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 A B S T R A C T 

The friction and wear of diamond-like carbon (DLC) coating deposited on 
a M2 steel substrate (DLC-Steel) via microwave excited plasma enhanced 
chemical vapor deposition (µW-PECVD) against a 100Cr6 steel ball 
without or with an Asian Formulated Oil (AFO) were systematically 
investigated with different normal loads and sliding speeds. Under a dry 
condition, the DLC-Steel exhibited an increase in its wear with an 
increased normal load from 1 to 5 N, while its wear increased with an 
increased sliding speed from 1 to 3 cm/s and turned to decrease with a 
further increased sliding speed to 5 cm/s. The increased wear of the DLC-
Steel resulted in its increased friction via an increase in contact between 
two rubbing surfaces during dry sliding. However, the DLC-Steel exhibited 
a decrease in its friction with an increased normal load or sliding speed 
under a lubrication condition, although it did not have any measurable 
wear for all the normal loads and sliding speeds. It could be concluded that 
the µW-PECVD-DLC coating could effectively prevent its underlying steel 
substrate from abrasive wear for all the normal loads and sliding speeds 
under both dry and lubrication conditions. 
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1. INTRODUCTION  
 
An extensive use of internal combustion (IC) 
engines in various industries such as 
transportation, energy and power, oil and gas, 
agriculture, construction, households, etc. is a 
major account for a massive emission of CO2 

gas that greatly contributes to global warming 
and climate change [1-3]. Reducing CO2 gas 
emissions in IC engines requires a reduction in 
fuel consumption, which relies on a reduction 
in friction losses in engine tribo-components 
(ETCs) such as cams, followers, piston rings, 
cylinder bores/liners, crankshafts, camshafts, 
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etc. [1,4]. Reducing friction and wear of ETCs 
is beneficial for reducing not only 
environmental pollution via reduction of CO2 
gas emissions in IC engines but also 
environmental noise levels by improving the 
quality, performance, durability, and service 
life of IC engines [1,5,6]. It is clear that high 
fuel consumption is a major source of not only 
climate change, which severely impacts public 
health, biodiversity, and economic stability, 
but also non-renewable energy resource 
depletion, which becomes a global challenge 
for the ever-growing fuel economy [1,4,7,8]. 
For these reasons, a major goal of "sustainable 
green mobility" is importantly set to reduce 
the environmental impact of "mobility" in 
terms of energy consumption, emission, 
pollution, and noise [1,9,10]. Therefore, an 
effective reduction in the friction and wear of 
ETCs is the best solution for reducing fuel 
consumption and CO2 gas emissions in IC 
engines and thereby improving global 
warming, energy conservation, and fuel 
economy for a more sustainable and greener 
world. Such a goal can be achieved by 
developing low friction and high wear 
resistant materials or coatings for ETCs 
[1,2,5]. 
 
Steels have been commonly used for making 
ETCs because of their high mechanical 
strength, high thermal conductivity, and 
relatively low production costs [11]. In 
addition, steel's various forms and alloys offer 
different properties to meet a wide range of 
ETC applications [11]. However, the relatively 
high friction and wear of steels are major 
drawbacks for their durability, performance, 
and service life, which in turn contribute to a 
great financial loss in various industries where 
IC engines are widely used [11,12]. 
 
DLC is an amorphous material mainly composed 
of carbon atoms in sp2 or sp3 hybridization [1]. 
Its rigid sp3 bonded cross-linking structure is 
responsible for its high hardness and thereby 
high abrasive wear resistance, while the 
formation of its easily sheared graphitic layers 
during dry sliding makes it low in friction 
[11,13]. Therefore, a development of low friction 
and high wear resistant DLC coatings has 
nowadays become an important strategy to 
effectively reduce the friction and wear of ETCs 
modified with them [1,13-15].  

ETCs operated in extreme environments such as 
high temperatures and loads demand thick DLC 
coatings with strong adhesion for their 
durability and service life [14,15]. It is, however, 
well known that DLC coatings have high residual 
stresses, thereby poor adhesion strength with 
their underlying substrates, especially with 
metal substrates, due to a significant difference 
in coefficients of thermal expansion between 
DLC and metal, and a very limited thickness of a 
few hundred "nm" [16,17]. Even the thickness of 
commercially deployed DLC coatings is not 
much thicker than a few hundred "nm". Because 
of these reasons, DLC coatings are very 
successful for wear testing in laboratories, but 
often fail in field applications [18]. Therefore, a 
successful deposition of thick DLC coatings on 
steel substrates and designing them to survive in 
extreme environments have become challenges 
for tribologists and engine makers, which means 
that research and development of DLC coatings 
are still necessary to achieve their thickness of 
above "1 µm". 
 
Generally, physical vapor deposition (PVD) 
produces thinner DLC coatings than chemical 
vapor deposition (CVD), if considered from the 
point of kinetic energies of film-forming 
species, because a much more energetic 
bombardment of film-forming species during 
PVD induces higher residual stresses in the 
coatings and hence greatly limits the coating 
thickness [19,20]. It is possible with CVD to 
produce thicker DLC coatings, but with lower 
sp3 contents and densities due to the 
insufficient energetic bombardment of film-
forming species during CVD [19,20]. As a result, 
advances in manufacturing technologies are 
always sought to advance DLC coatings with the 
aim of overcoming their drawbacks. A recent 
development of µW-PECVD can give rise to 
better qualities of DLC coatings because 
microwave discharge induces a higher degree 
of ionization and hence higher rates of 
reactions between chemical species in plasma 
than dc and rf discharges [21-23]. It is therefore 
expected that µW-PECVD could produce DLC 
coatings with higher thickness and better 
tribological performance, and such µW-PECVD-
DLC coatings should be further researched to 
get them advanced in ETC applications by 
performing their process-structure-
performance relationships.  
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Various lubricants, which can effectively 
reduce the friction and wear of ETCs, are 
commercially available for IC engines 
depending on their specific applications 
[1,11,12]. Steels used in ETCs highly demand 
external lubricants for reducing their high 
friction and wear and extending their service 
life [1,11,12,24]. Therefore, implementing 
ETCs with low friction and high wear resistant 
DLC coatings together with lubricants can be a 
potential solution for effective improvements 
in their friction and wear losses, and thereby 
reducing fuel consumption and CO2 gas 
emissions in IC engines for greener mobility. 
 
A fundamental understanding of the friction 
and wear of µW-PECVD-DLC coatings under dry 
and lubrication conditions is relatively 
important to successfully introducing µW-
PECVD as a potential manufacturing technology 
for the fabrication of low friction and high wear 
resistant DLC coatings. Khun et al. [23] 
successfully deposited thick DLC coatings on 
steel substrates via µW-PECVD and investigated 
their structural and tribological properties with 
different substrate biases. A few researchers 
also developed DLC coatings by µW-PECVD to 
investigate their structural and mechanical 
properties [21,22,25]. However, available data 
on the tribological properties of DLC-Steel 
fabricated by µW-PECVD, especially without or 
with lubricants, are very limited in the 
literature, although tribochemical interactions 
of DLC coatings produced using various 
manufacturing technologies with various 
lubricants have been widely studied and 
reported [1,26]. Therefore, it deserves to 
investigate their friction and wear behaviour 
with respect to normal load and sliding speed 
under dry and lubrication conditions since their 
tribological performance can greatly vary with 
different normal loads, sliding speeds, and 
lubricants, which has not been widely reported 
in the literature yet. Such investigation will be 
very useful for tribologists, engine makers, and 
lubricant developers. 
 
In this study, DLC coating was deposited on a 
high speed M2 steel substrate via µW-PECVD 
and its friction and wear against a 100Cr6 steel 
ball were systematically investigated under dry 
and lubrication conditions by varying normal 
loads of 1–5 N and sliding speeds of 1–5 cm/s. 
Prior to the DLC coating deposition, a tungsten 

carbide interlayer was introduced between the 
coating and steel substrate to achieve a high 
coating thickness by reducing residual stress in 
the coating and promoting coating adhesion 
[23]. A 100Cr6 steel ball was used to resemble a 
tribo-pair of DLC-Steel/Steel. An Al2O3 ball was 
also used in order to discriminate between the 
wear of bare M2 Steel (B-Steel) generated by 
100Cr6 steel and Al2O3 balls. The B-Steel was 
used as a reference material. 
 
 
2. EXPERIMENTAL DETAILS 
 
2.1 Coating deposition 
 
DLC coating was deposited on a high speed M2 
steel substrate via µW-PECVD (Hauzer techno 
flexi coat® 850 system). Prior to the DLC 
deposition, the steel substrate fixed on two-fold 
rotation cylinders (dummies) was cleaned by 
Ar+ plasma sputtering. Acetylene (C2H2+Ar, 
C2H2: 50%) was used as a gas precursor. The 
detailed µW-PECVD process parameters of the 
DLC coating are presented in Table 1. Two 
microwave sources of 2.45 GHz, about 380 mm 
apart, were located in the center of the 900 mm 
tall back wall of the chamber. The distance 
between the sample surface and the microwave 
source was about 160 mm. A tungsten carbide 
interlayer with 0.5–0.7 µm in thickness was 
introduced between the DLC coating and steel 
substrate using a sputtering system. The steel 
substrates were mechanically polished by hand 
using 400, 800, 1000, and 1200 grit papers 
before the DLC deposition. The DLC coating had 
a uniform thickness of about 1.5±0.3 µm [23].  
 
Table 1. µW-PECVD process parameters of DLC coating. 

µW-PECVD process parameters 

Microwave power 1000 W 

C2H2 ratio 45% 

Gas flow rate  640 sccm  

Gas pressure 1.2 Pa 

Deposition time  15 min 

DC substrate bias  -200V 

Substrate rotation  1 rpm 

 
2.2 Characterization 
 
B-Steel and DLC-Steel were analyzed using 
various characterization techniques, as 
presented below.  
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Their surface morphologies and topographies 
were studied via scanning electron microscopy 
(SEM, JEOL-JSM-5600LV), surface profilometry 
(Talyscan 150) with a diamond stylus of 4 µm in 
diameter, and optical microscopy (OM, Zeiss 
Axioskop 2, JVC color video camera). For the 
SEM observation, they were coated with a thin 
gold layer to avoid a charging effect. Three 
measurements on each sample were carried out 
to average an arithmetic average surface 
roughness (Ra). 
 
Their chemical compositions were measured via 
energy dispersive X-ray spectroscopy (EDX) 
attached to SEM.  
 
Their bonding structures were evaluated via 
micro-Raman spectroscopy (Renishaw RM1000) 
with a 632 nm line excited by a He-Ne laser in a 
range of 500–3300 cm-1.  
 
Their tribological properties were investigated 
using a ball-on-disc micro-tribological test 
(CSM) by sliding against alumina (Al2O3) or 
100Cr6 steel balls of 6 mm in diameter without 
or with AFO in a circular path of 1.5 mm in 
radius for 70,000 laps (660 m) at different 
sliding speeds of 1–5 cm/s under different 
normal loads of 1–5 N. The lubricant used in this 
experiment was a commercially available AFO 
that was supplied by Infineum UK Limited. 
Three measurements per sample were carried 
out to get average tribological properties. The 
widths and depths of their wear tracks were 
measured via surface profilometry and white-
light confocal imaging profilometry to calculate 
their wear volumes.  
 
 
3. RESULTS AND DISCUSSION 
 
3.1 Morphology, topography, and chemical 

composition of DLC coating  
 
Figure 1a shows the surface morphology of the 
DLC coating, on which small grains can be seen. 
No observation of pinhole defects on its surface 
is indicative of its high continuity and density 
[27,28].  
 
Figure 1b shows the EDX spectrum of the DLC 
coating, measured on its surface, with several 
peaks of Au, Ar, W, and C elements. The Au peak 
is attributed to a gold layer coated on the DLC 

coating for the SEM observation. The Ar peak 
comes from Ar atoms incorporated in the DLC 
structure. The W peak probably results from 
the underlying tungsten carbide interlayer, 
implying that a certain transparency of the DLC 
coating allows the X-ray to penetrate the 
interlayer through it during the EDX 
measurement [29,30]. The interaction volume 
of the X-ray should be taken into account in 
detecting W atoms from the interlayer. In 
addition, a certain diffusion of W atoms through 
the interlayer to the DLC coating or a 
resputtering effect of the interlayer via high 
energetic bombardment of positive ions at the 
high negative substrate bias of -200 V during 
the µW-PECVD is possible, which contributes to 
the W peak [31,32]. The C peak is attributed to 
C atoms, mainly from the C matrix.  
 

 
(a) 

 
(b) 

Fig. 1. (a) Surface morphology of DLC coating and (b) 
its EDX spectrum. 
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Mechanical polishing of a steel surface to achieve 
a mirror-like surface with "nm" surface 
asperities is indeed costly and time consuming. 
In this study, polished B-Steel with the lack of a 
mirror-like surface is used as a substrate to 
understand the wear protective performance of 
the DLC coating over such a substrate surface 
under dry and lubrication conditions.  
 

 
(a) 

 
(b) 

Fig. 2. Surface topographies of (a) polished B-steel and 
(b) DLC-Steel measured in a scan area of 2 mm × 2 mm. 

 
Figure 2a shows the surface topography of the 
polished B-Steel, on which abrasive lines with 
deep channels left by the mechanical polishing 
are found. When the surface of the same B-Steel 
is coated with the DLC coating, the DLC-Steel has 
a relatively smoother surface with shallow 
channels, as found in Figure 2b, which is 
confirmed by its smaller Ra value of 0.28±0.08 
µm compared to 0.35±0.13 µm of the polished B-
Steel. All the tribo-tests were carried out on 
these surfaces. 
 
3.2 Friction and wear of B-Steel and DLC-Steel 

under dry and lubrication conditions 
 
Figure 3a presents the friction coefficients of the 
B-Steel and DLC-Steel tested against a 100Cr6 
steel ball without or with AFO at a sliding speed 
of 3 cm/s under a normal load of 3 N. The 
friction and wear data of the B-Steel under dry 
and lubrication conditions are used as a 
reference. The friction coefficient of the B-Steel 
tested dry against a 100Cr6 steel ball at 3 cm/s 

under 3 N is 0.526 (Figure 3a), while its friction 
coefficient against an Al2O3 ball under the same 
conditions is 0.748±0.025, which is 42.2% 
higher than its friction coefficient against a 
100Cr6 steel ball. Its wear volumes tested dry 
against 100Cr6 steel and Al2O3 balls at 3 cm/s 
under 3 N are 6.06±1.23×10-12 m3 and 
83.34±13.79×10-12 m3, respectively, indicating 
that the repeated dry sliding of the much harder 
Al2O3 ball generates its much higher abrasive 
wear [33]. Generally, a larger contact between 
two rubbing surfaces generates higher friction 
via a larger number of contact junction points 
between them to adhere to each other [34,35]. 
Under 3 N, the wrapping contact of the B-Steel 
on an Al2O3 ball via its preferential surface 
deformation contributes to its higher friction 
compared to its possible flat contact with a 
100Cr6 steel ball via their surface deformation, 
while its wrapping contact on an Al2O3 ball via 
its higher surface wear gives rise to its higher 
friction than its flat contact with a 100Cr6 steel 
ball via their surface wear.  
 
In Figure 3a, the friction coefficient of the DLC-
Steel tested dry against a 100Cr6 steel ball at 3 
cm/s under 3 N is 0.222, which is 57.8% and 
70.3% lower than those of the B-Steel against 
100Cr6 steel and Al2O3 balls under the same 
conditions, respectively. The wear volume of the 
DLC-Steel tested dry against a 100Cr6 steel ball 
is 0.90±0.14×10-12 m3, which is 85.1% and 
98.9% lower than those of the B-Steel against 
100Cr6 steel and Al2O3 balls, respectively, 
implying that the higher wear resistant DLC 
coating effectively prevents its underlying steel 
substrate from abrasive wear during prolonged 
dry sliding. The apparently lower friction of the 
DLC-Steel against a 100Cr6 steel ball than that of 
the B-Steel against the same steel ball (Figure 
3a) under a dry condition is mainly due to its 
low friction DLC coating [36]. In addition, the 
existence of the much harder DLC coating 
between the softer steel substrate and ball 
eliminates a direct metal-on-metal contact 
during the dry sliding, resulting in lower friction 
for the DLC-Steel. Besides, the lower friction and 
higher wear resistance of the DLC coating than 
those of the M2 and 100Cr6 steels result in a 
smaller contact between two rubbing surfaces 
by effectively preventing their abrasive wear 
and thereby the lower friction of the DLC-Steel 
[37]. Furthermore, mechanical interlocking 
between mating surface asperities induces high 
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friction, so the lower friction of the DLC-Steel 
can also be related to its smoother surface 
compared to the rougher surface of the B-Steel 
[34,38]. Therefore, it can be deduced that the 
existence of the DLC coating with lower friction, 
higher wear resistance, and lower surface 
roughness on the DLC-Steel apparently lowers 
its friction than that of the B-Steel during the dry 
sliding against a 100Cr6 steel ball, as found in 
Figure 3a. 
 
The B-Steel tested against 100Cr6 steel (Figure 
3a) and Al2O3 balls with AFO at 3 cm/s under 3 N 
has 81.6 and 82.1 % lower friction coefficients of 
0.097 and 0.133±0.018, respectively, compared 
to its friction coefficients without AFO, 
indicating that the use of the AFO results in an 
over 80% decrease in its friction during the 
rubbing contact with both 100Cr6 steel and 
Al2O3 balls. It can be imagined that deep 
channels on the B-Steel surface (Figure 2a) serve 
as reservoirs to continuously supply AFO and 
effectively lubricate rubbing surfaces during 
sliding, in addition to the effective lubricating 
effect of the AFO [39]. Under the lubrication 
condition, the friction of the B-Steel against a 
100Cr6 steel ball is 31.6% lower than its friction 
against an Al2O3 ball. It indicates that the use of 
the 100Cr6 steel ball with AFO gives rise to the 
lower friction of the B-Steel by generating the 
lower wear of both rubbing surfaces. The wear 
volume of the B-Steel tested against an Al2O3 ball 
with AFO is 0.70±0.17×10-12 m3, which is 88.4% 
and 99.2% lower than its wear volumes against 
100Cr6 steel and Al2O3 balls without AFO, 
respectively, although its wear against a 100Cr6 
steel ball with AFO is not measurable as a result 
of the effective lubricating effect of the AFO. It is, 
however, found that the much harder Al2O3 ball 
can still generate the higher abrasive wear of the 
B-Steel than the softer 100Cr6 steel ball even 
under the lubrication condition [33]. 
 
The friction coefficient of the DLC-Steel tested 
against a 100Cr6 steel ball with AFO at 3 cm/s 
under 3 N is 0.089 (Figure 3a), which is 59.9% 
lower than its friction coefficient without AFO 
and 8.2% lower than that of the B-Steel against a 
100Cr6 steel ball with AFO. The DLC-Steel tested 
against a 100Cr6 steel ball has apparently lower 
friction under the lubrication condition than 
under the dry condition, as well as lower friction 
than that of the B-Steel against the same steel 
ball even under the lubrication condition 

because the smoother surface of its DLC coating 
improves a lubricating layer and its bearing 
surface for more effective lubrication with AFO 
[40,41]. Nevertheless, the wear of both B-Steel 
and DLC-Steel against a 100Cr6 steel ball with 
AFO is not measurable. 
 

 
(a) 

 
(b) 

Fig. 3. (a) Friction coefficients of B-steel and DLC-
Steel tested against a 100Cr6 steel ball without or 
with AFO at a sliding speed of 3 cm/s under a normal 
load of 3 N. (b) Their friction coefficients as a function 
of the number of laps. 
 
Figure 3b illustrates the friction coefficients of 
the B-Steel and DLC-Steel tested against a 
100Cr6 steel ball without or with AFO at 3 cm/s 
under 3 N as a function of the number of laps. 
Under a dry condition, the B-Steel exhibits an 
apparent increase in its friction with increased 
laps as a result of its increased surface wear. 
However, the DLC-Steel has a slight increase in 
its friction with increased laps up to about 
52,000 laps and then an apparent increase in its 
friction for the rest after a breakdown of its DLC 
coating. Under a lubrication condition (Figure 
3b), both B-Steel and DLC-Steel exhibit much 
lower and much more stable friction throughout 
the wear tests, but the DLC-Steel has a lower 
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trend of friction coefficient versus laps. It 
confirms that the AFO is an effective lubricant 
for both B-Steel and DLC-Steel and is more 
effective with the DLC-Steel, especially against 
the 100Cr6 steel ball. 
 
Figure 4a shows the wear morphology and 
topography of the B-Steel tested dry against a 
100Cr6 steel ball at 3 cm/s under 3 N. 
Although the repeated dry sliding of the 
100Cr6 steel ball on the B-Steel generates the 

wear of both, the lower wear resistance of the 
100Cr6 steel ball than that of the B-Steel 
results in its preferential abrasive wear, so 
that the wear track of the latter is not very 
significant in Figure 4a. As a result, the wear of 
both B-Steel and 100Cr6 steel balls generates 
a significant amount of wear debris that is 
densely compacted on the wear track of the 
higher wear resistant B-Steel to form 
tribolayers during the dry sliding, as found in 
Figure 4a [34,42]. 

 

  

 
 

(a) (b) 

  

  
(c) (d) 

Fig. 4. Wear morphologies (above) and topographies (below) of B-steel tested against (a and c) 100Cr6 steel and (b 
and d) Al2O3 balls (a and b) without or (c and d) with AFO at a sliding speed of 3 cm/s under a normal load of 3 N.  
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Figure 4b shows the wear morphology and 
topography of the B-Steel tested dry against an 
Al2O3 ball at 3 cm/s under 3 N, from which its 
much more significant wear with a much larger 
wear track is found. It confirms that the much 
harder Al2O3 ball generates much higher 
abrasive wear of the B-Steel during dry sliding 
than the 100Cr6 steel ball, as the repeated dry 
sliding of the 100Cr6 steel ball on the higher 
wear resistant B-Steel results in its preferential 
abrasive wear [33]. In Figure 4b, the repeated 
dry sliding of the Al2O3 ball does not generate 
any surface material spallation or micro-cracks 
associated with fatigue wear on the wear track 
of the B-Steel except abrasive wear [43]. As 
shown by the comparison of Figures 4a and 4b, 
the much higher abrasive wear of the B-Steel 
against an Al2O3 ball does not allow the 
formation of thick tribolayers on its wear track 
via its faster surface material removal. Instead, 
smaller tribolayers are formed on its wear track 
(Figure 4b) compared to those on its wear track 
against a 100Cr6 steel ball (Figure 4a). 
 
Figure 4c shows the wear morphology and 
topography of the B-Steel tested against a 
100Cr6 steel ball with AFO at 3 cm/s under 3 N, 
on which an unmeasurable wear track is found. 
However, the B-Steel tested against an Al2O3 
ball under the same conditions has a more 

apparent and measurable wear track, as found 
in Figure 4d, confirming that the repeated 
sliding of the much harder Al2O3 ball can still 
generate its wear even under the lubrication 
condition. Nevertheless, the wear of the B-Steel 
tested against 100Cr6 steel and Al2O3 balls with 
AFO (Figures 4c and 4d) is much lower than its 
wear against the same balls without AFO 
(Figures 4a and 4b), confirming that the 
abrasive wear of the B-Steel is effectively 
prevented by the AFO during prolonged sliding, 
although its abrasive wear is influenced by the 
type of its counter balls used. 
 
Figure 5a and its inset show the wear 
morphology and topography of the DLC-Steel 
tested dry against a 100Cr6 steel ball at 3 cm/s 
under 3 N, respectively, on which a wear track 
with an abrasive wear scar can be seen, but a 
significant removal of surface materials is not 
found. The comparison of Figures 4a and 5a 
confirms that the DLC-Steel has apparently 
lower wear than the B-Steel under a dry 
condition as a result of the effective wear 
protective performance of its DLC coating. In 
Figure 5b, the DLC-Steel against a 100Cr6 steel 
ball with AFO at 3 cm/s under 3 N has 
unmeasurable wear, which confirms that the 
AFO is very effective to prevent the abrasive 
wear of the DLC-Steel during prolonged sliding.

 

  
(a) (b) 

Fig. 5. Wear morphologies of DLC-steel tested against a 100Cr6 steel ball (a) without or (b) with AFO at a sliding 
speed of 3 cm/s under a normal load of 3 N. The inset shows its respective wear topography.  

 
Figure 6a shows the wear morphology of the 
100Cr6 steel ball rubbed on the B-Steel without 
AFO at 3 cm/s under 3 N. The severe abrasive 
wear of the 100Cr6 steel ball with ploughed 
furrows confirms that its repeated dry sliding 

on the rougher surface of the higher wear 
resistant B-Steel results in its preferential 
abrasive wear [34,44]. It also confirms that the 
preferential wear of the 100Cr6 steel ball is 
mainly responsible for the formation of thick 
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tribolayers on the wear track of the B-Steel 
under a dry condition (Figure 4a). Under the 
same conditions, the repeated dry sliding of the 
much higher wear resistant Al2O3 ball on the B-
Steel results in the preferential wear of the 
latter, which is confirmed by its much smaller 
wear scar (Figure 6b) compared to that of the 
100Cr6 steel ball (Figure 6a). Abrasive lines on 
the wear scar of the Al2O3 ball (Figure 6b) are 
indicative of its suffering from dry abrasive 
wear [11,44]. The brown colored materials 
adhered to the wear scar of the Al2O3 ball are 
probably oxidized materials transferred via the 
wear of the B-Steel [45].  
 
As shown in Figures 6a and 6c, the low friction 
and high wear resistant DLC coating effectively 

lowers the wear of its steel substrate and 
counter steel ball but still results in the 
preferential abrasive wear of its counter steel 
ball during dry sliding. Normally, a rough 
surface of a solid material can serve as an 
abrading surface to cause high abrasive wear of 
its counter material during rubbing each other 
[34,46]. Therefore, the DLC-Steel with a 
smoother surface gives rise to lower abrasive 
wear of the counter 100Cr6 steel ball than the 
B-Steel with a rougher surface. However, 
abrasive lines are still observed on the wear 
scar of the 100Cr6 steel ball (Figure 6c), which 
imply that the 100Cr6 steel ball rubbed on the 
DLC-Steel under a dry condition still suffers 
abrasive wear attributed to the rough surface of 
the latter [34,44]. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 6. Wear morphologies of (a) 100Cr6 steel ball rubbed on B-Steel without AFO, (b) Al2O3 ball rubbed on B-
Steel without AFO, (c) 100Cr6 steel ball rubbed on DLC-Steel without AFO, and (d) 100Cr6 steel ball rubbed on 
B-Steel with AFO at a sliding speed of 3 cm/s under a normal load of 3 N.  

 
Figure 6d shows the wear morphology of the 
100Cr6 steel ball rotated on the B-Steel with AFO 
at 3 cm/s under 3 N, on which no apparent wear 

scar is found, but a tribofilm formed by the AFO 
can be seen [26]. It was found that the Al2O3 ball 
rubbed on the B-Steel with AFO under the same 
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conditions had a similar tribofilm and no apparent 
wear scar. The wear scar of the 100Cr6 steel ball 
rubbed on the DLC-Steel with AFO cannot be 
clearly identified. The results clearly confirm that 
the AFO effectively prevents the abrasive wear of 
not only both B-Steel and DLC-Steel but also their 
counter balls during prolonged sliding. 
 
In Figure 7, the DLC-Steel shows a typical Raman 
spectrum of its DLC coating measured at location 
"E" in its untested area (Figure 5a). The Raman 
spectrum was fitted with two Gaussian peaks for G 
(graphite) and D (disordered) peaks [47]. A well-
defined appearance of the D peak in the Raman 
spectrum is indicative of a high amount of 
aromatic rings in the DLC structure [47]. The G and 
D peaks exist at 1502.1 cm-1 and 1303.9 cm-1, 
respectively, as their intensity ratio (ID/IG) is 0.54.  
 

 
Fig. 7. Raman spectra of DLC-Steel, tested against a 
100Cr6 steel ball (E) without or (G) with AFO, measured 
on locations "F" in untested area and "E" on wear track 
of Figure 5a, and (c) "G" on wear track of Figure 5b. 

 
The Raman spectrum of the DLC-Steel obtained 
from location "F" on its wear track without AFO 
(Figure 5a) is similar to that of its untested area, 
implying that the DLC coating still remains on its 
surface even after the prolonged dry sliding for 
70,000 laps. Its G and D peak positions slightly 
shift to higher values of 1502.9 cm-1 and 1312.1 
cm-1, respectively, while its ID/IG slightly 
increases to 0.59. It suggests that the prolonged 
dry sliding of the 100Cr6 steel ball on the DLC 
coating promotes graphitization of the latter via 
the generation of frictional heat, which 
contributes to the low friction of the DLC-Steel 
during the dry sliding [47,48].  

In Figure 7, the G and D peak positions of the 
Raman spectrum measured at location "G" on 
the wear track of the DLC-Steel with AFO (Figure 
5b) are 1502.7 and 1311.1 cm-1, respectively, as 
its ID/IG is 0.56. These Raman parameters are 
slightly larger than those measured on its 
untested area and smaller than those measured 
on its wear track without AFO. It means that the 
existence of the AFO on the DLC coating during 
sliding lessens graphitization of the latter by 
preventing direct contact between two rubbing 
surfaces and serving as a coolant [47,49]. The 
Raman results show that the prolonged sliding 
of the 100Cr6 steel ball more or less induces the 
surface structural changes of the DLC coating 
under both dry and lubrication conditions. 
 
Figure 8a shows the EDX spectrum of the B-Steel 
measured at location "A" in its untested area 
(Figure 4a), which has several peaks of 
background chemical elements such as Fe, Cr, W, 
Mo, C, and V. However, the lack of V, W, and Mo 
peaks on the EDX spectrum measured at location 
"B" on the tribolayer (Figures 4a and 8b) and the 
existence of weaker W and Mo peaks with the 
lack of V peak on the EDX spectrum measured at 
location "C" (Figures 4a and 8c) on its wear track 
without AFO imply that the tribolayers are 
mainly composed of wear debris produced by 
the preferential wear of the 100Cr6 steel ball 
during dry sliding. An additional O peak is found 
on its wear track without AFO, which can be 
related to an oxidation process that occurred 
during dry sliding [34]. 
 
The EDX spectrum of the B-Steel measured at 
location "D" on its wear track with AFO (Figures 
4c and 8d) has the same background chemical 
elements found in its untested area (Figure 8a), 
which implies that the AFO effectively prevents 
the abrasive wear of both rubbing surfaces. An 
additional Ca peak detected on its wear track 
with the AFO probably comes from Ca-
containing detergent additives in the AFO. 
 
Figure 9a shows the EDX spectrum of the DLC-
Steel measured at location "F" in its untested area 
(Figure 5a) with C, Ar, W, and Au elements. The C 
peak mainly comes from the DLC coating, as the 
Ar peak is indicative of the incorporation of Ar 
atoms in the DLC structure. The W peak results 
from the tungsten carbide interlayer and diffused 
W atoms in the DLC coating while the Au peak is 
attributed to a gold layer on the DLC coating. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 8. EDX spectra of B-Steel, tested (b, and c) 
without or (d) with AFO, measured on locations (a) 
"A" in untested area, (b) "B" on tribolayer, and (c) "C" 
on wear track of Figure 4a and (d) "D" on wear track 
of Figure 4c.  

 
(a) 

 
(b) 

 
(c) 

Fig. 9. EDX spectra of DLC-Steel, tested (b) without or 
(c) with AFO, measured on locations (a) "F" in 
untested area and (b) "E" on wear track of Figure 5a, 
and (c) "G" on wear track of Figure 5b.  

 
The chemical elements presented in Figure 9a 
are consistent with those found in Figure 1b. 
Although the EDX spectrum of the DLC-Steel 
measured at location "E" on its wear track 
without AFO (Figures 5a and 9b) has the same 
chemical elements found in its untested area 
(Figure 9a), the stronger W peak on its wear 
track points out that the prolonged dry sliding of 
the 100Cr6 steel ball more or less wears out its 
DLC coating, which allows the detection of more 
W elements from the tungsten carbide interlayer 
and steel substrate. In addition, Fe and Cr 
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elements coming from the wear debris of the 
100Cr6 steel ball are not apparently detected on 
its EDX spectrum (Figure 9b). However, no 
apparent difference in the EDX spectra of the 
DLC-Steel measured in its untested area (Figure 
9a) and wear track with AFO (Figure 9c) clearly 
implies that the AFO effectively prevents the 
wear of not only the DLC-Steel but also its 
counter 100Cr6 steel ball, which is further 
confirmed by no observation of additional Fe 
and Cr peaks on the EDX spectrum in Figure 9c. 
Moreover, the Ca element, which is found on the 
wear track of the B-Steel with AFO (Figure 8d), 
is not detected on the wear track of the DLC-
Steel with the same AFO (Figure 9c).  
 
3.3 Effect of normal load on friction and wear 

of DLC-Steel under dry and lubrication 
conditions 

 
Figure 10a presents the friction coefficients of 
the DLC-Steel tested against a 100Cr6 steel ball 
without or with AFO at 3 cm/s under different 
normal loads of 1–5 N. The friction coefficient of 
the DLC-Steel tested dry increases from 0.203 to 
0.241 (18.7% higher) with an increased normal 
load from 1 to 5 N, while its wear volume 
apparently increases from 0.28±0.15×10-12 m3 
to 1.45±0.37×10-12 m3 (417.9% higher). It 
indicates that the increased wear of the DLC-
Steel with an increased normal load increases 
its friction via increased contact between two 
rubbing surfaces under a dry condition. It is 
clear that the use of a higher normal load during 
dry sliding gives rise to the higher friction and 
wear of the DLC-Steel in this study [50]. 
 
In Figure 10a, the friction coefficient of the DLC-
Steel tested with AFO decreases from 0.110 to 
0.062 (43.6% lower) with an increased normal 
load from 1 to 5 N because the use of a higher 
normal load during the sliding causes more 
flattening of surface asperities at contact points, 
which in turn lessens mechanical interlocking 
between them, improves a lubricating layer and 
its bearing surface, and thereby promotes 
effective lubrication with the AFO [51,52].  
 
Figure 10b presents the trends of friction 
coefficient versus laps of the DLC-Steel tested 
against a 100Cr6 steel ball without or with 
AFO at 3 cm/s under different normal loads. 
Without AFO, the friction of the DLC-Steel 
under 1 N slightly increases with increased 

laps due to the steadily increased wear of two 
rubbing surfaces associated with the 
prolonged dry sliding. However, the DLC-Steel 
exhibits a significant increase in its friction 
under the higher normal loads of 3 N and 5 N 
after about 52,000 and 50,000 laps, 
respectively, as a result of the breakdown of 
its DLC coating, while the coating breakdown 
happens earlier with the higher normal load. 
Such a breakdown of the DLC-Steel is not 
found for the normal load of 1 N, which means 
that the DLC coating has better wear 
protective performance during prolonged dry 
sliding under the lower normal loads. Under a 
lubrication condition, the DLC-Steel 
consistently exhibits much more stable and 
much lower friction during the entire sliding 
under all the normal loads of 1–5 N, as it has a 
significant decrease in its friction for all the 
laps with an increased normal load via 
promoted lubrication with the AFO associated 
with its improved bearing surface. 
 

 
(a) 

 
(b) 

Fig. 10. (a) Friction coefficients of DLC-Steel tested 
against a 100Cr6 steel ball without or with AFO at a 
sliding speed of 3 cm/s under different normal loads 
of 1–5 N. (b) Its friction coefficients as a function of 
the number of laps.  
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(a) 

 
(b) 

 
(c) 

Fig. 11. Wear morphologies of DLC-Steel tested 
against a 100Cr6 steel ball (a and b) without or (c) 
with AFO at a sliding speed of 3 cm/s under normal 
loads of (a) 1 N and (b and c) 5 N. 
 

Figures 11a and 11b show the wear 
morphologies of the DLC-Steel tested dry against 
a 100Cr6 steel ball at 3 cm/s under 1 N and 5 N, 
respectively. Based on the comparison of Figures 
11a, 5a, and 11b, the DLC-Steel has a larger 

abrasive wear track for a higher normal load but 
does not have any significant removal of surface 
materials except for its abrasive wear scar, 
which confirms that it has higher abrasive wear 
with a higher normal load under a dry condition. 
 
Figures 5b and 11c show the wear morphologies 
of the DLC-Steel against a 100Cr6 steel ball with 
AFO at 3 cm/s under 3 N and 5 N, respectively, 
on which unmeasurable wear is found for both 
normal loads. The DLC-Steel has less apparent 
wear under the higher normal load of 5 N, 
confirming its better bearing surface for more 
effective lubrication with the AFO.  
 

3.4 Effect of sliding speed on friction and 
wear of DLC-Steel under dry and 
lubrication conditions 

 
Figure 12a shows the friction coefficients of the 
DLC-Steel tested against a 100Cr6 steel ball 
without or with AFO at different sliding speeds 
of 1–5 cm/s under 3 N. The friction coefficients 
of the DLC-Steel tested dry at 1 cm/s, 3 cm/s, 
and 5 cm/s under 3 N are 0.213, 0.222, and 
0.214, respectively. The DLC-Steel has a 4.2% 
increase in its friction with an increased sliding 
speed from 1 to 3 cm/s, and then a 3.6% 
decrease in its friction with a further increased 
sliding speed to 5 cm/s. The wear volume of the 
DLC-Steel increases from 0.53±0.10×10-12 m3 to 
0.9±0.14×10-12 m3 (69.8% higher) with an 
increased sliding speed from 1 to 3 cm/s and 
turns to decrease to 0.78±0.05×10-12 m3 (13.3% 
lower) when the sliding speed is further 
increased to 5 cm/s. It is supposed that the 
increased vibration of the tribo-system with an 
increased sliding speed to 3 cm/s probably 
increases the wear of the DLC-Steel under a dry 
condition, as the pronounced vibration of the 
tribo-system with a further increased sliding 
speed to 5 cm/s decreases its abrasive wear by 
lessening contact between two rubbing surfaces 
[53]. Therefore, the increased wear of the DLC-
Steel with an increased sliding speed to 3 cm/s 
increases contact between two rubbing surfaces 
and, subsequently, its friction, as its decreased 
wear associated with a further increased sliding 
speed to 5 cm/s decreases its friction [34,35]. 
 
In Figure 12a, the DLC-Steel tested against a 
100Cr6 steel ball with AFO under 3 N exhibits a 
decrease in its friction coefficient from 0.125 to 
0.093 (25.6% lower) with an increased sliding 
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speed from 1 to 5 cm/s. It is therefore supposed 
that the promoted lubricating layer with a 
higher sliding speed probably results in more 
effective separation and lubrication between 
two rubbing surfaces with the AFO [54,55]. 
Nevertheless, the DLC-Steel has lower friction 
for all sliding speeds under a lubrication 
condition.  
 

 
 (a) 

 
 (b) 

Fig. 12. (a) Friction coefficients of DLC-Steel tested 
against a 100Cr6 steel ball without or with AFO at 
different sliding speeds of 1–5 cm/s under a normal 
load of 3 N. (b) Its friction coefficients as a function of 
the number of laps.  

 
Figure 12b illustrates the friction of the DLC-
Steel tested against a 100Cr6 steel ball without 
or with AFO at different sliding speeds under 3 N 
as a function of the number of laps. The DLC-
Steel exhibits its most stable friction during the 
entire dry sliding at the lowest sliding speed of 1 
cm/s, probably due to the lowest vibration of the 
tribo-system and the lowest wear damage to 
rubbing surfaces. Increasing the sliding speed to 
3 cm/s accelerates the abrasive wear of the DLC 
coating and thereby results in its breakdown at 
about 52,000 laps, as shown by a significant 

increase in the friction of the DLC-Steel 
associated with an increase in the wear of 
rubbing surfaces. The DLC-Steel tested at 5 cm/s 
exhibits lower friction for the initial 40,000 laps 
compared to its friction at 3 cm/s, probably due 
to the promoted graphitization of the DLC 
coating associated with higher frictional heat 
generated during the faster dry sliding [56]. 
Such frictional heat induced graphitization 
eventually leads to an earlier breakdown of the 
DLC coating by degrading its sp3 bonded cross-
linking structure, resulting in the generation of 
wear debris and a reduction and fluctuation in 
the friction of the DLC-Steel via its unstable wear 
after the 40,000 laps (Figure 12b), since wear 
debris can serve as spacers to prevent a direct 
solid-solid contact between two rubbing 
surfaces and slide or roll under a lateral force 
[34,56,57]. It should also be noted that the more 
surface strain hardening of its counter 100Cr6 
steel ball associated with higher sliding speed is 
responsible for its lower initial friction through a 
smaller contact between two rubbing surfaces 
[58]. The pronounced vibration of the 
tribosystem can also contribute to its lower 
initial friction by lessening the interfacial shear 
strength between two rubbing surfaces [54,55].  
 
In Figure 12b, the DLC-Steel has much lower and 
much more stable trends of friction coefficient 
versus laps for all the sliding speeds under the 
lubrication condition than under the dry condition, 
as well as a lower trend for the higher sliding 
speed. It is clear that the sliding speed apparently 
affects the friction of the DLC-Steel under both dry 
and lubrication conditions in this study.  
 
Figures 13a and 13b show the wear 
morphologies of the DLC-Steel tested dry against 
a 100Cr6 steel ball at 1 cm/s and 5 cm/s under 3 
N. The comparison of Figures 13a, 5a, and 13b 
consistently shows that the abrasive wear of the 
DLC-Steel increases with an increased sliding 
speed from 1 to 3 cm/s and then turns to 
decrease with a further increased sliding speed 
to 5 cm/s. In Figure 13b, an interacting width of 
the DLC-Steel with its counter 100Cr6 steel ball 
at 5 cm/s is relatively wider with a smaller 
abrasive wear scar compared to its abrasive 
wear track at 3 cm/s, confirming that the 
pronounced vibration of the tribo-system 
associated with 5 cm/s results in the wider 
interacting width between the DLC-steel and 
100Cr6 steel ball with less abrasive wear. 
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(a) 

 
(b) 

Fig. 13. Wear morphologies of DLC-Steel tested 
against a 100Cr6 steel ball without AFO at sliding 
speeds of (a) 1 cm/s and (b) 5 cm/s under a normal 
load of 3 N.  
 

Based on the presented results, the wear 
volumes of the DLC-Steel tested dry against a 
100Cr6 steel ball at different sliding speeds 
under different normal loads are not very 
different from that of the B-Steel generated by 
an Al2O3 ball with AFO, implying that the DLC 
coating effectively prevents its underlying steel 
from abrasive wear even under the dry 
condition. It is therefore not surprising that the 
DLC-Steel tested against a 100Cr6 steel ball with 
AFO does not have any measurable wear for all 
the normal loads and sliding speeds.  
 
A decrease in the friction of the DLC-Steel is slower 
with an increased normal load from 1 to 3 N and 
faster with an increased sliding speed from 1 to 3 
cm/s, and then becomes faster with a further 
increased normal load to 5 N and slower with a 
further increased sliding speed to 5 cm/s under a 
lubrication condition. The friction and wear of the 

DLC-Steel tested at 3 cm/s under 1 N are lower 
than its friction and wear at 1 cm/s under 3 N, 
while its friction and wear tested at 5 cm/s under 
3 N are also lower than its friction and wear at 3 
cm/s under 5 N. It clearly indicates that the friction 
of the DLC-Steel is closely related to its wear under 
the dry condition, as its friction and wear tested 
against a 100Cr6 steel ball are more apparently 
influenced by the normal load under both dry and 
lubrication conditions. 
 
The lowest friction of the DLC-Steel against a 
100Cr6 steel ball with AFO is found at 3 cm/s 
under 5 N as a result of the most effective 
lubrication with the AFO, while its lowest dry 
friction exists at 1 cm/s under 1 N due to the 
combined effects of the lowest vibration of the 
tribo-test and the least wear damages of 
rubbing surfaces.  
 
 

4. CONCLUSION  
 
The friction and wear of the DLC-Steel produced 
via µW-PECVD were systematically investigated 
against a 100Cr6 steel ball without or with AFO 
at different sliding speeds of 1–5 cm/s under 
different normal loads of 1–5 N. 

 At 3 cm/s under 3 N, the DLC-Steel against a 
100Cr6 steel ball had a 57.8% lower friction 
coefficient under a dry condition and a 8.2% 
lower friction coefficient under a lubrication 
condition compared to those of the B-Steel 
against the same steel ball, indicating that 
the DLC coating apparently lowered the 
friction of the DLC-Steel than that of the B-
Steel under both dry and lubrication 
conditions. The DLC-Steel itself had a 59.9% 
lower friction coefficient under the 
lubrication condition than under the dry 
condition due to the effective lubricating 
effect of the AFO.  

 At 3 cm/s, increasing the normal load from 1 
to 5 N resulted in a 18.7% increase in the 
friction coefficients of the DLC-Steel against 
a 100Cr6 steel ball under a dry condition as 
a result of the increased contact between 
two rubbing surfaces associated with their 
increased surface wear, but a 43.6% 
decrease in its friction coefficients under a 
lubrication condition via promoted 
lubrication with the AFO associated with its 
improved bearing surface. 
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 Under 3 N, the DLC-Steel tested dry had a 
4.2% increase in its friction coefficient 
with an increased sliding speed from 1 to 3 
cm/s as a result of its increased wear and 
then a 3.6% decrease in its friction 
coefficient with a further increased sliding 
speed to 5 cm/s via its decreased wear. 
However, the DLC-Steel had a 25.6% 
decrease in its friction coefficient with an 
increased sliding speed from 1 to 5 cm/s 
under a lubrication condition probably due 
to the promoted lubricating layer. The 
lowest friction of the DLC-Steel with the 
AFO was found at 3 cm/s under 5 N.  

 At 3 cm/s under 3 N, the DLC-Steel had 
85.1% lower wear than the B-Steel under a 
dry condition because of its higher wear 
resistant DLC coating than that of the steel. 
However, both B-Steel and DLC-Steel did 
not have any measurable wear under the 
lubrication condition. 

 At 3 cm/s, increasing the normal load from 
1 to 5 N resulted in a 417.9% increase in 
the wear of the DLC-Steel under a dry 
condition as a result of its increased wear.  

 Under 3 N, increasing the sliding speed 
from 1 to 3 cm/s resulted in an 69.8% 
increase in the wear of the DLC-Steel 
without AFO due to the increased vibration 
of its tribo-system, but the further 
increased sliding speed to 5 cm/s resulted 
in a 13.3% decrease in its wear because 
the pronounced vibration of the tribo-
system reduced its abrasive wear by 
lessening contact between two rubbing 
surfaces. Nevertheless, the DLC-Steel did 
not have any measurable wear for all the 
normal loads and sliding speeds under a 
lubrication condition.  

 It could be concluded that the DLC-Steel 
could effectively prevent its underlying 
steel substrate from abrasive wear for all 
the normal loads and sliding speeds under 
both dry and lubrication conditions. The 
friction and wear of the DLC-Steel under 
both conditions were apparently 
influenced by the normal loads and sliding 
speeds, or, more precisely, by the normal 
loads. 
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