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Abstract: The coatings with gradually varying chemical composition and structure were obtained
by PECVD method from methane precursor and various admixtures of Ar. The composition of
emitted gases and triboemission behaviour were studied for these coatings and correlated with the
coating properties and deposition conditions. A new analytical approach was developed that
allowed identification of the emitted gas species with much higher accuracy. For the first time,
triboemission of alkanes higher than propane was observed. By the application of kinetic model to
the analysis of triboemission time series, chemical and structural degradation in carbon coatings
could be traced in course of tribological tests.
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1. Introduction
Amorphous carbon (a‐C) coatings serve in widespread tribological applications to improve wear
resistance and to reduce friction. Mechanical and tribological properties of a‐C can be flexibly tailored
by varying sp2 to sp3 ratio, hydrogen concentration and doping elements [1]. Aijaz et al. [2]
demonstrated that the electron density and/or temperature in plasma are the key factor to turn
physical properties, composition and chemistry of a‐C. The control of these parameters can be
achieved by adjusting the concentration and composition of the precursor gases. The addition of
argon, neon or other heavy gases to the process gas results in modification of the chemical bonding
of carbon, changing hydrogen and nanovoids distribution in the coating, and trapping inert gases in
the coating [2, 3].
Among various a‐C classes hydrogenated amorphous carbon (a‐C:H) has attracted much
attention since the discovery of its near‐frictionless and near‐wearless properties under vacuum or
inert atmosphere [4]. A large amount of research has been conducted to gain molecular‐level
understanding of advanced tribological properties of a‐C:H and the mechanisms of their degradation
[5‐12]. It was found that ultra‐low friction regime usually sets in after a run‐in period, during which
a thin modified surface layer on the coating and a transfer film on a counterbody evolve. The transfer
film results from formation and breaking of covalent bonds [13]. The transfer film, the debris, and the
modified surface layer tend to have higher sp2 bonding [14, 15] that is associated with hydrogen loss
and graphitization of metastable sp3 bonds [16, 17]. High hydrogen content has a significant effect on
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reduction of friction and wear rates due to passivation of dangling bonds and suppression of C‐C
bonds formation across the interface [6, 8, 13, 15, 18‐20]. Furthermore, repulsive electrostatic forces
[21] at hydrogen‐terminated surfaces reduce adhesion, while tribochemical generation of dihydrogen
molecules at the sliding interface enlarges the distance between the surfaces because of the steric
effect [18]. It was also demonstrated that the coating failure relies on the hydrogen depletion in it,
and that this process is reversible [22].
Despite the efforts made to elucidate the a‐C:H degradation, understanding of its tribochemical
bases is still a challenging task. The main difficulty in studying tribological and associated
tribophysical and tribochemical phenomena is the technical limitation for in situ characterization of
increasingly complex physical and chemical processes on micro‐ and macroscales interfaces.
Although combination of certain surface characterization techniques with the tribological ones has
been an important advancement that afforded the opportunity to trace plastic flow, fracture,
formation and cleavage of chemical bonds, excitation of vibrational and electronic states, etc. at the
contact zone [23‐27], the combined techniques have a number of geometry, materials and
environment constrains. A new technique based on the analysis of Mechanically Stimulated Gas
Emission (MSGE) has been developed recently [28‐30]. The main advantage of this technique, MSGE‐
Mass Spectrometry (MSGE‐MS), is that it allows analyzing the evolution of tribochemical and
structural processes occurring in a buried interface. MSGE‐MS has been a further improvement of in
situ mass‐spectrometry coupled with a tribological experimental set‐up [31‐38], which was
successively applied to the exploratory research of tribochemical degradation and gas triboemission
from various types of a‐C and a‐C:H [39‐41]. These studies showed that the main emitted gas species
from a‐C:H were methane and hydrogen. Traces of CO, H2O, ethane, propane and CO2 with
undetermined proportions were also observed [39, 42]. Triboemission of various gas species showed
a complex behaviour, which could be linked to either friction or wear [43]. For example, Ar emission
seemed to correlate with plastic deformation and fracture. In turn, H2 and CH4 triboemission showed
more complex behaviours with the emission rate being nearly parabolic function of H content [40]. It
was suggested that both H2 and CH4 triboemission rely on tribochemical processes [41]. All
researches discarded frictional heating as the driving force for gas triboemission under mild sliding
conditions [17, 42].
The main objective of this work is to study evolution of structural and chemical degradation
under sliding for a series of a‐C:H coatings through the analysis of gas triboemission time series using
MSGE‐MS. The coatings were obtained using PECVD method with varying Ar/methane ratios in the
precursor gases. Tribological and triboemission characteristics of a‐C:H coatings were correlated with
their physico‐chemical properties and deposition conditions. Better time resolution of mass‐spectra
in comparison with the previous works and a new data analysis method based on behavioural
analysis, linear regression fitting and statistical hypothesis testing allowed us to identify the emitted
gas species more accurately. The possible tribochemical processes leading to the H2 and hydrocarbons
triboemission were discussed. The evolution of structural degradation was traced through the
analysis of Ar emission using a kinetic triboemission model.
2. Materials and Methods
Amorphous carbon coatings were deposited on polished AISI 420 stainless steel substrates using
pulsed Plasma Enhanced Chemical Vapour Deposition (PECVD). Argon/methane mixtures with flow
proportions: 18.9/81.1, 6.8/93.2 and 0/100 were used as a process gas for the coatings D‐050, D‐051
and D‐052, correspondingly. A pulsed bias of ‐1000 V, frequency 30 kHz and duty cycle 27% was
applied to the substrates during deposition. Substrate temperature was 20ºC. Deposition time was
kept at 60 minutes for all samples (Table 1).
In a complementary Ar triboemission from a coating obtained by Ion Beam Deposition (IBD)
technique was studied. The coating was identical to D‐2 in [39]. The coating was deposited on a silicon
substrate from two ion sources fed by cyclohexane and argon, respectively. The ratio
argon/cyclohexane was 33/67.
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Table 1. Deposition parameters and properties of a‐C:H processed samples.

Sample

Gas pressure (Pa)

Ar/CH4 ratio

Film thickness (m)

Hardness (GPa)

D‐050
8
18.9/81.1
0.70
19.5 ± 3.2
D‐051
10
6.8/93.2
0.65
22.2 ± 2.7
D‐052
10
0/100
1.50
20.8 ± 1.9
Gas triboemission from the materials was characterized using the original technique MSGE‐MS
[29], which combines the following essential components: a specially designed ultrahigh vacuum
reciprocating motion friction cell with near‐zero intrinsic triboemission, a dynamic expansion system
for quantification of minute (<1 nmole/s) gas emission rates, and a mass‐spectrometer. An alumina
ball with the diameter 2 mm was used as a counterbody. Normal load ranged between 0.86 N and
2.13 N, while sliding speed was 0.18‐0.4 m/s. Several mass‐spectrometer channels corresponding to
ions with different mass‐to‐charge ratio, m/z, were measured during rubbing and after its end in order
to determine the variations related with mechanical activation of the sample. The background
measured before the beginning of rubbing was subtracted from each signal. The resulting time series,
i.e. differential mass‐spectrometer (DMS) signals, were analyzed following previously described
procedure [44]. If the ion current increase during rubbing was not statistically significant at
significance level 0.05, the corresponding channel was eliminated from further examination.
Friction force could not be measured simultaneously with the gas emission because of cross‐talk
interference between the force gauges and the analytical equipment (the pressure gauges and the
mass‐spectrometer). Therefore, a separate series of experiment was conducted to measure friction
force under vacuum using ultrahigh vacuum tribometer Ca3UHV [29] with reciprocating motion pin‐
on‐flat configuration. A boron glass ball, 3 mm in diameter, was a counterbody. The maximum
sliding velocity and acceleration were 60 mm/s and 15 mm/s2, correspondingly. The sliding distance
was 2 mm and the number of sweeps in each test was 400. Three repeated tests were done with the
normal loads 1.96 N, 4.91 N and 9.81 N.
Chemical composition of the coatings was characterized using Elastic Recoil Detection Analysis
(ERDA) and Rutherford Backscattering Spectrometry (RBS) with He+ beam of 3 MeV energy. Mono‐
or bilayer coating models were developed and fitted to the experimental data by means of the
Simplex algorithm using SIMNRA software [45]. Raman spectrometry and Attenuated Total
Reflection Fourier‐Transformed Infrared (ATR‐FTIR) spectrometry were used to study chemical
bonding in the coatings. The hardness of the coatings was measured by means of instrumented
nanoindentation technique.
3. Results
3.1. Mechanically stimulated gas emission
3.1.1. Emission behaviours
An initial exploratory test was carried out on each sample. In this test the ion time series with
m/z from 1 to 100 were measured during rubbing, before its beginning and after its end. A previously
developed statistical method [44] was used to sift through the measured data and to rule out the
signals, whose response to rubbing was not statistically significant (in comparison with the
background noise) at the critical level 0.05. The statistically significant channels are listed on Table 2.
Previous works showed that the assignment of the ion species to molecular or radical precursors
can be facilitated if the channels are grouped according to their behaviour patterns [40, 44, 46]. For
this purpose, the behavioural analysis was carried out. Figure 1 shows the representative plots of the
selected ions time series, in which three behavioral patterns are clearly noted. The first one, denoted
λ, applies to m/z 20 and 40, which were ascribed to Ar++ and Ar+, respectively. It is characterized by
two stages. In the first stage (1a in Figure 1 (a)) a burst with a sharp rise occurred just at the beginning
of rubbing. Then, the emission rate decreased nearly linearly with time. The first stage lasted about
200 rubbing cycles (100 s). The second stage came out after a short transition and was characterized
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by a series of chaotic bursts (2a in Figure 1 (a)). Mean emission rate in the second stage was nearly
twice as high as in the first stage. When the rubbing stopped, the mass‐spectrometer signal almost
immediately returned to the background level. The transition time was limited by the pumping rate
of the vacuum system (time constant for Ar 2.3 s).
Table 2. The mass‐spectrometer channels selected from the initial exploratory tests, the possible
ionized species corresponding to each channel and the possible precursor molecules

m/z
2
14, 15
16
20, 40
26, 27, 29, 30
28
41, 42, 43, 45
44

Behaviour pattern

Possible ions

Possible emitted gases

σ1
μ
μ
λ
μ
μ
μ
μ

H
CH2+, CH3+

H2
CH4, CxHy (x>1)

CH4+, O+
Ar++, Ar+
C2H2+, C2H3+, C2H5+, C2H6+
C2H4+, CO+
C3H5+, C3H6+, C3H7+,
C3H8+, CO2+

CH4, CO, CO2
Ar
C2H6, C3H8, C4H10
C2H6, C3H8, C4H10, CO, CO2
C3H8, C4H10, CH3OCH3 (?)
C3H8, C4H10, CO2

2+

Figure 1. The representative time series of mass‐spectrometer channels with different mass‐to‐charge
ratios, m/z: (a) hydrogen ions; (b) argon ions; (c) methane, methyl and atomic oxygen ions; (d) C2 and
C3 alkyl ions, carbon mono‐ and dioxide ions.

A good linear correlation between the channels at m/z 20 and 40 was observed: adjusted
coefficient of determination, R2adj, was 0.8355 and 0.6596 for D‐050 and D‐051, correspondingly. The
ratio IQMS(20)/ IQMS(40) was determined from the slope of the linear fit (Figure 2 (a)). The difference
between the measured ratio 0.142 (standard error 0.007) and the standard value from the NIST
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database 0.1462 [47] was not statistically significant (the null hypothesis was accepted with the p‐
value = 0.546). This result backs up our assignment of the ions with m/z 20 and 40 to doubly and
singly ionized Ar. The reasons of the complex two‐stage behaviour of Ar triboemission will be
discussed below.

Figure 2. Correlation plots of mass‐spectrometer channels: (a) The ion time series with m/z 20 as
function of the ion time series with m/z 40 for D‐050, normal load 2.10 N; (b) The ion time series with
m/z 40 (Ar+) as function of the ion time series with m/z 2 (H2+) for D‐050 at three levels of the normal
load noted at the plots. The plots are vertically shifted. The zero of each plot is shown by a horizontal
dashed line.

The behaviour of the ion time series with m/z 2 (H2+) shown in Figure 1 (b) might seem at first
glance similar to λ pattern. However, a closer examination reveals a number of significant
behavioural differences between the channels at m/z 40 (pattern λ) and m/z 2 (pattern σ1). In fact, for
σ1 the ratio of intensities of the first and the second stages was significantly higher than for λ; and σ1
showed a slowly decaying retarded emission after the rubbing end, which was not observed in λ.
The lack of correlation between the two channels is evident in Figure 2 (b), where the ion current
IQMS(m/z 40) is plotted against IQMS(m/z 2). This finding is in line with the previous results, which put
triboemission of H2 and Ar down to different basic mechanisms [41], but below we will show that the
H2 triboemission can also be attributed to two or more emission sources, which were activated with
a time lag.
The channels with m/z other than 2, 20 and 40 behaved following the pattern denoted μ (Figure
1 (c) and (d)), which is characterized by a sharp burst in the first stage and a low‐level steady
triboemission in the second one. Triboemission ceased almost instantly after the rubbing end. These
channels can be ascribed to ions of various hydrocarbons, carbon mono‐ and dioxide, which are
typically observed in mass‐spectra of gases emitted from various carbon materials under mechanical
activation, heating, laser ablation, etc. [39‐41, 48, 49].
3.1.2. Identification of the gas species
The composition of the emitted gases can be figured out from a mass‐spectrum by solution of a
system of linear equations if the standard mass‐spectra of each component are known. However,
straightforward application of this approach to raw triboemission data has not been effective so far
because of significant data scattering that led to large dispersion of the results and low strength of
evidence against the null hypothesis (H0: the concentration of a given gas in the mixture is zero). A
different approach implies time averaging of the data through pair‐wise fitting of a linear regression
model to the mass‐spectrometer channels. The ratio of intensities of each pair of the channels were
determined from the slopes of the corresponding linear regression lines. This significantly reduced
the dispersion of results, but could only be applied to the signals, which are linearly correlated.
The representative examples of pair‐wise regression for IQMS(14) vs. IQMS(16) and IQMS(15) vs.
IQMS(16) are shown in Figure 3. These channels have strong linear relationship with the R2adj. > 0.8184
5

for all three samples and applied loads. Considering previous studies [39‐41], this led us to assign
them tentatively to the ions CH2+, CH3+ and CH4+, which come mainly from methane. The CH2+, CH3+
may have some minor contribution from higher hydrocarbons. To check the correctness of the ion
assignment, the slopes of linear regressions IQMS(15)/ IQMS(16) were compared with the standard ratio
of these components from methane mass‐spectrum [47] (Figure 4 (a)). For D‐052 the null hypothesis
(H0: the measured ratio is equal to the standard one) was accepted for all normal loads (p‐values >
0.205), but for D‐051 and D‐050 H0 was rejected (p‐values < 0.03) for all loads except for D‐051 under
FN=0.84 N since the measured slopes IQMS(15)/ IQMS(16) were significantly smaller than the standard
ratio. This finding is quite surprising and antithetic to the earlier works [40, 41], in which the
measured ratio IQMS(15)/ IQMS(16) was equal to or even slightly higher than the standard one, that was
related to the possible emission of unrecombined methyl radicals through tribochemical bond
scission. However, this study reveals a virtual shortage of CH3+ ions or an excess of CH4+ ions. The
difference between the measured and the standard IQMS(15)/ IQMS(16) ratios increased with increasing
Ar/methane ratio in the process gas. This mismatch cannot be explained by the contribution from any
other possible isotopically unsubstituted hydrocarbon molecules or radicals, since all of them yield
much higher proportion of the ions with m/z 15, than with m/z 16 (see Appendix A). This has led us
to the conclusion that besides CH4+, some different ionic species with m/z 16 must exist. This species
is most likely the O+ coming from cracking of CO2 and to a smaller extent of CO according to the
relative abundances of O+ in the mass‐spectra of CO2 and CO 0.096 and 0.017, correspondingly. Water
as a source of O+ was discarded because of the lack of its main cracking components: H2O+ and OH+
with m/z 18 and 17, respectively.

Figure 3. Representative pairwise linear regressions of mass‐spectrometer signals: m/z 14 and m/z 15
vs. m/z 16. (Sample D‐052, normal load 2.1 N)

The channel at m/z=44 correspond to a mixture of CO2+ and C3H8+. The fraction of C3H8+ was
minor as it follows from the high values of the IQMS(m/z 44)/IQMS(m/z 43) ratio, which exceeded the
standard ratio for pure propane two to nine fold. Therefore, as a rough and ready estimation, the
contribution of the C3H8+ in the channel m/z=44 can be neglected and it can be assigned entirely to
CO2+. Then, the O+ ion current can be determined from the ion current of CO2+, IQMS(m/z 44), and the
relative abundance of O+ (m/z =16) in the standard mass spectrum of CO2 , A(16,9) (the first number
stands for the m/z and the second one is the gas component number in the matrix Table A1):
IQMS(O+) = A(16,9)IQMS(m/z 44).

(1)

CH4+ ion current can now be found as:
IQMS(CH4+) = IQMS(m/z 16)‐IQMS(O+).

(2)

Linear regressions were newly fitted to the plots of IQMS(CH3+) against the IQMS(CH4+), which was
calculated using (2), for the three samples and four normal loads. Figure 4 (c) shows the slopes of
these linear regressions. Most of the slopes are close to the standard ratio of CH3+ and CH4+ for
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methane except for D‐050 at 0.84 and 1.24 N, which were significantly smaller than the standard ratio.
In these particular cases, the contribution from O+ in IQMS(m/z 16) can be even larger, than we expected
on the basis of our assumption, for example, because of additional CO emission. These findings
underpin the hypothesis of dominating CO2+ in the channel m/z=44.
A similar approach was used to analyse the origin for ions with m/z = 26‐29 (ethane group).
Before fitting linear regressions to the data, the contribution from CO2 in the channel m/z 28 was
subtracted:
I*QMS(m/z 28) = IQMS(m/z 28)‐A(28,9)IQMS(m/z 44),

(3)

where A(28,9) is the relative abundance of CO+ (m/z =28) in the standard mass spectrum of CO2. The
slopes of the linear regressions are shown in Figure 5. For all three samples and all normal loads, the
measured ratios IQMS(m/z 26)/I*QMS(m/z 28) and IQMS(m/z 27)/I*QMS(m/z 28) were significantly smaller
than the corresponding standard ratios for ethane. Furthermore, for D‐051 and D‐052 the measured
ratio IQMS(m/z 29)/I*QMS(m/z 28) was nearly equal to or slightly higher than the standard one, but for
D‐050 it was notably smaller than the standard ratio. Thus, it was concluded that ethane did not solely
fit the experimental data.

7

Figure 4. The ratios of various differential mass‐spectrometer signals determined from the slopes of
linear fits of experimental data: (a) m/z 15 vs. m/z 16; (c) the ratio of the signals at m/z 15 (CH3+) and
the signal at m/z 16 (CH4+) rectified from the component O+ originated from CO2. The horizontal
dashed lines show the standard ratios between the corresponding ion fragments for pure gases: (a)
and (c) methane, (b) propane.

Another important observation has been a good correlation between the channels m/z 28 and
m/z 16 (Figure 6 (a)) despite the fact that none of the possible emitted gases has both of these
components strong in their corresponding standard mass‐spectra. In fact, the slope of linear
regression IQMS(m/z 28) vs. IQMS(m/z 16) was almost two orders of magnitude smaller than the ratio of
the corresponding peaks in both CO and ethane standard mass‐spectra. Although the mixture of
ethane and CO could explain the excess of ions with m/z 28 observed for IQMS(m/z 26)/I*QMS(m/z 28)
and IQMS(m/z 27)/I*QMS(m/z 28), it fails to explain the lack of excess of the same ions for IQMS(m/z
29)/I*QMS(m/z 28). This points at the presence of some additional components among the emitted gases.
Cyclopropane and propene have to be discarded because they would cause an opposite effect: an
excess of ions with m/z 26 and m/z 27. In turn, propane and, less likely, butane and/or iso‐butane are
the plausible candidates. The measured ratio IQMS(m/z 16)/ IQMS(m/z 28) shown in Figure 6 (b) is
directly proportional to the methane concentration and inversely proportional to the sum of
concentrations of ethane, propane, CO and other minor components in the emitted gases. There is a
clear increasing trend of this ratio with decreasing Ar/methane in the precursor gases, while normal
load had no significant effect on it.

Figure 5. The ratios of various differential mass‐spectrometer signals determined from the slopes of
linear fits of experimental data: (a) m/z 26 vs. m/z 28; (b) m/z 27 vs. m/z 28; (c) m/z 29 vs. m/z 28. The
horizontal dashed lines show the standard ratios between the corresponding ion fragments for pure
ethane.
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Figure 6. (a) The experimentally measured IQMS(m/z 28) plotted against IQMS(m/z 16), from which the
contribution of CO2 was removed. The dashed line shows linear regression fit. (b) The slopes of the
linear regressions of IQMS(m/z 16) vs. (m/z 28) for different coatings and normal loads.

The analysis of the channels with m/z 41‐45 has generally supported the hypothesis relied on
propane‐butane gas emission (Figure 7). The propane‐butane signals were notably less intensive and
had larger dispersion than for methane and ethane‐CO groups. The measured ratios IQMS(m/z
41)/IQMS(m/z 43) and IQMS(m/z 42)/IQMS(m/z 43) for D‐051 and D‐052 roughly matched the standard
ratios for iso‐butane and propane as shown in Figures 7 (a) and (b). For all coatings under normal
load 0.84 N as well as for D‐050 under all normal loads, the goodness of fit was low (the coefficient
of determination between 0.2619 and 0.6305). The high measured ratio IQMS(m/z 45)/IQMS(m/z 43) could
not be ascribed to any possible alkane or alkene gas, but it can be associated with ethers and alcohols.
Methoxymethane seems to be the most likely candidate since it has the main peaks at m/z 15, 29, 45
and 46 (Table A1). The coefficient of determination for D‐050 was between 0.3862 and 0.5010, whereas
for D‐051 and D‐052 the goodness of fit was unsatisfactory (R2adj. between 0.1233 and 0.1668).
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Figure 7. The ratios of various differential mass‐spectrometer signals determined from the slopes of
linear regression fits of experimental data: (a) m/z 41 to m/z 43; (b) m/z 42 to m/z 43; (c) m/z 45 to m/z
43. The horizontal dashed lines show the standard ratios between the corresponding ion fragments
for pure gases: prop. – propane, but. – butane, and iso‐but. – iso‐butane.

3.1.3. Partial pressures of gas components
The concentrations of the emitted gases or their partial pressures can be found from the system
of linear equations considering that the measured mass‐spectra are linear combinations of the
standard mass‐spectra of the emitted gases:
,

(4)

where M is the vector of mean differential mass‐spectrum, i.e. the averaged measured mass‐spectrum
with the background subtracted, ∆ ̅ , A is the matrix of relative abundances of ions in the standard
mass‐spectra (Table A1) and P is the vector of partial pressures of the selected gases.
The ∆ ̅ for the channels with m/z 16, 28 and 43 were determined using integration of the
corresponding mass‐spectrometry time series, Ii(t):
∆ ̅

,

,

(5)

where i is the m/z of the ions, Ii,b is the steady background ion current before the beginning of rubbing,
t0 is the time of beginning of rubbing, t1 is the time of the triboemission cessation after the rubbing
10

end. The mean increase of the ion currents for methane, ethane and propane‐butane groups of the
measured mass‐spectrometer channels was determined as a product of ∆ ̅ /
, ∆ ̅ /
or
̅
∆ /
and the corresponding relative abundances.

Figure 8. Partial pressures of six gases emitted under rubbing of a‐C:H coatings under various normal
loads: (a) D‐050, (b) D‐051, and (c) D‐052. The corresponding p‐values for each partial pressure are
shown by the coloured dots below the bar graphs. The horizontal dashed lines mark the level of p‐
value 0.05, which is accepted as an arbitrary threshold for statistical significance of results.

The channels at m/z 20 and 40, which correspond almost exclusively to Ar ions, and the channel
at m/z 2 (H2+) were withdrawn from the measured mass‐spectra before the analysis. The six gases:
methane, ethane, propane, iso‐butane, carbon mono‐ and dioxide, were selected on the base of the
previous analysis to generate the matrix A. The partial pressures were found from the solution of (4):
,

(6)

where superscript T stands for the transpose. The partial pressures were expressed in arbitrary units
because of failing mass‐spectrometer calibration for the specific gases. The standard error of P, seP,
was calculated following the procedure described in [50]. For each element of P the following
statistical significance testing was applied ‐ H0: ‖Pi‖=0; H1: ‖Pi‖>0 (i is the number of the gas species).
The partial pressures of the selected gases and the corresponding p‐values are shown in Figure 8 for
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each coating and normal load. The horizontal dashed lines mark the level of p‐value 0.05, which is
accepted as an arbitrary threshold for statistical significance of results.
The partial pressures of methane, ethane, CO and CO2 were statistically significant for all
samples except for D‐050 under the lowest load, where the emission was very weak. The propane
triboemission was statistically significant only for D‐051 and D‐052. It should be stressed that this is
the first time when propane and CO2 were resolved in the mixture. Also, this is the first time the
triboemission of alkanes heavier than propane was found. The partial pressure of methoxymethane
was very low (below 10‐14) for D‐050 and nil for the other two coatings.
Methane was the dominating emission component in all tests. The decrease of Ar/methane ratio
in the precursor gases led to the increase of the total triboemission rate that was accompanied by the
compositional changes: the ratio of CO to methane decreased. Surprisingly, CO2 triboemission didn’t
follow the same trend as CO, but remained nearly constant for the three coatings in all tests.
The emission rate was a weakly increasing function of the normal load. This was especially
notable for D‐050. Methane and ethane showed stronger dependence on the normal load, than the
other gases.
3.2. Tribological behaviour
In a separate tribological test, all three samples demonstrated friction behaviour typical for a‐
C:H coatings with corresponding hydrogen contents [8, 39, 51‐53]. The coatings D‐050 and D‐051 with
H content below 21 at.% showed chaotic COF behaviour that oscillated between 0.2 and 0.9. The
highly hydrogenated a‐C:H coatings such as D‐052 usually exhibit transient decrease at the beginning
of rubbing that in some cases results in superlow COF [8]. However, for D‐052 superlow COF was
not achieved. After reaching its minimum, the COF switched to a “solid” behaviour type (Figure 9
(a)). The higher the severity of loading, the shorter the duration of the initial transient decrease and
the larger the minimal value of the COF. Similar behaviour of COF with varying sliding speed was
reported recently by Liu et al. [54]. The coating damage due to rubbing was relatively small (Figure
9 (b)). In addition to fine powder‐like debris concentrated on the sides of the wear tracks, partial
coating spalling was observed inside the rubbed area. Spalling intensified with increasing the normal
load (Figures 9 (c)‐(e)).

Figure 9. (a) Representative graphs of time series of coefficient of friction (COF) for D‐052 in vacuum.
(b)‐(e) optical microscopy images of worn surfaces at various magnifications after tribological tests.

Similar damage was observed on the coatings surfaces after the gas triboemission tests (Figure
10), which were carried out at lower normal load, but with larger number of cycles, than in the
tribological test. The least hydrogenated D‐050 coating was completely worn through in the centre of
the wear track, whereas the most hydrogenated D‐052 one exhibited little powder‐like debris.
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Figure 10. Optical microscopy images of the rubbed areas after gas triboemission tests. Red arrows
show powder‐like debris. Yellow arrows show spalling and the defects on the coatings.

3.3. Physico‐chemical characterization
Figure 11 shows the chemical compositions of the coatings determined using ERDA and RBS.
For the PECVD coatings, the chemical elements other than H and C were not observed. The coatings
derived from pure methane (D‐052) were uniform, with a monolayer structure and relatively high
concentration of hydrogen. The coatings D‐051 and D‐052 derived from a gas discharge plasma that
contained argon/methane mixtures had bilayer structure with nearly equal thickness of the top and
the bottom layers. The H concentration in the top layer was significantly lower than in the bottom.
Furthermore, the H concentrations in the bottom layers of both coatings were smaller than in D‐052.
The tendency to decrease the H content in the top layer with increasing Ar/methane proportion in
the process gas was notable. This is in line with earlier studies in which the removal of hydrogen
from the coating and its densification were reported when argon was added to the precursor gases
[2, 55‐57]. The relative hydrogen depletion in the coatings is in a good agreement with the results of
Capote et al. [58], although the absolute H concentration in a‐C:H in our study was lower because of
the use of methane instead of hexane as a precursor gas. The IBD coating D‐2a also had a bilayer
structure. The presence of oxygen and argon was notable in the bottom layer. Although the absolute
H concentration in the bottom layer was lower than in the top layer, the H/C ratio was nearly the
same in both layers.

Figure 11. Schematic representation of the structure and composition of the PECVD (D‐050, D‐051
and D‐052) and the IBD (D‐2a) a‐C:H coatings.

Figure 12 (a) shows the Raman spectra for the PECVD coatings with the overlapping bands
known as D and G bands. The spectra were fitted using Gaussian functions. The position, the full
width at half maximum (FWHM) and the intensity ratio of the D and G bands (ID/IG) are shown in
Fig. 12 (b). The increase of Ar/methane led to a blueshift of the G band and a redshift of the D band.
These shifts were more pronounced than in the work of Capote et al. [58] who used Ar/hexane
precursor gases. In addition, the band shifts were accompanied by the decrease in FWHM for both
bands and the increase of ID/IG. This behaviour fully agrees with literature and is usually interpreted
in terms of an increase of graphitic domains and removal of bond‐angle disorder [58‐62].
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The results are consistent with previous works [57, 63] that show that, in hydrogenated a‐C,
virtually all sp3 carbon atoms are bound to one or more hydrogen atoms rather than to other carbon
atoms through four‐fold carbon‐to‐carbon bonding (pure diamond phase).

Figure 12. (a) The Raman spectra of the PECVD coatings. The dashed graphs show fitting of the D
and G bands for D‐052. (b) The results of data fitting: the band position, the FWHM of the bands and
the ratio of the band intensities.

Figure 13 shows portions of ATR‐FTIR spectra for the three coatings. The stretching and
deformation bands of various sp2 and sp3 CHx groups didn’t show any considerable difference
between coatings and they were consistent with FTIR spectra of a‐C:H coatings reported in literature
[40, 64]. The bands of symmetric and asymmetric stretching vibrations of C‐O were also found. Racine
et al. [65] suggested that the intensity of C‐O bands is associated with the density of nanovoids in a‐
C:H. This explains the correlation between the C‐O bands intensity and the Ar proportion in the
precursor gases, since Ar bombardment leads to structural damage and increase of the real surface
area. A weak and broad band at 3300 cm‐1 could be due to OH adsorption.

Figure 13. Portions of ATR‐FTIR spectra for the three coatings.

4. Discussion
4.1. Tribochemical origin of hydrocarbons and carbon oxides triboemission
Numerous studies left no room for thermal desorption to explain triboemission under mild
experimental conditions (sliding velocity and normal load), such as those in the present study [39,
40, 42, 54, 66‐70]. It was shown that frictional heating is by far insufficient to excite highly energetic
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vibrational or electronic states or to produce C‐C, C‐O and C‐H bond cleavage, which lay behind the
observed triboemission of hydrocarbons and other gases. Tribochemistry postulates that the
mechanical energy is converted into heat not directly but through excitation of different metastable
states in mechanically distorted solid materials [71‐73], while structural relaxation promotes a variety
of chemical reactions and emission processes [72, 74]. Earlier it was suggested [40] that methane and
ethane could be the products of first‐order tribochemical reactions driven by the applied stress and
shearing. These reactions have been supposed to consist in two steps: (I) formation of initial
“activator” methyl or ethyl radical resulting from C‐C bond cleavage, and (II) recombination of these
radicals with hydrogen or methyl groups abstracted from a‐C:H. The radicals are highly reactive and
can initiate reactions with each other and with the network even at cryogenic temperatures [72]. The
second step is energetically favoured due to hyperconjugative stabilization of hydrogenated
amorphous carbon network. Intensive bond cleavage and formation under deformation were
confirmed by quantum‐chemical calculation and molecular dynamic simulations [13, 75, 76].
The activation energy for cleavage of a chemical bond, U(σ), is a decreasing function of the
applied tensile stress, σ [77]. Therefore, the rate of cleavage of thermally activated bonds significantly
increases under applied stress:
,

(6)

where τ0 is the oscillation period, R is the gas constant and T is the temperature. For complex
structures like in a‐C:H and polymers, U is a non‐linear function of σ and depends on the localization
of the strain, degree of cross‐linking and chemical structure [72]. If the applied stress does not
produce the bond cleavage, stress relaxation of the network may induce vibrational excitation. Shall
at al. [13] concluded that phonon excitation is the principal mechanism of mechanical energy
dissipation in a‐C:H during sliding friction. Simultaneous action of tensile stress and vibrational
excitation of carbon network may result in drastic reduction of the activation barrier for alkyl radical
and atomic hydrogen formation from approximately 235 kJ mole‐1 to below 60 kJ mole‐1 [78, 79].
Simulation showed that free radicals brought about due to bond cleavage of hydrogenated carbon
network had typically 1 or 2 carbon atoms [71]. This agrees with our results which showed that C1
and C2 alkanes (methane and ethane) were the main emitted hydrocarbons.
Furthermore, higher cross‐linking degree in a‐C:H with low hydrogen content is expected to
promote faster decay of excited states and lowering the probability of bond cleavage and
triboemission intensity. In fact, the hydrocarbons emission rate decreased simultaneously with the
decrease of hydrogen content in the coatings in the following order D‐050<D‐051<D‐052. This is in
line with literature (see Figure 1 in [40]). On the other hand, it can be expected that H2 triboemission
can affect a‐C:H mechanical properties, since extraction of dihydrogen should be accompanied by sp3
to sp2 transformation [10, 14, 16, 19, 75, 76, 80, 81], which was associated with densification of the
modified surface layer of a‐C:H [82, 83]. Prospective experiments on atomic or nanometre scale can
give insight into relationship between H2 triboemission and a‐C:H mechanical properties.
This work has confirmed that tribochemical processes do not lead to triboemission of methyl
radicals [39‐41] that contrasts the results of thermal desorption from free surfaces [79, 84, 85]. This
can be related with the confined geometry of sliding interface, which enhances the chances of freed
radicals to recombine.
Triboemission of carbon monoxide clearly correlates with the intensity of C‐O bands in ATR‐
FTIR spectra. This suggests that CO emission can be associated with a reaction of CO detachment
from the a‐C:H surface by mechanical forces and vibrational excitation. The mechanisms of the
possible methoxymetane emission are unclear yet and can be related with various reactions:
detachment of CO radicals and their reaction with methyl radicals, conversion of surface hydroxyl
into methoxy via substitution reaction with methyl radical followed by detachment of ether group,
etc. [86]. Despite the diversity of tribochemical reactions laying behind triboemission of methane,
ethane, propane and CO, linear correlations between the time series of emission rates of these gases
suggests similarity of the emission mechanisms, which can be tracked down to mechanical activation
of bond cleavage and detachment of surface functional groups as well as to reaction between them.
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4.2. Parallelilsm between gas triboemission and tribological behaviours
4.2.1 Triboemission of H2
The observed complex hydrogen triboemission behaviour could be explained by the
simultaneous emission from two sources: one at the coating and another at the substrate. In fact,
microscopic analysis revealed that a portion of the steel surface was subjected to abrasion on the sites
where the coating was worn through or peeled off (Figure 10). Previous studies showed that rubbing
of iron and various steel grades usually leads to intensive H2 triboemission [87‐91]. However,
triboemission from AISI 420 steel grade has not been studied so far. To characterize H2 triboemission
from a substrate a separate experiment was conducted.

Figure 14. (a) Time series of a mass‐spectrometry channel at m/z 2 (H2+) in the experiment with rubbing
a bare steel substrate. (b) Schematic decomposition of H2+ time series in the triboemission test of D‐
052. The blue dotted line (i) corresponds to H2 emission from the coating, the red one (ii) corresponds
to H2 emission from the substrate.

Figure 14 (a) shows the H2+ time series for bare steel, which have two distinct features in
comparison with a‐C:H‐coated samples: the emission rate was almost an order of magnitude higher
(note the vertical scale bar), and a retarded emission lasting for several hundreds of seconds after the
rubbing end was observed. The retarded triboemission was previously reported for various metals
and hydrides, where bulk diffusion is the rate limiting step [87, 89, 92]. H2 diffusion‐desorption is
driven by the concentration and stress gradients and depends on the disorder of the crystalline
structure. Such behaviour is opposed to tribochemical processes of triboemission of H2 and CxHy from
a‐C:H, which rely on short‐lived (tens of picoseconds) vibrational excited states [13, 67, 93, 94] and
other secondary processes of mechanical energy dissipation [68, 69, 73, 95, 96]. The absence of a leap
at the end of rubbing means that H2 triboemission from the steel sample is entirely diffusion‐
desorption driven. In contrast, the time series of H2 triboemission from the coated sample (Figure 14
(b)) showed the presence of both the retarded emission and the leap that suggests that tribochemical
and diffusion‐desorption mechanisms co‐existed. Schematically, the time series of H2 triboemission
from a‐C:H coating on a steel substrate can be modelled by a superposition of the two process
denoted by blue and red dotted lines in Figure 14 (b). The initial peak (stage 1b) and a significant part
of H2 triboemission on stage 2b have to originate from a‐C:H (i). The contribution from the substrate
(ii) starts when the coating gets damaged and it gradually increased with the increase of degree of
wear. The latency of H2 triboemission from the substrate is typical for iron and steel samples having
a coating or an oxide layer on the surface [30, 87].
4.2.2 Triboemission of Ar
Triboemission of Ar (Figure 15) is worth of closer examination since it relates to neither
tribochemical process, nor diffusion‐desorption. The Ar atoms get trapped in the disordered a‐C:H
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structure during the deposition process. At higher ion energies, Ar tends to localize at the bottom
part of the coating [40]. The Ar atom is too big to effuse from the coating during storage or service
life. However, when the coating gets damaged and new surfaces are created, almost all Ar atoms,
which are situated close to the new surfaces, leave instantly (time constant 2.7‐40 ps) because of very
low adsorption energy (8.1‐14.7 kJ mole‐1 ) and negligibly small equilibrium Ar surface coverage, θeq,
at room temperature (θeq < 10‐10).

Figure 15. Time series of Ar+ at various normal loads: (a) D‐050, (b) D‐051.

The rate of Ar emission is proportional to the surface coverage of Ar adatoms, θ(t), and the rate
of new surface generation :
∆

,

∆

(8)

where Δt is a small time interval, which is, however, considerably larger than the desorption time,
nm is the surface density of adsorption sites and A is the new surface area created since the beginning
of sliding. Obviously, the θ(t) is directly proportional to local Ar concentration in the bulk, CAr(t), so
(8) can be transformed:
,
where

(9)

is the rate of new surface generation and K is the proportionality coefficient. This

expression can shed light onto the complex behaviour of Ar triboemission and figure out how the
degradation processes evolve in course of rubbing. For example, a sharp peak at the beginning of
sliding of D‐050 under all normal loads indicates that the coating was significantly damaged during
run‐in (Figure 15 (a)). In contrast, this did not happen to D‐051 (Figure 15 (b)) suggesting smoother
run‐in. The decline of the triboemission rate at the end of the run‐in stage can be due to slow down
of the new surfaces generation (R(t) ↓) and depletion of Ar in the plastically deformed surface layer
↓). Upon the onset of severe wear the R(t) increased and the Ar triboemission intensified
(
again.
Expression (9) also explains the differences in Ar triboemission rates D‐050 and D‐051. Although
RBS was not able to measure Ar concentrations in the coatings, which were below 1 at. %, it is
reasonable to assume that Ar concentration in the coating increases with Ar/methane ration in the
precursor gases. In fact, mean Ar triboemission rate from D‐050 was two‐ to three‐fold higher than
from D‐051 (Figure 15).
It is worth mentioning that triboemission behaviour is correlated with wear but it is not with
friction [39, 87]. Figure 16 a)‐c) shows the results of a complementary test of a‐C:H coating obtained
using Ion Beam Deposition. The first stage can be confidently associated with run‐in and normal wear
of the coating without any significant damage. In this stage Ar triboemission gradually increased and
stabilized with low rate, whereas coefficient of friction and CxHy triboemission were high. A sudden
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damage happened to the coating at the beginning of the second stage as can be inferred from a sharp
Ar+ peak. The intensity of the peak indicates that large amount of new material was deformed or
fractured, probably due to adhesion failure in the coating. After that, mean Ar triboemission
continuously decreased with a series of sharp peaks and extinguished before the rubbing end. The
behaviour of coefficient of friction was opposed: it dropped nearly two‐fold at the beginning of the
second stage and, then, it slowly increased with rubbing time. This can be explained by continuous
grinding of debris in the contact zone, so that CAr was gradually depleting until it vanished
completely. This result is endorsed by the optical microscopy images of the worn surface, which show
complete removal of the coating on the wear track and a small amount of fine debris left on the
uncovered substrate (Figure 16 (d)).

Figure 16. Results of a complementary experiment with the coating obtained by Ion Beam Deposition.
The time series of: a) coefficient of friction (COF), b) the ions with m/z 15 (CH3+) c) the ions with m/z
40 (Ar+). d) Optical microscopy image of the worn surface.

Conclusions
Triboemission of gases was studied for a series of a‐C:H coatings obtained by PECVD with
various Ar/methane ratio in the precursor gases. The coatings had gradually varying chemical
composition and structure that allowed us to correlate the triboemission behaviour with the coating
properties and deposition conditions. The composition of the emitted gases was determined with
higher accuracy than in previous works that was achieved by combination of three analytical
methods: behavioural analysis, linear regression fitting and statistical hypothesis testing. For all three
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coatings, the emitted gases included C1‐C3 alkanes, whose partial pressures decreased with
increasing the number of carbon atoms in the molecule. For the coatings with higher hydrogen
content, traces of higher alkanes, presumably iso‐butane, were found for the first time. Triboemission
of hydrocarbons was correlated with the chemical structure of the coatings: the triboemission rate
increased with the increase of H and terminal methyl group concentrations. This finding backs up
the tribochemical hypothesis.
All three coatings showed triboemission of carbon mono‐ and dioxide. The emission rates of
these gases increased with the increase of Ar/methane ratio in the precursor gases. This was related
to the defective nanopore coating structure, which was developed due to Ar bombardment and
further was oxidized during storage in ambient air.
The coatings obtained with Ar admixture had a significant proportion of Ar in the triboemitted
gases. Ar atoms got trapped in the a‐C:H network at the deposition stage and released when the
coating was deformed or fractured. The rate of Ar triboemission increased with the increase of
Ar/methane ratio in the precursor gases.
Hydrogen triboemission showed a complex triboemission behaviour, which was characterized
by the presence of a leap at the end of rubbing and a retarded emission after the rubbing end. From
the comparison of triboemission time series for the coated and bare substrates and microscopy
analysis of worn surfaces, a superposition of two triboemission components was suggested. The
components originated from two different sources – the coating and the substrate – had different
emission mechanisms: for the coating the main mechanisms were tribochemical reactions and
liberation of molecular H2 from the a‐C:H network, whereas for the steel substrate H2 triboemission
was a recombinative desorption of interstitial and trapped H (diffusion‐desorption triboemission).
The sources, mechanisms and behaviour patterns of triboemission of various gas species are
summarized on Table 3.
Table 3. Correspondence between the behaviour patterns, triboemission sources and triboemission
mechanisms for various gases

Gas

Behaviour

H2

σ1

Source
1: Coating
2: Substrate

Mechanisms
Tribochemical generation,
liberation of molecular H2
Diffusion – desorption of
interstitial and trapped H

Coating
CH4, CxHy (x>1)
μ
Tribochemical generation
CO, CO2, CH3OCH3 (?)
Coating (surface)
Ar
λ
Coating (bulk)
Liberation of trapped Ar
A kinetic model of triboemission was applied for the analysis of time series in order to figure
out the evolution of chemical and structural degradation in the coatings. Chemical degradation can
be traced by the analysis of hydrocarbon and hydrogen triboemission that was associated to cleavage
of chemical bonds and sp3 to sp2 transformation. Structural degradation, i.e. plastic deformation,
fracture and so on, can be figured out via analysis of Ar time series.
Although in its actual configuration MSGE‐MS system can only be used under vacuum, the
obtained results have important implications for both vacuum and atmospheric applications of a‐
C:H coatings, since they give insight into basic tribochemical reactions.
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Appendix A

0.0090
0.0140
0.0340
0.0550
0.0020

0.0010
0.0020
0.0080
0.0601
0.0010

0.0010
0.0020
0.0100
0.0681
0.0020

0.0070
0.0080

0.0230
0.0190

0.0220
0.0180

0.0470

0.0871

0.0170

0.0961

0.0010
0.0010

Methoxy
methane

0.0721
0.0040

0.0100
0.0190
0.0601
0.0540
0.0020

CO2

0.0030
0.0060
0.0220

CO

Iso‐butane

0.8879
1.0000
0.0164

Butane

15
16
17
19
20
22
25
26
27
28
29
30
36
37
38
39
40
41
42
43
44
45
46
49
50
51
52
53
54
55
56
57
58

0.0040
0.0100
0.0300
0.0440
0.0010

Propene

0.0380
0.1069
0.2042

Cyclo‐
propane

Ethane

12
13
14

Propane

m/z

Methane

Table A1. Normalized standard mass‐spectra of various C1‐C4 hydrocarbons, CO and CO2
(adapted from NIST database [47]). The main components are highlighted in bold.

0.0020
0.0070
0.0220
0.2412
0.0110
0.0050
0.0010

0.0190
0.0350
0.2322
0.3323
1.0000
0.2152
0.2622

0.0050
0.0911
0.4194
0.5875
1.0000
0.0220
0.0030
0.0300
0.0530
0.1892
0.0280
0.1341
0.0601
0.2312
0.2742
0.0090

0.0180
0.1271
0.3503
0.0250
0.0010

0.0180
0.1051
0.3873
0.0140

0.0150
0.0991
0.1441
0.6726
0.3143
0.8878
1.0000
0.0330
0.0010

0.0180
0.1271
0.1942
0.7257
0.2913
1.0000
0.7036
0.0230
0.0010

0.0020
0.0581
0.3873
0.3213
0.4334
0.0100
0.0070
0.0190
0.1361
0.0190
0.2853
0.1211
1.0000
0.0330
0.0010

0.0010
0.0220
0.2783
0.0290
0.0621
0.0010
0.0010
0.0110
0.0260
0.1732
0.0270
0.3843
0.3233
1.0000
0.0330
0.0010

0.0020
0.0110
0.0100
0.0030
0.0090
0.0020
0.0100
0.0080
0.0250
0.1221

0.0020
0.0080
0.0070
0.0020
0.0060
0.0010
0.0040
0.0310
0.0260
0.0010

1.0000
0.0120

0.0981
0.0010

1.0000
0.0120
0.0040

0.0020
0.0100
0.3873
0.0100

0.0010
0.0030
0.0140
0.0060
1.0000
0.6075
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