the wear track of a-C:B:Cr;
coating were clearly observed compared with the morphology of the
other two wear tracks. Besides, the area outside the wear track of a-C:B:
Cr; coating appeared clean, with minimal black wear debris at the side.
In contrast, a significant amount of black wear debris was observed
outside the wear track of the a-C:B coating. Furthermore, a large
quantity of black wear debris appeared within the wear track of the a-C:
B:Crj3 coating, consistent with the black wear debris mentioned in the
Fig. 8(a3). This suggested that the wear debris continuously existed
between SizN4 ball and a-C:B:Crs disk as a third body, and the accu-
mulation of more and more wear debris caused the high friction under
high temperature conditions.

Moreover, the wear tracks of these three coatings were also charac-
terized by XPS, and the representative areas (marked by the red circles)
were shown in Fig. 10. Focusing on the B1g spectra, we observed that the
wear tracks of both a-C:B and a-C:B:Cr; coatings exhibited relatively
stronger Big signals with less noise compared to the a-C:B:Cr3 coating.
Additionally, the presence of B—B bonds remained at a strong level for
the a-C:B and a-C:B:Cr; coatings. However, in the case of the a-C:B:Cr3
coating, the B—B bond was hardly detected, and it was predominantly
transformed into C—B bonds. (the spectra comparison between inside
(al) and outside the wear track (a2)). These findings corresponded to
the specific wear rates of the three coatings, suggesting a positive cor-
relation between the presence of B—B bonds and wear resistance. The
EDS results of both a-C:B and a-C:B:Cr; coatings (depicted in Fig. S5-1
and S5-2) revealed the concentration of each element. Specifically, the
boron element maintained a stable level of 20 % both inside and outside
the wear track, while oxygen accounted for a concentration lower than
2 %. These findings indicated that the incorporation of boron effectively
suppressed the oxidation reaction under the conditions of high tem-
peratures and friction tests.

The analysis of the Oy spectra provided further insight into the su-
perior wear resistance of the a-C:B and a-C:B:Cr; coatings. When
comparing the spectra inside and outside the wear track, it was observed
that the C=0/Cry03 bonds were transformed into C—O bonds in both
coatings. Conversely, in the case of the a-C:B:Cr3 coatings, a large pro-
portion of C=0/Cr,03 bonds was evident both inside and outside the
wear track. These findings suggested that excessive incorporation of Cr
dopant promoted the formation of CryOs, which was considered an
adverse third body leading to severe wear. In addition, the existence of
B,03 were detected both inside and outside the wear track of a-C:B and
a-C:B:Cr; coatings, whereas BoO3 peak was hardly obtained towards the
a-C:B:Cr3 coatings. These results suggested B;O3 would exhibit the
beneficial effect on wear resistance. Furthermore, B dopant was proved
to lead to the superior wear resistance. Moreover, Cr-dopant did not
exhibit a direct contribution on the superior wear properties, whereas a
stable formation of graphite-like transfer layer only occurred in the case
of the a-C:B:Cr; and its counterparts; suggesting that the importance of
Cr-dopant on improving the tribological properties of B-DLC, as well as
the necessity of appropriate concentration during deposition.
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5. Conclusion

This research addressed the development of B/Cr co-doped DLC and
the improvement of its tribological properties at high temperature of
300 °C. We investigated the Argon gas assisted deposition process in the
FCVA system to suppress the arc extinguishment issue and elucidate the
mechanism of Argon gas assisted deposition. The optimal flow rate of 10
sccm was found to be suitable for all four types of a-C:B:Cr coatings with
different Cr-dopant concentration (0, 0.5, 1.0 and 3.0 at. %). Subse-
quently, we studied the tribological properties of various Cr-containing
a-C:B coatings and found that the a-C:B:Cr; coating exhibited the super
low friction with an approximate friction coefficient of 0.02 and lowest
specific wear rate of <5.0 x 107% mm3/Nm. Raman spectroscopy
revealed that the formation of a stable graphite-like transfer layer on the
surface of SigN4 balls (counterpart) might be cause of low friction, the
XPS results clarified that the incorporation of boron into DLC coating
improved the wear resistance at high temperature, possibly due to the
presence of rich B—B bond. Furthermore, although Cr-dopant did not
exhibit direct effect on improvement of wear properties, the proper
dopant concentration was proved to be an essential factor in the for-
mation of a stable graphite-like transfer layer, leading to super low
friction.
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