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A B S T R A C T   

Hydrogenated diamond-like carbon (HDLC) has drawn significant interest as a solid lubricant coating due to its 
superlubricity. However, HDLC exhibits drastically different frictional behavior depending on hydrogen (H) 
content or sp2/sp3 carbon ratio. Various structural aspects of HDLC can be analyzed with Raman spectroscopy; 
but analyzing the wear track on the HDLC surface could not provide insightful information about the shear plane 
structure because the probe depth of Raman is not shallow enough to discriminate the contribution from the bulk 
film. When a dissimilar material is rubbed on HDLC, the transfer film is always formed on the counter-surface. 
Since the transfer film is the direct outcome of frictional shear, one can assume that analyzing the transfer film 
can depict characteristic features of the shear plane during friction without convolution from the bulk contri
bution. This study employed microscopic Raman analysis to capture hyperspectral images of the entire transfer 
films on a stainless-steel counter surface formed from HDLCs with different endogenous H-contents (30 and 40 at. 
% in the film) in gas environments of N2 and H2 (exogenous supply). This analysis provided statistically 
meaningful data showing how the degrees of graphitization and hydrogenation of the shear plane during the run- 
in and steady-state friction periods vary with the HDLC structure as well as the environment condition, which is 
critically needed information to understand how the superlubricity is induced and altered when HDLC is used as 
a solid lubricant film.   

1. Introduction 

The outstanding mechanical and tribological properties of diamond- 
like carbon (DLC) or amorphous carbon (a-C) have drawn great interest 
for various engineering applications such as protective solid lubricants 
on top of burls for lithographic projection apparatus [1,2] or for auto
mobile parts [3,4]. However, its tribological performances are very 
different depending on its composition and structure [5] that change 
with synthesis conditions such as deposition temperature [6]. When DLC 
contains hydrogen, it is called hydrogenated DLC (HDLC). The HDLC 
containing about ~40 at.% hydrogen (previously known as NFC6 [7], 
but called 40-HDLC hereafter) is produced via a plasma-enhanced 
chemical vapor deposition (PECVD) process using a mixture of 25% 
CH4 and 75% H2 as a precursor gas. This 40-HDLC gives a coefficient of 
friction (COF; μ) as low as <0.01 in an inert environment (such as 
vacuum or dry N2) after a short span of run-in during which COF starts 
high (>0.2) and gradually decreases [8,9]. When HDLC is produced 
through the same PECVD method but with a precursor gas of 100% 
C2H2, it contains ~30 at.% hydrogen (named as NFC10 in the original 

paper [7], but 30-HDLC hereafter). This 30-HDLC displays very high 
friction (μ > 0.5) at the steady state in the same inert condition [4,10]. 
Moreover, these two HDLCs show a large difference in the run-in or 
transient periods before COF reaches the steady state [11,12]. The dif
ference in transient friction can originate from not only H-content in the 
film (endogenous H) but also an external supply from environmental H2 
gas (exogenous H). Although a large number of studies have been con
ducted [8,13,14], it is still puzzling why these two HDLC films with a 
minor difference in H-content exhibit such a drastic difference in 
friction. 

Raman spectroscopic analysis of HDLC can provide various aspects of 
chemical and structural information such as the fraction of aromatic sp2 

carbons, H-content, density, and elastic modulus based on the ratio of D- 
band to G-band, the full-width at half-maximum (FWHM) of G band, and 
fluorescent background (see Fig. S1 in the Supporting Information) [8, 
15,16]. Unlike high-resolution microscopic imaging methods such as 
transmission electron microscopy [17,18], this spectroscopic method 
can provide statistically meaningful data since the probe area is rela
tively large. However, when this technique is employed to analyze the 
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wear track in the HDLC surface formed by friction, the obtained Raman 
spectral features are mostly governed by the bulk film (see Fig. S2) 
because the typical probe depth of Raman spectroscopy is several hun
dred nm’s, i.e., much larger than the thickness of the shear plane at the 
sliding interface. Such complication does not exist if the material of 
interest is on a substrate that does not produce any interfering signals. 

In the case of HDLC friction measured with dissimilar materials such 
as steel or oxide balls, the formation of transfer films on the counter- 
surface is almost always observed [8,13,19–21]. Raman analysis of the 
transfer film can be done without complications from the spectral 
contribution from the bulk substrate. Chemical information obtained by 
ex-situ characterizations may get convoluted due to oxidation of HDLC 
by exposure to air during the sample transfer since HDLC is highly 
susceptible to air or moisture [20,22–27]. It is noted that the surface 
oxidation by ambient air is a non-equilibrium process and affects only 
the topmost 1–2 nm region [25,26,28]. Typical thickness of transfer 
films is on the order of 100 nm [8]. Thus, based on the path-dependence 
nature of thermodynamically non-equilibrium process, one can expect 
the Raman analysis of the transfer film on the counter-surface to provide 
information on chemical and structural differences of the shear plane of 
the 40- and 30-HDLC films at a given frictional condition. 

In this study, we investigated the correlation between the COF of 
HDLC and the structure of transfer films formed on a stainless steel (SS) 
counter-surface during the transient run-in period and after reaching the 
steady state using microscopic Raman analysis. Hyperspectral Raman 
images were obtained from the entire HDLC transfer films to assess the 
structural transition of transfer films. Analyzing those hyperspectral 
images allowed us to extract information about surface graphitization 
and H-content of transfer films retrieved from various stages of frictional 
behaviors of HDLCs tested in N2 and H2 environments. These analysis 
results allowed to construct structural models that can explain the H- 
content and environment dependences of the superlubricity of HDLC. 
This knowledge will be helpful to develop advanced solid lubricants to 
prevent parasitic energy loss (friction) and reduce material loss or waste 
(wear). 

2. Experimental details 

2.1. Preparation of HDLC films 

Both 40- and 30-HDLC films were deposited on Si(100) wafers by the 
PECVD method described in the previous work [3]. In brief, the Si 
substrate was sputtered in an argon plasma, and then ~100 nm-thick 
silicon was deposited as a bonding layer. A reactive plasma was created 
from a mixture of 25% CH4 and 75% H2 and then the substrate was 
exposed to the plasma to produce ~1 μm-thick 40-HDLC. The same 
process was done with 100% C2H2 to produce 30-HDLC with a similar 
thickness. The hydrogen content of these HDLC films was previously 
determined with the hydrogen forward scattering (HFS) method [29]. 

2.2. Bidirectional ball-on-flat tribo-testing 

COF was measured with a custom-made ball-on-flat bidirectional- 
reciprocating tribometer based on the Amontons’ law [30–32]. All 
friction tests were repeated three to ten times to check reproducibility 
(Fig. S3). Before the friction test, the HDLC surfaces were rinsed with 
ethanol first, with deionized water next, and then blow-dried with dry 
nitrogen gas to remove any contaminants [33]. The HDLC sample was 
mounted in a continuous gas flow cell, and an AISI 440C bearing-grade 
SS ball with a diameter of 3 mm and a root-mean-square (RMS) surface 
roughness of ~10 nm [34] was placed on top of the HDLC substrate as 
the counter body with an applied load of 2 N. The reciprocating motion 
was conducted at a sliding speed of 3 mm/s over a span of 2.5 mm. At 
this sliding speed and normal load, the temperature rise produced by 
frictional sliding at the HDLC surfaces was estimated to be only ~3 K 
[24], which implies that the effect of frictional heat on graphitization 

and hydrogenation of the shear plane is negligible in this study. The 
extended Hertzian contact mechanics theory [34–37] estimates the 
maximum contact pressure, contact radius, and deformation depth to be 
1.06 GPa, 30.5 μm, and 595 nm for 40-HDLC (elastic modulus E = 55 
GPa), respectively, and 1.08 GPa, 29.6 μm, and 589 nm for 30-HDLC (E 
= 200 GPa), respectively [5,34]. 

An ultrahigh purity N2 gas (purity >99.994%; based on the supplier’s 
specification) and a N2 gas with 10% H2 (premixed by supplier, purity 
>99.999%; hereafter called “H2” for simplicity) were flown continu
ously into the environmental cell during the friction test. All experi
ments were carried out at ambient pressure and room temperature. The 
transfer film thickness formed on the SS counter-surface after the steady- 
state of frictional periods was estimated to be around 110 nm from the 
attenuation of the SS signal in the energy-dispersive x-ray (EDX) spec
troscopic imaging (Fig. S4). 

2.3. Raman analyses of pristine HDLC and transfer films on SS 

Raman analysis of the pristine HDLC and its transfer films was per
formed using a Horiba LabRam system equipped with a monochromatic 
532 nm laser and a 100X objective lens with a numerical aperture of 0.9. 
For this setting, the probe depth of HDLC was calculated to be ~530 nm 
(see Fig. S2) [38–40]. Neutral density filters were utilized to reduce the 
laser power to 2 mW to minimize carbon sample burning. The data 
acquisition time was 5 s. Since Raman analysis of random spots did not 
give consistent information [41], a 30 × 30 μm2 area of the transfer films 
was imaged with 15 × 15 pixels (each pixel = 2 μm) to check the het
erogeneity of the transfer film [42]. The spectral features used in the 
processing are graphically summarized in Fig. S1. Note that the empir
ical methods described here are applicable to HDLC, but not to graphite, 
diamond, or tertiary amorphous carbon [43]. Raman analysis at 
multi-wavelengths (364, 488, 532, and 634 nm) of excitation laser was 
done with the similar procedure. 

3. Results and discussion 

3.1. Structural difference between 40-HDLC and 30-HDLC 

The Raman spectra of 40- and 30-HDLC are shown in Fig. 1, from 
which structural information of these coatings can be extracted. First, 
the spectral features can be deconvoluted into the D and G bands. The D 
band at ~1350 cm−1 originates from the breathing modes of sp2 carbons 
in a ring structure (Fig. S1) [43,44]. The stretching modes of sp2 or sp3 

carbons in linear chains and ring structures produce the G band at 
~1550 cm−1 [43,44]. A higher D band and G band intensity ratio (ID/IG) 
of HDLC means a higher ratio of sp2/sp3 carbon bonds, a larger graphitic 
or aromatic sp2-C ring cluster, and a structurally less distorted C–C 
network or less deviation from a thermodynamically favorable C–C 
matrix or graphite [45,46]. In addition, the ID/IG ratio is linearly 
correlated with the peak position of the G band for HDLC. Thus, a higher 
wavenumber of the G band position is observed with more graphitic 
HDLC [43,44]. In Fig. 1, it can be seen that the pristine 40-HDLC have a 
higher ID/IG ratio (0.67 ± 0.01) and a higher G band position (1552± 2 
cm−1) than the pristine 30-HDLC (0.40 ± 0.03 and 1534± 4 cm−1). This 
indicates that the 40-HDLC has more graphitic structures than the 
30-HDLC. 

It is also noted that the 40-HDLC spectrum has a higher slope of the 
fluorescence background than the 30-HDLC spectrum. The ratio of the 
spectral background slope (m) to the peak-height intensity of the G band 
(IG) is empirically shown to be proportional to the H content in HDLC 
(Fig. S1) [15]: 

H [at. %] = 21.7 + 16.6 • log
(

m
IG

[μm]

)

(1) 

Using this equation, it is found that the pristine 40-HDLC and 30- 
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HDLC have ~35 and ~18 at.% of hydrogen, respectively, which is in a 
reasonable agreement with the H-content determined by the HFS 
method [29]. In addition, the density (ρ) and elastic modulus (E) of 
HDLC films can be empirically estimated from the FWHM of the G band 
(GFWHM) using the following eqs [15]: 

ρ
[ g
cm3

]
= 0.257 + 0.011 • GFWHM

[
cm−1]

(2)  

E [GPa] = − 511 + 4.66 • GFWHM
[
cm−1]

(3) 

From the calculation with eqs. (2) and (3), the 40-HDLC is found to 
have lower ρ and E than the 30-HDLC, which qualitatively match with 
the experimentally determined values [5,34]. The observed trend could 
be attributable to the more graphitic nature and higher H-content of the 
40-HDLC than 30-HDLC. All structural properties of the 40- and 
30-HDLC films derived from Raman analysis are summarized in Table 1. 
The agreement between the H-content and elastic modulus calculated 
from the Raman spectra and the independently-measured literature 
values attests that the Raman-based analysis method can provide critical 
structural properties of the transfer films relevant to the shear plane, 
although the quantitative accuracy might be limited. 

3.2. Dependence of μ(n) on H-content and environment 

In Fig. 2, the 40-HDLC shows a monotonic run-in behavior where 
COF gradually decreases to a super-lubricious value of 0.012 ± 0.003 in 
N2 and a slightly higher value of 0.024 ± 0.002 in H2. The duration of 
the run-in period of 40-HDLC is found to be slightly longer in the pres
ence of H2 in the environment as compared to the N2 only case. During 
the run-in, the initially air-oxidized surface layer of HDLC is removed 
[20], and transfer film is formed on the counter-surface [8,13]. The 
chemical and physical properties of this transfer film are known to play a 
critical role in the superlubricity [8,19,21]. 

In the case of 30-HDLC, a non-monotonic run-in behavior is 
observed, and the steady-state friction is significantly different in N2 and 
H2 environments. In N2, COF initially decreases to a minimum value 
(around 0.03 ∼ 0.04) over 5–10 cycles and then increases over the next 
5–10 cycles to 0.85± 0.04. In H2, the initial decrease and sudden in
crease in COF are similar to the N2 environment, but the increasing trend 
stops at around 0.12 ± 0.06 and then COF decreases to 0.012± 0.002. 
This non-monotonic behavior must be closely associated with the 
chemistry and structure of the shear plane [4,9,20,22,24,47], which 
could be inferred from the analysis of the corresponding transfer film. 

3.3. Understanding the effect of endogenous H-content on μ(n) in inert 
environment 

The averaged Raman spectrum and hyperspectral mapping images of 
the transfer film formed on SS after reaching the ultralow steady-state 
COF on 40-HDLC in N2 are shown in Fig. 3. The Raman spectrum of Fig. 1. Deconvoluted Raman spectra recorded from (a) pristine 40-HDLC and 

(b) pristine 30-HDLC surfaces. Baseline correction was not conducted for 
empirical estimation of endogenous H-content of HDLC. (A colour version of 
this figure can be viewed online.) 

Table 1 
Raman band parameters extracted from the Raman spectra of pristine 40- and 30-HDLC films and physical properties estimated using empirical correlations of Raman 
features. The values denoted by † and ‡ in the parentheses are from the literatures of hydrogen forward scattering (HFS) [29] and nano-indentation [5,34], respectively.  

Sample Raman band parameters Properties calculated from Raman 

ID/IG 
G Position [cm−1] GFWHM [cm−1] H content [at.%] Modulus [GPa] Density [g/cm3] 

40-HDLC 0.67 ± 0.01 1552 ± 2 153 ± 1 35 ± 3 (∼ 40†) 200 ± 2 (∼ 60‡) 1.94 ± 0.01 
30-HDLC 0.40 ± 0.03 1534 ± 4 199 ± 4 18 ± 1 (∼ 30†) 415 ± 20 (∼ 200‡) 2.44 ± 0.05  

Fig. 2. Comparison of COFs measured with SS on 40-HDLC and 30-HDLC in N2 
and H2 (76 Torr in atmospheric N2) environments. The three different back
ground colors correspond to the onset, the intermediate, and the steady state at 
30-HDLC in H2 to guide the eye. More data showing the reproducibility of the 
observed trend are shown in Fig. S3 in the Supporting Information. (A colour 
version of this figure can be viewed online.) 
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each pixel in the hyperspectral image was processed using the same 
methods employed to analyze the pristine HDLC (see Section 3.1). The 
data indicate that the transfer film has higher ID/IG (0.96 ± 0.05) and 
higher G-band position (1592± 3 cm−1) than the pristine 40-HDLC 
(Table 1). This means that the shear plane structure giving the super
lubricity is more graphitic than the original 40-HDLC. These results 
suggest that shear-induced graphitization of 40-HDLC takes place at the 
sliding interface upon shearing in N2 to produce chemically-inert and 
low shear-resistant interface [4,8,10,13]. The occurrence of 
shear-induced graphitization on amorphous carbon or other carbon 
surfaces such as graphene nanocrystalline carbon has been reported in 
our previous study [8] and other studies [48–50]. The ID/ IG ratio and 
H-content maps calculated from the hyperspectral images (Fig. 3c and d) 
show that the structural distribution is quite homogeneous across the 
entire transfer film, suggesting that shear-induced graphitization of 
40-HDLC occurs relatively evenly [51,52]. 

The H-content of the transfer film (38 ± 3 at.%) is almost the same or 
marginally increases as compared to the original film. This means that 
the hydrogen atoms present inside 40-HDLC are mostly conserved, or 
not lost, during the shear-induced graphitization. It is known that the 
edges of graphene exhibit significantly higher friction than the basal 

plane [47,53–62]. So, if these edge sites are not properly terminated 
with chemically inert groups, the overall friction will be inevitably 
higher. Based on this fact, it can be suggested that endogenous hydrogen 
atoms in 40-HDLC are involved in or capable of terminating 
high-friction edge sites of graphitic domains formed by shear at the 
sliding interface, preventing the loss of super-lubricity of the graphitic 
shear plane. 

Fig. 4 displays the averaged Raman spectra and hyperspectral map
ping images of the 30-HDLC transfer films on SS retrieved right at the 
onset of COF rise and after reaching the steady-state COF (although 
fluctuating a little bit) in N2. When the COF reaches the transient min
imum value during the run-in, the Raman features of the transfer film of 
30-HDLC (Fig. 4b–i) are quite similar to those of the transfer film of 40- 
HDLC in the superlubricious steady state (Fig. 3b). Based on the large 
increase in the ID/IG ratio (0.92 ± 0.06) and the G-band position (1573±

7 cm−1), it is obvious that the 30-HDLC film also undergoes shear- 
induced graphitization. Even though the pristine 30-HDLC is signifi
cantly less graphitic than the pristine 40-HDLC, the transfer film at the 
onset point is as graphitic as the 40-HDLC transfer film in the super
lubricious state. During this initial run-in period where COF decreases to 
0.04 ± 0.01, the H-content of the shear plane (38± 4%) also increases to 

Fig. 3. (a) COF measured with SS on 40-HDLC in N2 (excerpted from Fig. 2 and re-plotted in a linear scale of y-axis). (b) Raman spectra of the transfer films on SS 
retrieved after reaching the steady state COF. (c) Raman ID/IG maps and (d) H-content maps superimposed on the optical image of the corresponding transfer films. In 
(a), two different background colors are added as a guide to the eye to show the run-in period and the steady state. In (b), the grey-shaded regions indicate the 
standard deviation of the Raman spectrum calculated from the 225-pixel hyperspectral map. The optical image and histograms of the data in (c) and (d) are shown in 
Fig. S5 in the Supporting Information. (A colour version of this figure can be viewed online.) 

Fig. 4. (a) COF measured with SS on 30-HDLC in N2 (excerpted from Fig. 2 and re-plotted in a linear scale of y-axis). (b) Raman spectra of the transfer films on SS 
retrieved after (i) the onset of the COF increase and (ii) reaching the steady state COF. (c) Raman ID/IG maps and (d) H-content maps superimposed on the optical 
image of the corresponding transfer films after the onset (upper, i) and after the steady state (lower, ii). In (a), three different background colors are added as a guide 
to the eye to show three regions: initial decrease, sudden increase, then gradual approach to the steady state. In (b), the grey-shaded regions indicate the standard 
deviation of the Raman spectrum calculated from the 225-pixel hyperspectral map. The optical image and histograms of the data in (c) and (d) are shown in Fig. S6 in 
the Supporting Information. (A colour version of this figure can be viewed online.) 
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the value comparable to the 40-HDLC transfer film in the superlubri
cious state (38± 3%). The overall structure of the transfer film at the 
onset point appears to be relatively homogeneous (Fig. 4c–i and 4d-i). 

This highly-graphitic and highly-hydrogenated state of 30-HDLC in 
N2 seems unsustainable because COF increases to 0.85 ± 0.04 imme
diately. The averaged Raman spectrum of the transfer film retrieved in 
the high friction state (Fig. 4b–ii) suggests that the shear plane structure 
is less graphitic (ID/IG = 0.76 ± 0.06; G-band position = 1554± 5 cm−1) 
than the structure at the onset point. Moreover, the H-content of the 
transfer film in the high friction state (15 ± 3 at. %) is much lower than 
that at the onset point. The poorly-hydrogenated transfer films can have 
a higher probability of forming transient covalent bonds in the sliding 
interface [4,11], which may result in the high COF (~20 times higher 
than the COF at the onset point). Similar to the onset state, the overall 
structure of the transfer film at the high COF state appears to be rela
tively homogeneous (Fig. 4c–ii and 4d-ii). 

In summary, the COF measured in N2 can be closely related to the 
structural parameters of the transfer films obtained from Raman analysis 
(see Table 2). Both 40- and 30-HDLC films undergo significant shear- 
induced graphitization. The major difference between these two films 
is that the 40-HDLC maintains the superlubricious state once it is 
reached, while the 30-HDLC cannot sustain the low-friction state with 
the high-degree of hydrogenation formed in the initial run-in. The 
instability of the low-friction state of the 30-HDLC must be due to the 
insufficient H-content in the original film; but the exact mechanism 
could not be deduced from this study. 

3.4. Understanding the effect of exogenous H2 supply on μ(n) of HDLC 

It has been demonstrated that 30-HDLC (and other HDLCs that do not 
show superlubricity in vacuum or N2 environments) can exhibit ultralow 
friction in H2 environment [11,12,20,22,63–65]. This means that the H2 
molecules impinging from the gas phase are involved in tribochemical 
reactions at the sliding interface, altering the shear plane structure in 
favor of achieving the superlubricity. We have studied the effect of 
exogenous H2 supply on the shear plane structure using the same Raman 
analysis method. 

In H2, the initial COF of the 40-HDLC film remains unchanged for a 
while before the run-in behavior starts (Fig. 5a and S3c), which is quite 
different from the run-in behavior in N2 (Fig. 3a and S3a). It seems like 
that the initial air-oxidized surface layer of 40-HDLC is less susceptible 
to wear in H2, although it eventually wears off. The steady-state COF is 
consistently higher in H2 (0.024 ± 0.002) compared to the N2 case 
(0.012 ± 0.003). The averaged Raman spectrum of the 40-HDLC transfer 
film formed in H2 (Fig. 5b) shows that, compared to the transfer film 
formed in N2, it is less graphitic (ID/IG = 0.87 ± 0.14; G-band position =
1584± 13 cm−1) and slightly more hydrogenated (42 ± 3%). Based on 
the FWHM of the G-band, the transfer film formed in H2 appears to be 
denser than the one formed in N2. Also, in H2, the transfer film structure 
varies locally (Fig. 5c and d). From these comparisons, it can be said that 

the steady-state COF is quite sensitive to the degree of shear-induced 
graphitization and the transfer film uniformity [8,66]. 

Fig. 6 displays the evolution of the COF of 30-HDLC in H2 along with 
the Raman analysis result of the transfer film. At the transient minimum 
COF state (0.03 ± 0.01) during the initial run-in, the Raman spectrum of 
the transfer film (Fig. 6b–i) shows the ID/IG ratio of 0.88 ± 0.08, the G- 
band position at 1572± 11 cm−1, and the H content of 33 ± 5 at.%, 
which is somewhat similar to the one formed in N2 (Fig. 4b–i). At the 
transient maximum COF state (0.12 ± 0.06) in the intermediate run-in 
period, the averaged Raman spectrum (Fig. 6b–ii) is again similar to 
the one observed in the steady state with high COF in N2 (Fig. 4b–ii). As 
compared to the onset point, the degree of graphitization is reduced 
(ID/IG = 0.65 ± 0.08 and G-band position = 1543± 5 cm−1) and the 
degree of hydrogenation is also reduced (20 ± 5 at.%). 

After the intermediate state, the COF of 30-HDLC decreases to a 
superlubricious value (0.012 ± 0.002) in H2. The averaged Raman 
spectrum in Fig. 6b–iii suggested that, in H2, the shear plane structure is 
turned back to the highly-graphitic and highly-hydrogenated state 
(ID/IG = 0.86 ± 0.06, G-band position = 1564± 6 cm−1, H-content = 37 
± 3 at.%), which resembles the cases of 40-HDLC in N2 (Fig. 3b) and H2 
(Fig. 5b). The overall structure of the superlubricious transfer film of 30- 
HDLC in H2 appears to be homogeneous (bottom panels of Fig. 6c and d), 
which is again similar to the 40-HDLC case in N2 (Fig. 3c and d). This 
implies that the exogenously supplied H2 is involved in tribochemical 
reactions at the sliding interface and induces the same or similar effect as 
the endogenous hydrogen contained in the 40-HDLC film. The structural 
parameters extracted from the Raman analysis of the transfer films 
formed in H2 are summarized in Table 3. 

The data in Fig. 6 show that such tribochemical reactions involving 
environmental H2 do not occur readily on the air-oxidized 30-HDLC 
surface or during the initial run-in period; but they can occur readily 
if the degrees of share-induced graphitization and hydrogenation are 
reduced (i.e., at the intermediate run-in period). In fact, it has been 
shown that the high friction state of hydrogen-free DLC after the run-in 
period in Ar can be converted to the ultra-low friction state if the 
environment is switched to H2 [67]. The finding of this study suggests 
such transition is not just due to the increase in hydrogenation, but also 
associated with the increased degree of shear-induced graphitization. 

Raman analysis at multi-wavelengths (364, 488, 532, and 634 nm) 
was conducted to estimate the sp3-C content in the shear plane and the 
data are shown in Fig. 7. The Raman spectra collected at different 
excitation wavelengths can be found in Figs. S9 and S10 in the Sup
porting Information. The sp3-carbon content of HDLC is linearly pro
portional to the dispersion rate of G band (Disp(G)) as following the 
empirical equation below [68–71]: 

sp3 − C content = − 0.07 + 2.50 × Disp(G)
[
cm−1 /

nm
]

± 0.06 (4)  

where Disp(G) is 
⃒
⃒
⃒
⃒
Gλ2

Pos−Gλ1
Pos

λ2−λ1

⃒
⃒
⃒
⃒ [cm−1/nm] and Gλi

Pos is the position of G band 

at wavelength of λi. 
The sp3-C fraction was found to be quite high (~50%) for the transfer 

films with the high friction (μ > 0.1), i.e., 30-HDLC at the intermediate 
state in H2 and steady state in N2 (Figs. 4 and 6). All other transfer films 
retrieved during the low friction regime exhibited a lower fraction of 
sp3-carbon (≤ 25%), which indicates that the transfer films at low fric
tion period are richer in sp2-clusters. Note that the fraction of sp1-C 
(< 1%) is negligible in the diamond-like carbon [72,73]. The transfer 
films formed from 40-HDLC in N2 showed the lowest sp3-carbon (≈ 5%) 
and the highest ID/IG (0.96 ± 0.05). These results support the interpre
tation drawn from the ID/IG and position of G band in the Raman images 
at 532 nm (Figs. 3–6) that the extent of sp2-graphitic carbon is higher in 
the shear plane responsible for the ultra-low friction state. 

In addition, the size of sp2-graphitic domain (La) is correlated with 
ID/IG as the following equation below [43]: 

Table 2 
Relationship between COF in inert gas (N2), Raman band parameters, and H- 
content of the transfer films formed from 40- and 30-HDLC surfaces after each 
regime in N2.   

40-HDLC 30-HDLC 

COF in inert gas (N2) Onset – 0.04 ± 0.01 
Steady state 0.012 ± 0.003 0.85 ± 0.04 

ID/IG 
Onset – 0.92 ± 0.06 
Steady state 0.96 ± 0.05 0.76 ± 0.06 

Position of G [cm−1] 
FWHM of G [cm−1] 

Onset – 1573 ± 7 
139 ± 28 

Steady state 1592 ± 3 
97 ± 21 

1554 ± 5 
167 ± 8 

H content [at.%] Onset – 38 ± 4 
Steady state 38 ± 3 15 ± 3  
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ID
/

IG = C′

(λ) • La
2 (5)  

where λ is the wavelength of Raman excitation laser and C′

(λ) ≈

0.0055 at λ = 514 nm. It estimates La of pristine 40-HDLC and 30-HDLC 
to be 11 Å (ID/IG = 0.67) and 9 Å (ID/IG = 0.40), respectively. The 
highest ID/IG (0.96 ± 0.05) observed for the transer films of 40-HDLC in 
N2 corresponds to 13 ̊A of La, which also supports that the extent of sp2- 
graphitic domain has increased upon frictional shear. 

Lastly, it is important to discuss the possible role or involvement of 
dangling bonds that were discussed previously [10,65,74]. The forma
tion of dangling bonds is conceptually reasonable because every disso
ciation of C–C or C––C bonds will leave dangling bonds behind; but, due 

to extremely high reactivity (=instability), they would be converted to 
other chemical species. That is one of the reasons that the DLC surface 
exposed by frictional shear is extremely reactive with O2 and H2O 
molecules impinging from the gas phase [24]. Due to this high reactivity 
of dangling bonds, it is practically impossible to determine their quan
tity in ex-situ analysis. For that reason, the relative significance of 
sp2-rich carbon layers (which is ascribed as graphitization) against the 
passivation of dangling bonds could not be determined in this study. 
Nonetheless, the key finding of this study is that when such oxidative 
reactions with environmental O2 and H2O molecules are suppressed, 
then reactions with other nearby carbon atoms which are transiently 
brought close together and undergo graphitizatoin by the interfacial 
shear process are very sensitive to the endogenous hydrogen content and 

Fig. 5. (a) COF measured with SS on 40-HDLC in H2 (excerpted from Fig. 2 and re-plotted in a linear scale of y-axis). (b) Raman spectra of the transfer films on SS 
retrieved after reaching the steady state COF. (c) Raman ID/IG maps and (d) H-content maps superimposed on the optical image of the corresponding transfer films. In 
(a), two different background colors are added as a guide to the eye to show the run-in period and the steady state. In (b), the grey-shaded regions indicate the 
standard deviation of the Raman spectrum calculated from the 225-pixel hyperspectral map. The optical image and histograms of the data in (c) and (d) are shown in 
Fig. S7 in the Supporting Information. (A colour version of this figure can be viewed online.) 

Fig. 6. (a) COF measured with SS on 30-HDLC in H2 (excerpted from Fig. 2 and re-plotted in a linear scale of y-axis). (b) Raman spectra of the transfer films on SS 
retrieved after (i) the onset of the COF increase and (ii) the intermediate state, and (iii) reaching the steady state COF. (c) Raman ID/IG maps and (d) H-content maps 
superimposed on the optical image of the corresponding transfer films after the onset (upper, i), the intermediate (middle, ii), and the steady state (lower, iii). In (a), 
three different background colors are added as a guide to the eye to show three regions: initial decrease, sudden increase, then gradual approach to the steady state. 
In (b), the grey-shaded regions indicate the standard deviation of the Raman spectrum calculated from the 225-pixel hyperspectral map. The optical image and 
histograms of the data in (c) and (d) are shown in Fig. S8 in the Supporting Information. (A colour version of this figure can be viewed online.) 
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exogenous hydrogen supply. 

4. Conclusions 

This study was based on the hypothesis that the chemistry and 
structure of the transfer film on the counter-surface during the friction 
test of HDLC reflect those of shear film in action. Indeed, the hyper
spectral Raman imaging of the transfer film on the SS ball surface 
revealed chemical and structural information that can be correlated 
with frictional behaviors of 40- and 30-HDLC in N2 and H2 environ
ments. The Raman analysis results of the transfer films suggested that 
superlubricity of HDLC is governed by the degrees of shear-induced 
graphitization and hydrogenation of the shear plane, which are func
tions of the endogenous H-content inside the HDLC film and the exog
enous H2 supply from the environment, as graphically summarized in 
Fig. 8. It is important to note that the correlation of the superlubricity 
with the ‘degree’ of graphitization of the transfer film that can be 
identified with Raman analysis does not mean that the shear-induced 
structures are mostly nano-crystalline graphite domains with the long- 
range hexagonal order. 

Table 3 
Relationship between COF in reducing gas (H2), Raman band parameters, and H- 
content of the transfer films formed from 40- and 30-HDLC surfaces after each 
regime in H2.   

40-HDLC 30-HDLC 

COF in reducing gas (H2) Onset – 0.033 ± 0.010 
Intermediate – 0.12 ± 0.06 
Steady state 0.024 ± 0.002 0.012 ± 0.002 

ID/IG 
Onset – 0.88 ± 0.08 
Intermediate – 0.65 ± 0.05 
Steady state 0.87 ± 0.14 0.86 ± 0.06 

Position of G [cm−1] 
FWHM of G [cm−1] 

Onset – 1572 ± 11 
156 ± 18 

Intermediate – 1543 ± 5 
170 ± 8 

Steady state 1584 ± 13 
146 ± 47 

1560 ± 6 
143 ± 7 

H-content [at.%] Onset – 33 ± 5 
Intermediate – 20 ± 5 
Steady state 42 ± 3 37 ± 3  

Fig. 7. Raman at multi-wavelengths (364, 488, 532, and 634 nm) for the estimation of sp3-C content in the transfer films formed during sliding on 30-HDLC and 40- 
HDLC in (a) N2 and (b) H2 conditions. (A colour version of this figure can be viewed online.) 

Fig. 8. Schematics of the distinct frictional periods of 40- and 30-HDLC in N2 and H2 along with the evolution of the Raman spectral features of the corresponding 
transfer films of 40- and 30-HDLC. Note that it is not drawn to scale and should be qualitatively interpreted. (A color version of this figure can be viewed online). 
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