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a  b  s  t  r  a  c  t

In this  study,  we  prepared  hydrogenated  amorphous  carbon  films  on  steel  balls  and  Si substrates  (steel
ball-  and  Si substrate-films)  with  different  deposition  time,  and  discussed  their  carbon  nanostructural
evolutions  and tribological  behaviors.  The  steel  ball-film  structure  started  to  be graphite-like  structure
and  then  gradually  transformed  into  fullerene-like  (FL)  structure.  The  Si substrate-film  structure  began
in FL structure  and kept  it through  the  thickness.  The  difference  may  be  result  from  the  competition
between  high  starting  substrate  temperature  after  additional  nitriding  applied  on  the  steel  balls  (its
supply  power  is  higher  than that  in the  film  deposition),  and  relaxation  of compressive  stress  from
raphite-like
ullerene-like
uper-low friction
ear

energized  ion  bombardment  in  film  deposition  process.  The  FL structural  film  friction  couples could
achieve  ultra-low  friction  in open  air. In  particular,  the  Si substrate-film  with  3 h,  against  the  steel  ball-
film  with  2 h  and  3  h,  exhibited  super-low  friction  (∼0.009)  and  superlong  wear  life (∼5.5 × 105 cycles).
Our result  could  widen  the superlubricity  scope  from  previously  high  load  and  velocity,  to  middle  load

and  velocity.

. Introduction

Amorphous hydrogenated carbon (a-C:H) films have been
merged and well developed, due to their extraordinary proper-
ies of high mechanical hardness and low friction coefficient [1,2].
he atomic-bond structure of such films can be deduced from their
aman spectra, which are dominated by two vibrational modes at
360 (D-mode) and 1560 cm−1 (G-mode) [3]. The D and G bands
ust usually be assigned a frequency of vibration to achieve a

ood Raman fit quality. However, the fitting discrepancy has been
eported [4–6]. It most likely originates from the structure inho-
ogeneity due to the presence of some topological defects such as

entatomic and heptatomic rings [4,6]. Recently, the a-C:H films

ith a fullerene-like (FL) structure containing high volume of odd

ings have been already synthesized [7,8]. Such films’ preparation
ethods, additional element or carbon nanostructure incorpora-
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tions, and mechanical properties as well as frictional behaviors have
been investigated [7–16]. Nevertheless, the structure inhomogene-
ity or evolution throughout the thickness of the FL structural film
is scarcely reported, and its trigging friction benefit is not known.
In addition, the nature of underlying substrate material causes the
film structure even more complex at a starting deposition. Thus,
it is very necessary to study the structural change throughout the
thickness and detect its triggering tribological behavior.

In this study, we  have prepared two groups of a-C:H films on
steel balls and Si substrates (steel ball- and Si substrate-films)
with different deposition time. Due to the weak adhesion of steel
to carbon, we employ additional plasma nitriding pre-process by
in-situ depositing a FeN intermediate layer. At the starting film
deposition (0.5 h), graphite-like (GL) structure is formed on steel
ball surface whereas FL structure appears in the Si substrate-film.
The difference may  be due to higher steel ball temperature from
additional plasma nitriding (because the supply power of the film
deposition deceases after the nitriding). With the increasing time,

the steel ball-film structure gradually transforms from GL struc-
ture to FL structure. The transformation may  be result from higher
steel ball temperature and relaxation of high compressive stress
from energized ion bombardment in the film deposition (because

dx.doi.org/10.1016/j.apsusc.2017.05.169
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he stress relaxation can arise from the formation of pentatomic
nd heptatomic rings). We  also investigate their frictional behav-
ors between the steel ball-films and Si substrate-ones. The FL
tructural film friction couples can achieve ultra-low or super-
ow friction in open air. In particular, the Si substrate-film with

 h, against the steel ball-film with 2 h and 3 h, exhibit super-
ow friction (∼0.009) and superlong wear life (∼5.5 × 105 cycles).
hang et al. [9,13] have reported that FL hydrogenated carbon film
ynthesized by plasma-enhanced chemical-vapor deposition tech-
ique, exhibit ultra-low or super-low friction under high load and
elocity (15–20 N and ≥0.12 m/s) in ambient conditions with 20%
elative humidity. Fullerene-like MoS2 nanoparticle film has shown
o attain superlubricity in nitrogen and 45% humidity (10 N, 0.5 m/s
nd a hertzian pressure of 1.1 GPa) [17]. Our result can widen the
cope of attaining super-low friction in open air, for the FL film cou-
les have moderate test condition such as middle load and velocity
5 N, and 0.05 m/s).

. Experimental

The surfaces for steel balls (�5) and Si substrates were etched
y Ar+ (negative voltage of 1000 V, pulsed frequency: 80 kHz and
uty cycle of 0.8). The a-C:H films were prepared by a DC-pulsed
lasma chemical-vapor deposition (PECVD) system with supply
ower (negative voltage of 1000 V, pulsed frequency: 75 kHz and
uty cycle of 0.5), mixed gas of methane and hydrogen with a partial
ressure ratio of 2:1, and different deposition time (0.5 h, 1 h, 1.5 h,

 h, 2.5 h and 3 h). The films on steel balls were named as 0.5 h/Fe
all, 1 h/Fe ball, 1.5 h/Fe ball, 2 h/Fe ball, 2.5 h/Fe ball and 3 h/Fe ball
amples. The films on Si substrates were referred as 0.5 h/Si, 1 h/Si,
.5 h/Si, 2 h/Si, 2.5 h/Si and 3 h/Si samples. The additional plasma
itriding pre-process was used on steel balls after Ar+ etching and
efore the film deposition. It had the deposition conditions: (1) neg-
tive voltage: 1200 V; (2) pulsed frequency: 80 kHz; (3) duty cycle:
.8; (4) gas flow rate: N2 = 90 SCCM; (5) depositing time: 2 h. Trans-
ission Electron Microscopy (TEM, FEI Tecnai F30, FEI, Eindhoven,

he Netherlands), X-ray photoelectron spectroscopy (XPS, operat-
ng with Al-Ka radiation and detecting chamber pressure of below
0−6 Pa) (Physical Electronics Inc., USA), micro-Raman analyses
Jobin-Yvon HR-800, Horiba/Jobin Yvon, Longjumeau, France) and
eflection fourier-transform infrared (FTIR) measurement (Nexus
70) were employed to reveal the films’ microstructures. The TEM
amples about 20 nm thickness were grown on freshly cleaved NaCl
afers (single crystals) under the film deposition condition, and

hen dissolved with distilled water and placed on Cu grids. Prior
he XPS detection, the Au thin films about 0.2 nm thickness were
eposited on the film surfaces, which minimizes the charging effect,
nd helps to detect the changes of C ls peaks. The frictional behav-
ors of the couples, namely, the Si substrate-films against the steel
all-films, were assessed on a reciprocating ball-on-disc tribotester
ith a relative humidity (RH) of about 25%. All tests were performed
nder a load of 5 N, an amplitude of 5 mm,  and a frequency of 5 Hz.

 comparative a-C:H film on a Si substrate was produced using the
ame deposition method (bias voltage 500 V, CH4 30 SCCM, and
orking gas pressure 27 Pa).

. Results and discussion

.1. Overview of basic properties of the samples

In this study, we focus on the structure inhomogeneity or evo-

ution throughout the thickness of the fullerene-like (FL) structural
-C:H film. Thus, the 3 h/Si sample is chosen as a representa-
ive to study the structure properties of these films. The curved
raphite layers observed in the sample are a typical FL feature
ience 420 (2017) 586–593 587

(Fig. 1(a)) [9,18]. The observed curvature is due to the production
of both pentagons and heptagons distributed randomly through-
out a hexagonal network as C60. The layers aren’t present in the
comparative a-C:H film (Fig. 1(b)). Besides, the additional Raman
peaks at ∼710, 860 and 1200 cm−1 compared with the compara-
tive a-C:H film can be assigned to the curvature in graphitic planes
and carbon nano-onions, as has been confirmed in other reports
[7,13] (Fig. 1(c)). The sample has rich sp2-bonded carbon mixture,
confirmed via FTIR, due to the presence of a strong absorption peak
centered at ∼1600 cm−1 in the range of 1520–1700 cm−1 (Fig. 1(d)).
The peak at 1580 cm−1 due to the G band in graphite, and the
1640 cm−1 peak attributed to sp2-bonded carbon in olefinic chain,
are in the range [2,19]. The presence of sp2 carbon mixtures is sup-
ported by the XPS results that the sample’s C 1s core position is
close to that of graphite (284.3 eV) compared to the comparative a-
C:H film(Fig. 1(e)). Based on the detected results, the 3 h/Si sample
has a typical FL character.

3.2. Characteristics of the samples on steel balls with depositing
time

Raman spectroscopy is a surface detection system, which is con-
sidered to distinguish different microstructures in carbon based
films [3]. In the early Raman fit model, G (graphitic) and D (disor-
der induced) bands are used to fit a-C spectra based on the active
vibrational modes of disordered nanocrystalline graphite, or glassy
carbon [3]. The IG/ID is used to estimate the ratio of sp3 and sp2

bondings. Nevertheless, the model fails to distinguish topological
defects or nanoclusters. Recently, the four peaks’ fit method is sug-
gested to recognize carbon ring clusters [4,6,7,14], which involves
A1g at 1360 cm−1 and E2g at 1569 cm−1 for six C-atom rings, A1g
at 1470 cm−1 for pentagons, and A1g at 1200 cm−1 for heptagons.
The origin and variation of the fit method have been discussed in a
manner described elsewhere [4,6,7,14]. For pure carbon structures,
curvature of graphite basal planes is induced by the incorporation
of pentagons and heptagons in a hexagonal network. Therefore, the
fraction of pentagons and heptagons is an indicative for FL content
change to a certain extent.

Fig. 2 shows the four peaks’ fit results of the samples on steel
balls with different deposition time. At 0.5 h, the sample exhibits a
Raman character different from the comparative a-C:H film (green
line in Fig. 2(a)) which has a one bulging peak at ∼1510 cm−1. It
is noted that the D peak (at ∼1380 cm−1) can be distinguished as
broad shoulders or as local maximums in the sample’s spectrum,
and the G peak position is ∼1555 cm−1. Thus, the 0.5 h/Fe ball spec-
trum looks like that of graphite (blue line in Fig. 2(a)) which has
two isolated D peak (at ∼1350 cm−1) and G peak (at ∼1560 cm−1).
Moreover, compared with the other steel ball-samples (Fig. 2(b)-
(f)), the 0.5 h/Fe ball spectrum shows a different profile. Its G peak
obviously shifts towards higher wave numbers, for example, than
1527 cm−1 of the 3 h/Fe ball sample. Therefore, the 0.5 h/Fe ball
sample has a graphite-like (GL) character. When the deposited
time increases from 0.5 h to 1.5 h, the weak D shoulder peak (at
∼1380 cm−1) observed at 0.5 h/Fe ball sample gradually disap-
pears, and the G peak position decreases from ∼1555 cm−1 to
∼1541 cm−1(Fig. 3). The 1 h/Fe ball and 1.5 h/Fe ball spectra are
fitted into four peaks with Gaussian line shapes. The peaks from
pentagons (at ∼1470 cm−1) and heptagons (at ∼1200 cm−1) can be
more obviously observed. The changes mean topological defects
such as odd ring clusters are progressively formed in the GL layer,
bond angle distortion and other disorders cause a softening of the

vibration frequencies, and the GL clusters become smaller and their
layers develop curvature. Namely, at this stage, the 1 h/Fe ball and
1.5 h/Fe ball films gradually own  curved graphite layer features, i.e.
FL elements.

木子豆豆
Highlight
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Fig. 1. TEM (a), FTIR (c), Raman (d) and XPS (e) results of the 3 h

When the deposited time increases to 2 h, a weak and isolated
eak at ∼1200 cm−1 can be observed. The peak can be assigned to
he curvature in graphitic planes and carbon nano-onions as has
een confirmed in other reports [7,13]. Thus, FL structure is further
rowth which is supported by the highest fraction of pentagons
nd heptagons at 2 h (Fig. 3). As increase to 3 h, FL content slightly
ecreases. Overall, the steel ball-films’ structure gradually trans-
orms from GL structure to FL structure, and FL content increases

ore quickly at the early deposition and then keeps relative stable.
Raman spectrum reflects film surface nature and it is difficult to

ecognize film bulk nature, because Raman spectroscopy has a limit
f probing depth of 50–100 nm for visible excitation. In order to get
he information of the samples’ bulk nature, reflection FTIR spec-
ra are invoked to further confirm the structural changes above.
he samples have two weak peaks of C-H absorption at ∼1450 and
2950 cm−1, and a strong absorption peak at 1600 cm−1 from sp2

arbon mixtures (Fig. 4). For 0.5 h/Fe ball sample, its three peaks
ook weaker than that of the other samples. This is associated with
he thinnest thickness of the 0.5 h/Fe ball sample. Thus, the spec-
rum at 0.5 h thereby fails to reflect the transformation from GL
tructure to FL structure. At 1 h and 1.5 h, the 1600 cm−1 peak can
e more clearly recognized. This probably results from the increas-

ng of their thickness. As the depositing time increases from 2 h to
 h, the 1600 cm−1 peak become weaker, coincide with the gradual
isappearance of GL structure throughout the thickness. The GL
isappearance throughout the thickness accompanies with the G
eak towards lower wave numbers, which means that the fraction
f sp2 bonded carbon deceases. This is supported by the strength-

ning of C-H peaks at over 2 h. The higher hydrogen surrounding
an be partly attributed to the structural changes, because hydro-
ple. The set (b) shows TEM image of a comparative a-C:H film.

gen atoms during the depositing process can preferentially etch the
sp2 phase and destroy GL structures to some extent [2].

3.3. Characteristics of the samples on Si substrates with
deposition time

Fig. 5 shows Raman spectra and corresponding fit results of the
Si substrate-samples. We note that these spectra are different from
that of the steel ball-films. Firstly, the 0.5 h/Si spectrum is inconsis-
tent with the 0.5 h/Fe (blue line in Fig. 5) and 1 h/Fe ball (Fig. 2) ones,
and similar to the spectra on Fe balls over 1.5 h. Its odd ring frac-
tion (∼25%) is higher than those of the 0.5 h/Fe (few content due to
the presence of GL structure) and 1 h/Fe ball ones (∼21.4%) (Fig. 6).
This indicates that the 0.5 h/Si sample crosses the stage of forming
GL clusters, and goes directly to a stage of forming FL structure.
This is supported by the FL nucleation on Si substrates for FL based
carbon films [20,21]. FL-CNx film has two possibilities: nucleation
directly on a Si substrate surface, or nucleation at distance of about
2 nm from the substrate [20]. For FL-C:H film, FL clusters nucleates
about ∼10–30 nm from a Si substrate surface [21]. Moreover, our
0.5 h/Si sample’s thickness is ∼160 nm (Fig. 7), which is more than
the probing depth limit (50–100 nm)  and nucleation distance from
Si substrate surface. Secondly, all the Si samples exhibit a typical
FL character and remain relatively higher FL fraction (Fig. 6). This
shall be due to the FL formation directly at the starting deposition.
Finally, a maximum FL content is achieved at the 1.5 h/Si sample
(Fig. 6), whereas the steel ball-sample reaches a maximum value at

2 h (Fig. 3). Overall, the Si substrate-films’ structure directly evolves
towards FL formation, unlike the steel ball-films in which odd ring
clusters are progressively formed in the GL layers, and their layers
develop curvature to form FL clusters.
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Fig. 2. Raman spectra and their fit results of the samples on steel balls with differ-
ent deposition time, 0.5 h/Fe ball (a), 1 h/Fe ball (b), 1.5 h/Fe ball (c), 2 h/Fe ball (d),
2.5  h/Fe ball (e) and 3 h/Fe ball (f).
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Fig. 4. FTIR results of the samples on steel balls with different deposition time.
ig. 3. odd ring fraction and G peak position of the samples on steel balls with
epositing time.

According to the 3.2 section, reflection FTIR spectrum fails to
eveal the structural change when the detected sample is too thin.
ecause the steel ball-films’ thickness is difficult to be measured,
he thickness of the Si substrate-samples as a function of deposi-

ion time are shown in Fig. 7. The thickness looks like to increase

ore quickly at the early deposition than at the late stage. Fig. 8
hows FTIR results of the samples. The two C-H peaks at 1450 and
Fig. 5. Raman results of the samples on Si substrates with different deposition time,
0.5  h/Si (a), 1 h/Si (b), 1.5 h/Si (c), 2 h/Si (d), 2.5 h/Si (e) and 3 h/Si (f).

2950 cm−1 and the peak at 1600 cm−1 from sp2 bond mixtures
are difficult to be recognized at 0.5 h/Si and 1 h/Si sample. These

peaks can be observed until the 1.5 h/Si sample has a thickness of
∼560 nm.  The FTIR difference between the steel ball-films and Si
substrate-ones may  be due to their substrate materials and their
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Fig. 6. odd ring fraction and G peak position of the samples on Si substrates with
depositing time.

Fig. 7. Thickness of the samples on Si substrates with different deposition time.
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layer formation can relieve high compressive stress. This is different
ig. 8. FTIR results of the samples on Si substrates with different deposition time.

urface roughness (the steel ball roughness is about 0.025 �m,  and
he Si substrate roughness is <0.5 nm), in addition to their thickness

ffect. Thus, FTIR spectra can’t reflects film bulk nature and recog-
ize minor structural change when the Si substrate-samples can’t
ave enough thickness. However, the peaks at 1600 cm−1 from sp2
ience 420 (2017) 586–593

bond mixtures at 2 h, 2.5 and 3 h confirm the presence of FL clus-
ters. The stronger C-H peaks partly mean higher hydrogen bonding
in the films, coincide with the decrease of FL content at late depo-
sition stage (Fig. 6). In a word, the Si substrate-film structure has to
be revealed by a combination of Raman, FTIR, XPS and TEM etc. as
shown in the Section 3.1.

3.4. The analysis for the structural evolution of the samples on
steel balls and Si substrates

Based on the Characteristics in 3.2 and 3.3 section, the structural
evolutions of the steel ball- and Si substrate- samples are shown as
follows:

GL(0.5 h/Fe, ↓) → FL(↑) → FL(→)  (1)

FL(0.5 h/Si, ↑) → FL(→)  (2)

Here, ↓ is the content decrease, ↑ is the content increase, and
→ is the content relative stability. We  suggest that the difference
is probably correlated with material shape (sphere and flake) and
deposition process. The diameter of steel ball is ∼5 mm,  and the
Si substrate thickness is ∼1 mm,  which can cause the difference
of energized ion deposition distances/direction from the two sub-
strate surfaces (Fig. 9a and b). Fig. 9c shows the Raman spectra of
the samples on steel balls and steel flakes with the same deposi-
tion condition. As the deposition time increases from 0.5 h to 1 h,
the ball sample spectrum is almost the same with the flake one.
This indicates that material shape is not a key factor.

Deposition process can play a key role, according to the com-
paration among the 0.5 h/Si flake sample’ spectrum and the steel
flake sample’ one (Figs. 5a and 9c). For hydrogenated carbon films,
the CHn+ and H+ enter easily into sublayer and cause higher com-
pressive stress based on the subplantation model [2]. According to
the studies about the growth of FL-C:H films on the Si substrates
[21,22], the FL clusters with the incorpotation of such odd rings are
not fully driven by thermodynamics, but is closely related to high
compressive stress determined by ion bombardment in depositing
process. The creation of such rings is a stress relaxation process,
and easily bestows the film lower compressive stress [4,22,23].
It is worthy noted that at late deposition stage of 2 h, 2.5 h and
3 h, the steel ball- and Si substrate- samples have close FL content.
This is a clue that they have similar FL formation mechanism at
the late deposition process (Fig. 9d). Nevertheless, in this study,
all the steel balls and Si substrates are not heated intendedly in
the deposition process and their temperature increase due to the
plasma heating effect. Noted that, in order to enhance the adhe-
sion of carbon films on Fe substrates, the in-situ plasma nitriding
(1200 V, 2 h) which is additionally used after Ar+ etching (negative
voltage of 1000 V, 20 min), can attribute to higher temperature of
the steel substrate. After the nitriding and before the deposition
of carbon films (1000 V, 2 h), the steel ball temperature is ∼230 ◦C.
As for the deposition process on Si substrate, the temperature is
∼120 ◦C. The higher substrate temperature is benefit for the for-
mation of GL clusters in the 0.5 h/Fe ball sample, since the higher
substrate temperature without external heat treatment and cata-
lysts is indispensable to form graphene sheets [24,25]. W.T. Zheng
and coworkers [26] proposed by tight-binding molecular dynam-
ics that the rapidly reduction in compressive stress may  occur
because GL carbon forms at 450 K (∼177 ◦C). At the temperature,
subplanted atoms migrate to the surface where they can form sp2

layers via activated thermal diffusion, leading to the relaxation of
stress (Fig. 9d). Namely, at the starting deposition (0.5 h), the GL
from at the late deposition that odd rings need to be formed for the
relief. The employed voltage decreases from 1200 V of the nitriding
to 1000 V of the film deposition, thereby leading to the decline of
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Fig. 9. Schematic of the film preparation process on a Si substrate (a) and steel ball (b); Raman spectra of the films on steel balls and flakes (c); Illustration of steel ball-film’s
structure evolution with depositing time.
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Fig. 10. Friction coefficients and wear lives of the 0.5 h/Si (a and b) 

e substrate temperature. This can explain that FL element is intro-
uced into GL clusters with the increasing time from 0.5 h to 1.5.
verall, the (1) structural evolution on Fe balls may  be result from

he competition between high starting substrate temperature after
he nitriding pre-process, and relaxation of high compressive stress
rom energized ion bombardment.

.5. The frictional behaviors of the samples on steel balls and
i substrates
Because these films move toward tribological application, we
nvestigate their frictional behaviors. Fig. 10a and c respectively
how the friction coefficients (COFs) of the 0.5 h/Si and 1 h/Si films
 h/Si (c and d) samples against steel ball and coated steel ball-ones.

against all coated steel ball-samples as a function of sliding laps. All
the film friction couples have lower COFs under ambient conditions
with 25% relative humidity, as compared with the couples against
uncoated Fe ball. Their wear lives has obvious differences. Based on
the statistics about the wear life in Fig. 10b and d, the thickness can
obviously affect these film wear lives. For example, for 0.5 h/Si film,
only two  friction couples have longer wear lives than the couple
against Fe ball. As for 1 h/Si film, its increasing thickness can add
a new friction couple. The wear life of 1 h/Si film against 3 h/Fe
ball is prolonged from 3.2 × 104 cycles of 1 h/Si–Fe ball couple to

5.4 × 104 cycles. Meanwhile, a phenomenon is worthy noted that
the friction couples containing high FL content have lower COFs.
For example, the 0.5 h/Si film against coated 2 h/Fe, 2.5 h/Fe and
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Fig. 11. Friction coefficients of the 3 h/Si sample against coated 2 h/Fe and 3 h/Fe
ball samples.
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nent solid lubricating material in real applications. The excellent
friction behaviors are closely linked with both FL structures within
the carbon films and the sliding induced at friction interfaces. Our
 h/Fe balls have steady COFs as low as 0.012. Moreover, with the
ncreasing sliding laps, real-time super-low COFs (� < 0.01) can be
chieved. As for 1 h/Si film, it against coated 2.5 h/Fe and 3 h/Fe balls
xhibit super-low COFs. The results indicate that the FL structural
lm friction couples are an effective way to achieve ultra-low or
uper-low friction in open air.

We choose the couples, 3 h/Si film against coated 2 h/Fe and
 h/Fe ball samples, as representatives to study the completely tri-
ological behaviors of these films. The reason is that these films’
hickness and FL content can affect their COFs and wear lives above.
he 3 h/Si film is chosen due to its highest thickness. It also has

 relative high FL content which is close to that of another Si
ubstrate-sample apart from 0.5/Si film. The 2 h/Fe ball sample has a
ighest FL content and the 3 h/Fe ball one has a highest thickness. It
an be seen that the couple of 3 h/Si against 2 h/Fe gets into a super-
ow COFs (� = ∼0.009) state quickly compared to the couple of 3 h/Si
gainst 3 h/Fe (� = ∼0.01) (Fig. 11). Their wear lives are prolonged
o 3.7 × 105 and 5.5 × 105 cycles (Fig. 11). The super-low friction

echanism is discussed in the following section 3.6. In addition,
he film couples can attain super-low friction under lower load and
elocity (5N and 0.05m/s) than those (≥15 N and ≥0.12 m/s) for the
L structural films against Si3N4 or Al2O3 balls as reported in the
tudies [9,13]. Our result can widen the superlubricity scope for FL

tructural films in open air.

Fig. 12. Raman spectra (a and b) and odd ring fraction (c) of the 3 
ience 420 (2017) 586–593

3.6. Raman analysis on the wear track and wear scar of the
samples

According to the Characteristics in 3.2 and 3.3 section, Raman
spectroscopy is an effective way to distinguish carbon structural
change. As known, the initial friction materials are often quickly
covered by carbon-rich layers. For the film friction couples, wear
track and scars are two states of wear materials after friction. They
experiences repeated strain and heat effects, and thus trigger struc-
tural transformation. Fig. 10 shows Raman fit results obtained at
the wear track and wear scar of the couple of 3 h/Si against 3 h/Fe
which has longest wear life and super-low COFs. The wear track
of the 3 h/Si film has high odd ring fraction than its original film
(Fig. 12a and c). The spectrum on wear scar of the 3 h/Fe film has
two obvious shoulder peaks at 1200 and 1380 cm−1. The 1200 cm−1

peak originates from heptagons in FL clusters. Corresponding four
peaks’ fit result of the wear scar shows an increase of odd ring frac-
tion after friction. Herein, as discussed above, the higher odd ring
fraction of the couple after friction indicates that FL structure is fur-
ther formed at the frictional interface. This is consistent with our
previous studies [13,14,27,28]. In addition, the film friction cou-
ples containing high FL content have lower COFs (Fig. 10). Thus, FL
structure within the carbon film and the sliding induced at friction
interface can be probably responsible for super-low friction in open
air.

4. Conclusion

This study reports the nanostructure evolutions of a-C:H films
on steel balls and Si substrates with depositing time. For the steel
ball-films, their structures are GL structure at the starting depo-
sition (0.5 h) and then transform into FL structure. As for the Si
substrate-films, their structures are FL structure throughout the
thickness. The evolution difference may be result from the competi-
tion between high substrate temperature from additional nitriding
pre-process on the steel balls (is higher than that of the film depo-
sition), and relaxation of compressive stress from energized ion
bombardment in the film deposition. The FL structural film friction
couples are more effective way  to achieve ultra-low or super-low
friction in open air, than the film against uncoated Fe ball. In partic-
ular, the Si substrate-film with 3 h, against the steel ball-film with
2 h and 3 h, exhibit super-low friction (∼0.009) and superlong wear
life (∼5.5 × 105 cycles), showing promising potential as a promi-
result can widen the superlubricity scope for FL structural films in

h/Si-3 h/Fe ball film friction couple before and after friction.
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