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ARTICLE INFO ABSTRACT

Keywords: Hydrogenated diamond-like carbon (H-DLC) exhibits superlubricity in inert conditions, making it ideal for
Hydrogenated diamond:-like carbon protective coating in machines, but its superlubricity is often lost in humid air. Knowing reaction mechanisms of
Superlubricity

such oxidation processes would be a prerequisite to incorporate environment tolerance into the H-DLC chemistry
for superlubricious performance in ambient air. But mechanistic understanding has been hampered by air-
oxidation of the tribo-tested H-DLC surface during the sample transfer for ex-situ analyses. As an alternative
approach, this study derived a Langmuir-type kinetics model to analyze tribochemical processes occurring at the
H-DLC surface in oxidative environments. The model unveiled very distinct environmental effects of O, and HyO
on tribochemistry of H-DLC. The Os-oxidized H-DLC surface retains low friction after the run-in period
(4 ~ 0.057) but is susceptible to frictional wear (wear rate ~ 32 ym®/(N-mm)). In contrast, the HyO-oxidized
surface is susceptible to the adsorption of water which acts like boundary lubricant layers protecting the surface
from wear (~3.4 ym®/(N-mm)) but with relatively high friction after the run-in period (4 ~ 0.22). The oxidation
probability of H-DLC by Oy or H0 (~10~4 Torr! s71) is found to be comparable to the reaction probability of
hydrocarbons on catalytically-active metals (~10~2 Torr ™ s™1).

Run-in behavior
Tribochemical kinetics
Re-oxidation probability
Removal probability

1. Introduction

Among various allotropes of carbon, diamond-like carbon (DLC)
exhibits excellent mechanical properties and processibility that make it
ideal for protective coatings for various engineering applications
ranging from cutting tools to automobile parts [1,2]. Especially, a
highly-hydrogenated DLC, hereafter called H-DLC, is well known for
‘superlubricity’ in inert environments such as vacuum or dry nitrogen
[2]. In such conditions, they exhibit a coefficient of friction (COF) as
small as < 0.01 after a brief run-in period during which COF is initially
high (>0.2) and gradually decreasing [3,4]. The superlubricity is
desirable for reduction and prevention of parasitic energy loss (friction)
and material loss (wear) at the sliding interface of engineering systems.
Unfortunately, the superlubricity of the H-DLC films is lost in ambient
air [5-7]. This phenomenon is collectively called ‘environmental effect’
and believed due to the oxidation of H-DLC surfaces by oxygen and
water molecules in air [5-7].

To overcome or mitigate the environmental effect, it is important to
fully understand mechanisms and kinetics of the surface oxidation
process of H-DLC caused by oxygen gas and water vapor in the
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environment. There have been many attempts to determine the surface
chemistry of H-DLC after tribo-testing in inert and oxidative gases
[7-10]. However, such ex-situ analyses using x-ray photoelectron spec-
troscopy (XPS) and Raman spectroscopy could not provide definitive
insights needed for mechanistic understanding because the surface
chemistry of H-DLC can be altered even with a short period of exposure
to air [6,11-13]. Therefore, chemical analysis results of the air-exposed
samples are often convoluted due to secondary oxidation during the
sample transfer from the tribo-testing unit to the designated analytical
instrument. Unless the sample is transferred in a completely inert con-
dition, such complications are inevitable in the post-testing chemical
analysis [12].

This impediment could be avoided if chemical analysis is done in situ
during tribo-testing. For that purpose, in-situ Raman spectroscopy has
been employed and found the formation of graphitic or sp>rich transfer
film on counter surfaces during the run-in period [3,14,15]. It was also
shown that the structure and uniformity of the transfer film play more
important roles in determining the COF than its absolute thickness [3].
However, the recorded Raman signal is an average of all signals of the
materials within the penetration depth of the probe beam which
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encompasses the entire thickness of the transfer film and the sub-surface
region of the substrate as well; thus, the chemical information of the
shear plane could not be fully elucidated. Another in-situ study
employing electron energy loss spectroscopy with transmission electron
microscopy (TEM) showed a friction-induced structural transition
leading to an increase in the sp>hybridized bond fraction at the sliding
interface [16]. Unfortunately, in-situ TEM study must be done in ultra-
high vacuum condition [17] and cannot provide critical insights into
the chemistry relevant to the environmental effect.

Friction force cannot explicitly provide surface chemistry informa-
tion; nonetheless, it can be a useful tool to implicitly probe chemical
conditions of the interface during sliding [4,12,18-20]. Although
theoretical understanding of quantitative correlation between COF and
surface chemistry is still incomplete [21,22], empirical relationships can
be used as a means to assess surface conditions under dynamic interfa-
cial shear in environmental conditions. In previous studies, the
adsorption isotherm described by the Elovich equation was used to
consider the oxidation process of DLC surfaces during the interfacial
shear cycles and describe the experimentally-measured COF as a func-
tion of sliding speed (i.e. the time exposed to the environment between
consecutive cycles) [23-25]. Although this model could fit the experi-
mental data reasonably well, the fitting parameters could not be directly
related to specific kinetic processes such as oxidation probability or rate
constant. That is because the Elovich equation is purely empirical
without relevance to specific physical or reaction mechanisms [26,27].
In another study, the Langmuir adsorption isotherm was employed to
describe the steady-state COF of H-DLC in humid conditions [28,29];
but, since the surface oxidation process is continuous throughout the
transient run-in and the steady state [12,30], it is kinetically important
to describe the COF transition in the run-in period as well as in the
steady state. Moreover, since the environmental effect was assumed to
be purely due to physisorption and desorption of molecular water spe-
cies, the previous model could not explain the oxidation reaction of the
surface layer and the frictional removal of the oxidation products
[28,29].

In this paper, we investigated the run-in and steady-state friction of
H-DLC in oxidative environments through a kinetics modeling. To
differentiate the effects of oxygen and water, we studied those two
conditions separately. It is known that the surface oxidation of H-DLC
occurs readily and the growth of the oxidized layer is self-limiting (i.e.
its thickness stops at ~ 2 nm) [11,13,31]; this behavior is somewhat
similar to the characteristics of the Langmuir surface reaction kinetics
describing the growth of surface reaction species up to the saturation
coverage and then no more growth [32-34]. For that reason, the
Langmuir kinetics was adapted to describe the re-oxidation of the H-DLC
surface freshly exposed by wear of the oxidation reaction product via
interfacial friction. Analyzing the reciprocating cycle dependence of
COF as a function of O3 and H,0 partial pressure in dry Ny with this
Langmuir-type kinetics revealed distinct tribochemical effects of oxygen
and water on the superlubricity of H-DLC.

2. Experimental details
2.1. Preparation of H-DLC films

H-DLC films were deposited on Si(100) wafers by a plasma-
enhanced chemical vapor deposition (PECVD) process, which was
fully described in earlier works [1]. In brief, the procedure started with
sputtering of the substrate in an argon plasma to remove contaminants
on the substrate, followed by deposition of ~ 100 nm-thick silicon as a
bonding layer, and then exposing to a plasma produced with 25% CHy4
and 75% Hj at a self-bias voltage of —500 V to synthesize a 1 pm-thick H-
DLC film. The hydrogen content of the produced H-DLC film was about
40 atomic-% [35-37]. The produced H-DLC film was stored in ambient
air.
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2.2. Reciprocating ball-on-flat tribo-testing

All friction tests were carried out with a custom-made ball-on-flat
reciprocating tribometer equipped with a continuous gas flow cell.
Before the tribo-test, the H-DLC substrate was cleaned with ethanol first,
deionized water next, and finally blow-dried with nitrogen [38]. Bearing
balls made of 440C stainless steel (SS) with a diameter of 3 mm and a
root-mean-square (RMS) surface roughness of ~ 10 nm were used as a
counter-surface [39]. The H-DLC substrate was translated in a bi-
directional reciprocating motion at a sliding speed of 3 mm/s over a
span of 2.5 mm while it was in contact with the SS ball at an applied
normal load of 2 N. Based on the extended Hertzian contact theory for
coated substrates [39-42], and the modulus of H-DLC [39], the average
contact pressure, contact radius, and deformation depth of the H-DLC
surface were estimated to be 703 MPa, 30 pm, and 603 nm, respectively.
The contact pressure is about one order of magnitude lower than the
hardness (~7 GPa) of pristine H-DLC surface [39,43]. The frictional
force exerted to the ball by the reciprocating sliding motion of the
substrate was recorded with a strain gauge sensor. The sensor was
calibrated by loading known weights and measuring the corresponding
voltages. The COF was calculated following the Amontons’ law [44-46].
The wear tracks on the H-DLC surface were analyzed with optical pro-
filometry using a Zygo NewView 7300 instrument. The reproducibility
of all COFs was checked and confirmed by repeating of friction tests at
least three times in each environmental condition.

A gas stream with a desired partial pressure of oxygen and water was
flown continuously over the sample in the environmental cell during the
entire duration of friction test. An ultrahigh purity nitrogen gas (zero-
grade, HoO < 3 ppm, Oz < 4 ppm; based on the supplier’s specification)
was used as a carrier gas with a flow rate of 2 L/min to maintain the inert
environment. The dry oxygen gas environment was prepared by mixing
the inert nitrogen gas stream with an ultrahigh purity oxygen gas (UHP-
grade, purity > 99.994%; based on the supplier’s specification) at a pre-
determined ratio. The humid conditions were produced by mixing the
dry nitrogen stream with another nitrogen gas stream saturated with
water vapor at room temperature at a pre-determined ratio [47]. All
experiments were carried out at ambient pressure (=760 Torr).

2.3. Hydrophilicity of wear track on H-DLC

Although XPS analysis could probe changes in relative functional
groups averaged over the probe depth [11,12,48-50], it cannot provide
the chemical information of the topmost surface because its probe depth
is larger than the thickness of the oxidized layer formed during the tribo-
test, which could be further altered by the air exposure after the test
[6,12]. Also, it is difficult, although possible through chemical deriva-
tization [11,51,52], to distinguish hydroxyl (C-OH) versus ether (C-O-C)
groups in XPS. As an alternative means to probe the difference in
chemistry at the topmost surface of the wear track, we tested if the water
condensation and wetting behaviors of the wear track vary depending
on the environmental condition during the friction test. Immediately
after the friction test, the sample was transferred to an optical micro-
scope and cooled with a Peltier cell to ~ 8 °C below the room temper-
ature under the nitrogen stream saturated with water vapor and imaged
continuously to monitor water condensation on it. Separate samples
were produced with a large wear zone (roughly 4 mm x 4 mm) in
controlled environments and water contact angles on the friction-tested
area were measured with a ramé-hart Model 295 automated goniom-
eter/ tensiometer. Note that during the transfer of samples to the optical
microscope and the goniometer/tensiometer, a brief air exposure was
inevitable.

3. Kinetic modeling of run-in and steady-state COF

Friction originates from various forces resisting relative motion be-
tween two sliding bodies at the contacting interface under compressive
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and shear stresses. The measured friction force, Fy [45,46], can be
viewed as a sum of all contributions within the contact area of the two
bodies [53-55]:

Fy=wFy= ZF[UL'{AI (€8]

where Fy is the applied normal force, x4 is the COF, and Fjy is the
friction force at a given local site within the contact area. Fj,.; can vary
depending on physical (surface roughness, local topography, mechani-
cal property, etc.) and/or chemical (chemical functional group, reac-
tivity, adsorbate, etc.) conditions [20,56-59]. Although these
microscale or molecular scale factors may convolute the measured
friction force in a sophisticated fashion [20], Eq. (1) can still be
employed, as a first-order approximation, to determine changes in sur-
face conditions during friction.

To use this approximation approach, one needs to know the u of each
representative surface condition. The RMS roughness of H-DLC is about
4 nm [39], which is smaller than the elastic deformation depth calcu-
lated from the Hertzian contact mechanics [39]. Thus, the surface
roughness or topography effects would be negligible [45]. The local
mechanical property dependence of u could be lumped into a chemistry-
dependent y value. This is because variations in local modulus and adhe-
sion force due to chemical changes are coupled with the type and degree of
surface oxidation [60,61]; in other words, it is difficult to model the
mechanical and chemical effects separately.

Then, the local chemical conditions of the H-DLC surface during
friction test in reactive (oxidizing) environments can be assumed to be
binary: unoxidized versus oxidized. The propensity of environmental
oxidation is due to the presence of highly strained chemical bonds in the
amorphous carbon deposited through the high-energy PECVD process
[62,63]. The fact that H-DLC exhibits the run-in behavior [14,64] in-
dicates that the oxidation states of the initial H-DLC surface formed in
ambient air before the friction test [11,65] is different from those of the
re-oxidized H-DLC surface during the friction test. To address all these
observations, the chemical status of the H-DLC surface can be catego-
rized into the following three: (i) the initial surface layer oxidized by
humid air during the sample storage (before the friction test), (ii) the
unoxidized (superlubricious) H-DLC surface exposed upon tribochem-
ical wear of the oxidized surface layer, and (iii) the re-oxidized surface
layer by reaction with O, or HyO between consecutive sliding cycles
(during the friction test).

Following Eq. (1), the COF measured at a given environmental
condition, 4", can be re-written as:

U () = pi 00" (n) + Hypre Opprc () + Hro +Oro’ (1) (2

where n is the number of cycles of reciprocating friction test; u{™", iyp; e
and ugg" are COF of the initial air-oxidized surface measured with the
pristine counter-surface in the given environment, COF of the unoxidized
H-DLC surface exposed by frictional shear and measured with the
unoxidized transfer film at the counter-surface in inert condition [3,14],
and COF of the re-oxidized surface measured with the oxidized transfer
film in the given environment, respectively; and 5", Op, ¢, and 655" are
fractional coverages of the corresponding surface conditions. Hereafter,
the superscripts in these symbols will be replaced with actual environ-
mental conditions such as Ny for dry nitrogen, O, for dry oxygen (Oy
mixed with Ny), and HyO for humid nitrogen (HO vapor in N3). The sum
of fractional coverages at any given cycle should be unity (entire sliding
contact area). Here, yi;;, - can be assumed to be the steady-state ultra-
low COF of H-DLC after the run-in period measured in inert environment
(i.e., after removal of all oxidized species by frictional wear) [30]. In
humid condition, the surface represented by ¢52° may be covered with
physisorbed water molecule as well.

An important characteristics of the H-DLC oxidation in ambient air is
that it stops at a self-limiting thickness [12,30,66]. For the sample that
has been exposed to air, the thickness of the native oxide layer is

Applied Surface Science 580 (2022) 152299

measured to be ~ 2 nm [11,13]. It does not grow thicker, unless the
sample is heated in air [31], likely due to the transport or diffusion
limitation of oxidizing species in H-DLC [31]. This self-limiting behavior
is similar to the Langmuir chemisorption model in which the surface
coverage of the chemisorbed species grows to a maximum value limited
by the reaction condition (=~ a monolayer in typical chemical reaction
conditions) [33,34]. One can set this self-limiting thickness of the
oxidized surface layer of H-DLC to be 8 = 1, regardless of the source of
oxidizing environment. Then, 637" is equivalent to the ‘effective
contribution’ of the re-oxidized surface condition to the total friction
measured experimentally within the contact area during the reciprocal
sliding cycle.

Following the Langmuir kinetics model [33,34], the temporal change
of surface coverage due to reactions in a given environmental condition,

9 .
5> can be expressed as:

O k(1= 0) ka0 @)
where kgo and kg are the oxidation rate constant of H-DLC by a specific
source gas and the thermal desorption rate constant of the reaction
product, respectively. In Eq. (3), super- and sub-scripts of k and 6 are
omitted for simplicity. The kro term can be expressed as the reaction
probability per collision, agy", times the collision frequency of the
reactive gas molecule at a given pressure, Pgyy. Here, kg can be set to
zero at room temperature because the oxidized surface layer is stable
and remains intact even in ultra-high vacuum conditions [8,67]. In
principle, agy" term can change with temperature; but in practice, it can
be assumed to be constant because the local temperature rise caused by
frictional heat during sliding on H-DLC surface is negligible unless the
sliding speed is extremely high (see Supporting Information). By inte-
grating Eq. (3) with respect to time, the following time-dependent
fractional coverage equation can be obtained:

0(r) = 1 — (1 = 0(19))-exp( — kro-( — 1o)) 4

where t is the time at which the surface is emerged out of the sliding
contact and t is the time exposed to the given environment after the
contact.

In the reciprocating friction test, mechanical or tribochemical re-
movals of the oxidized surface species take place during the sliding
contact, and oxidized species are re-formed between the consecutive
sliding contacts. Hence, (t) becomes a cycle-dependent variable during
tribo-test in the reactive environmental condition. Thus, Eq. (4) is
further converted into a recursive form:

O(n) = 1= (1= (I = Vyeporar) 0(n — 1) )-exp( — kro*leyete) ®

where 0(n) is the fractional coverage at n” friction cycle, 9(n —1) means
the fractional coverage after the previous sliding cycle which replaces
0(to) in Eq. (4), teyee is the interval between two consecutive sliding
cycles which replaces (t—ty) in Eq. (4), and ¥,gmevq 1S the removal
probability of the oxidized surface species during each sliding contact
(0 < Vremova < 1). The details of the derivation of 6(n) as a function of
Yremoval €aN be found elsewhere [24,25,68,69]. The y,mova Will depend on
not only physical conditions such as contact stress, sliding speed, and
surface roughness (which may vary due to wear) [24,25,69], but also
chemical conditions (chemical species of oxidized H-DLC or transfer film
at given environmental conditions). At a given mechanical sliding con-
dition, ¥,emevar €an be modeled as a single value for simplification. Even if
there are multiple parameters or processes affecting y,emoyq, their indi-
vidual contributions cannot be determined in COF measurements
anyhow.

It is difficult to study individual effects of Oy and H20 in humid air;
thus, those effects are studied separately in dry O (O 4+ N mixture) or
humid N, (H20 + Ny mixture) at ambient pressure. The details of COF
fitting process to derive y,,mova @nd aro at a given environment can be
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found in the Supporting Information.

The fit result is physically meaningful only within the validity limit
of the assumptions made in this kinetics modeling. Borrowing the
Langmuir reaction kinetics, the local oxidation state is assumed to be
binary — unoxidized or oxidized. In our model, the local oxidation states
of the H-DLC surface are further distinguished into two: ‘oxidized by
ambient air during the sample storage’ versus ‘oxidized by reactive gas
during the friction test’. A similar model can also be applied to other
systems that have initial native oxide layers and show a transient period
before reaching a steady-state friction; examples include copper-
impregnated metallized carbon surface [70] and Co-Cr-Mo alloy sur-
face [71].

One could add additional parameters such as partial or gradual
removal of the oxidized layer or diffusion of reactive species into the
subsurface to reach the self-limiting thickness. However, these addi-
tional parameters just increase the degree of freedom in the model,
causing instability in mathematical fitting of experimental data
collected with limited independent variables. Thus, such details cannot
be modeled using the Langmuir reaction kinetics. We also set u{7" as the
COF of the initial air-oxidized surface measured with the pristine counter-
surface. In reality, it will gradually change from the COF measured with
the pristine counter-surface to the COF measured with the transfer film
formed at the counter-surface. Practically, it is difficult to measure the
cycle dependence of the transfer film coverage on the counter-surface
without affecting the surface condition of the H-DLC substrate. So, to
keep the degree of freedom minimum in the fitting algorithm, we use
one constant value for ug”".

4. Results and discussion
4.1. Determination of p$y", pyprc, and pgy’

To use the kinetics model described in Section 3, the magnitude of
ue, pgs”, and pgp, - must be determined first because the local oxida-
tion states of H-DLC were assumed to be binary in the model - oxidized
or unoxidized. Therefore, it needs to measure COFs of (i) the initial air-
oxidized H-DLC measured with the pristine counter body at a given
environment, (ii) the fully re-oxidized H-DLC measured with the oxidized
transfer film at a given environment, and (iii) the un-oxidized H-DLC
produced by frictional wear and measured with the un-oxidized transfer
film in inert condition. Fig. 1 plots those COFs measured in each

2. Exposure of transfer film
& H-DLC to environments

1. Transfer film
formation in dry N,

3. Resume friction test
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environmental condition. At the beginning of the run-in process in dry
Nj, the COF of the initial air-oxidized surface [11,72] is 0.263 + 0.007
(left panels in Fig. 1), which can be taken as x)2. The y22 and 29 are
very similar to this value (see Fig. 2a and 3a). As the initial air-oxidized
layer wears off due to frictional shear and the transfer film is formed on
the counter surface during the run-in process, the COF decreases to
0.012 £ 0.001which can be considered as i,  [3,15,73]. When friction
of the initial air-oxidized surface is measured with the fully-developed
transfer film on the counter surface, the COF value is somewhat lower
(0.142 £ 0.025; see top panel in Fig. 1) than ﬂﬁ%. But the exact transition
between these two conditions is difficult to find; so, yfrlj is used in the
fitting with the kinetics model.

To determine pg and pi2°, the H-DLC surface was first rubbed with
the SS ball in dry Ng until y;, . was achieved to produce unoxidized
transfer film, and then exposed to dry Oz (Po, = 228 Torr in N3) or
humid N3 (Po, = 7.1 Torr, which corresponds to 30% RH), respectively,
with the counter-surface disengaged for 5 min, and finally re-engaged
with the same (but now oxidized) transfer film for friction measure-
ment at the same sliding track without altering the environment con-
dition. This control test shows u5% = 0.076 + 0.014 (middle panel in
Fig. 1) anduggo =0.200 £ 0.005 (bottom panel in Fig. 1). The /412%0 value
is quite comparable with the COF observed for the single-layer thick
graphene step edge terminated with OH groups [18]. This implies that
the magnitude of COF is mostly governed by chemical interactions be-
tween the substrate and the counter-surface for the carbon surfaces.

4.2. Analysis of p%(n) and p2° (n) of H-DLC with Langmuir-type
kinetics model

Fig. 2a and 3a display the %2 (n) and ;"2 (n) of H-DLC measured in
various Py, and Py, conditions, respectively. In each condition, tripli-
cate measurements confirmed the reproducibility of the data. To avoid
fitting uncontrollable noises, the averaged data were used for the anal-
ysis with the kinetics model derived in Section 3. First, the steady-state
portions of the data, for example, ;% (ss; Po, ), were fitted using Eq. (5)
and Eq. (7) of the Supporting Information to obtain ags and y%(Po, ).
Similarly, the ut29(ss; Pg,0) data were fitted with Eq. (5) and Eq. (9) of
the Supporting Information to get aggo and yf{go (Pu,0). The re-oxidation
probability was set to be constant and independent of partial pressure in

Fig. 1. COF of H-DLC as a function of reciprocating
cycle in different environmental conditions.
Initially, the H-DLC film coated with the air-

0.3 be N, ind N, . . 0.3 oxidized layer was tribo-tested in dry Nj. After
32 ndry N, On a new native oxide les of reci ine slidi h
| ini o ) ,{ "Cb . 0.2 200 cycles of reciprocating sliding, the counter-
0.29, { R ¢ i‘f '8 surface in N, Y€ surface was lifted and the wear track of the sub-
01 \. ‘{f.{,} 1. strate and the transfer film on the counter-surface
a4 s >

0.2+

o
[=Y
L

were exposed to dry N (O2 < 4 ppm, H,O < 3
ppm), Ny mixed with O, (Pp, = 228 Torr), and
humid Ny (Pg,0 = 7.1 Torr) for 5 min. Then, the
counter-surface was re-engaged with the substrate
and measured friction at a different location in dry
N, and at the same wear track in O, and H,O
environments.
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Fig. 2. (a) COF change as a function of
reciprocating cycle, 4% (n), in various Po,
conditions in N,. Three measurements data
are shown with black, red, and blue symbols;
the green symbols are the numerical fit result
with the values of ul? = 0.263+ 0.007,
He = 0.076 + 0.014, Hppre =
0.012+0.001, and ty = 1.61s. (b) Frac-
tion coverages calculated from the fit: black
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the given reactive condition because it is a function of temperature and
reactive species [note that the re-oxidation rate is a function of partial
pressure]. The removal probability was allowed to vary depending on
the partial pressure during data fitting; this was especially necessary to
account for the boundary lubrication effect of the adsorbed molecular
water (more details are described later). Next, the entire u© (n) and
u™20(n) data — both run-in and steady-state regions — were fitted with
Egs. (6) and (10) shown in the Supporting Information, respectively. The
fit results are shown as green lines in Fig. 2a and 3a. The changes in
fractional coverages, 6i" (1), Oyp; (1), and 634" (n), are plotted in Fig. 2b
and 3b for each partial pressure condition.

The run-in period can be defined as the number of reciprocating
cycles at which the y""(n) value decreases by 90% of the difference
between the initial and steady-state values, 0.9 x (u"(1) —u™"(ss) ). In
dry Ny environment, the run-in period is typically 15 ~ 16 cycles,
implying that most of the initial air-oxidized layer wears off easily and
the unoxidized superlubricious H-DLC surface is exposed in the wear
track. The molecular origin for the superlubricity of H-DLC surfaces is
still in debate. The superlubricity may not come from a single origin, and
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multiple factors may have to work together. Those include the absence
of oxidizing gases in the environment, sufficient passivation of carbon
surfaces with hydrogen, and sp®rich graphitic transformation of the
shear plane [2-5,15,39,74,75]. The atomic smoothness (as in the case of
graphene or graphite basal plane) is not necessary; based on the gra-
phene step-edge study, it appears that as long as the topographic
corrugation is small enough and the surface is inert, the measured COF
would be ultra-low [76]. In the absence of oxidizing gas molecules in the
environment (as in vacuum) [77-79] or when their concentration is
sufficiently low enough (as in the case of dry nitrogen) [3-5], the surface
condition in the sliding track of H-DLC is readily converted to and kept
in the superlubricious state.

As Py, increases, the run-in duration increases to 30 ~ 40 cycles in
the 7.6 ~ 30 Torr regime and then decreases back to ~ 15 cycles in the
high O5 concentration regime (Fig. 2a). It is interesting to see that %2 (n)
decreases slightly below the ;©2 (ss) value and then gradually approaches
to the u%(ss) value. The kinetics modeling results show that Oyp;.

negatively correlates with the decrease of 69 until it reaches a
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Fig. 3. (a) COF change as a function of
reciprocating cycle, x29(n), in various Pp,o
conditions in N,. Three measurements data
are shown with black, red, and blue symbols;
the green symbols are the numerical fit result
with the values of y}2° ~ 0.251 +0.025,
20 — 0.200 + 0.005, Hepre =
0.012+0.001, and ty = 1.61s. (b) Frac-
tion coverages calculated from the fit: black

o. _ . _ 0
= 029 red = Oyc; blue = 652°. (For
interpretation of the references to colour in
this figure legend, the reader is referred to

the web version of this article.)
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maximum value and then gradually decreases to the steady-state value
which varies depending on Py, (Fig. 2b). The decreasing and leveling-off
portions of 0y, - negatively correlate with 6%3. This trend indicates that
the two competing processes — (i) removal of the initially-oxidized layer
exposing superlubricious H-DLC surface and (ii) re-oxidation of the
newly-exposed H-DLC surface — are taking place at different rates.

It is also interesting to note that the y©(ss) is relatively low, around
0.05 even atPp, = 152 Torr which corresponds to dry air (Fig. 2a). This is
because the COF of O5-oxidized surface is low (ygg =0.076 = 0.014) and
the re-oxidized surface fraction is kept at around 0.5 at the steady state
(Fig. 2b). In other words, the surface species formed by re-oxidation of
H-DLC in Oj is readily removed by friction. More details will be dis-
cussed in Section 4.3.

In humid N5 environment, there is a noticeable increase in both
uH20(ss) and run-in duration, as compared to dry N and dry O, condi-
tions. As Py,o increases, u20(ss) approaches a value typical for
boundary lubrication by physisorbed molecular species present at the
shear plane (around 0.15-0.20) [80-82]. The lengthening of the run-in
period could mean less wear of the initial air-oxidized layer per cycle (or
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its survival for an extended period), which is consistent with the notion
that a ‘protective’ boundary lubrication layer is formed as Pp,o in-
creases. The physisorbed molecular water species can act as a boundary
lubrication layer and, in the absence of any mechanical shear of the
surface, the monolayer of adsorbed water can be formed on the air-
oxidized H-DLC surface at RH around 20% [83].

It is expected that the HyO-oxidized H-DLC surface will contain hy-
droxyl (OH) groups that can facilitate water adsorption from humid
environments. Unfortunately, the air exposure during the sample
transfer to the XPS system after tribo-test in controlled environments
complicates the quantification of surface functional groups at the O, and
H30 exposed H-DLC surfaces [12]. Even though not quantitative, water
condensation and wetting behaviors can still be used to differentiate the
chemistry of the H-DLC surface oxidized during the tribo-test in different
environmental conditions. On a hydrophilic surface, the water conden-
sation droplet density is higher, and the droplet size is smaller, as
compared to a hydrophobic surface [84,85]. Fig. 4a-c displays optical
images of water droplets formed by condensation at the saturation RH
condition on H-DLC surfaces tribo-tested in different environmental
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conditions. In the wear track produced in the dry N tribo-test and then
oxidized upon subsequent exposure to humid lab air, the water
condensation shows patchy behaviors — a mix of highly-dense and
sparsely-distributed areas. In the wear tracks produced in humid N3 and
dry O,, the water condensation appears to be more homogeneous.
Fig. 4d plots the density and size of droplets formed by water conden-
sation. Although statistically insignificant, the HyO-oxidizd wear track
appears slightly more hydrophilic than the outside region which can be
considered as a reference for comparison. In contrast, the Og-oxidized
surface is significantly more hydrophobic than the HyO- and air-
oxidized surfaces. The water contact angle data shown in Fig. 4e-g are
consistent with the water condensation data. In the Wenzel model [86],
the contact angle depends on the surface roughness factor or the ratio of
actual surface area to projected surface area. However, the surface
roughness effect of H-DLC films induced by frictional wear is negligible
since the wear depth (~25 nm at maximum in Fig. 6b) is around three
orders smaller than the Hertzian contact diameter (~60 ym). Therefore,
the effect of the surface roughness change due to wear on the water
contact angle can be ignored. These results support the hypothesis that
water adsorption occurs readily on the HoO-oxidized wear track, which
will act as the boundary lubrication layer.
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Fig. 4. (a-c) Optical microscope images
showing differences in water condensation
behaviors on H-DLC surface tribo-tested in
(a) dry nitrogen, (b) humid nitrogen (Py,o =
7.1 Torr), and (c) dry O3 (P, = 228 Torr).
The wear track in (a) was oxidized upon
exposure to air during the sample transfer.
The wear tracks in (b) and (c) were oxidized
by HO and O, exposure during the tribo-
test; but it was likely to be oxidized further
during the sample transfer [12]. (d)
Condensed water droplet density and size.
The statistics were obtained from three rep-
licates of water condensation tests. The p-
value of the student’s t-test is also shown for
the comparison between the inside and
outside regions of the wear track. (e-g) Water
contact angle on (e) air-oxidized surface after
friction test in dry nitrogen, (f) H,O-oxidized
surface during friction test in humid nitro-
gen, and (g) Os-oxidized surface during
friction test in dry Oa.
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4.3. Comparison of tribochemical kinetics of H-DLC in Oz and H20
environments

The physical parameters determined from the Langmuir-type ki-
netics analysis of the %2 (n) and u"2°(n) data are plotted in Fig. 5. The
oxidation reaction probability, calculated from the rate constant plot in
Fig. 5a, is on the order of 107°-10™* Torr ! s1. Since the collision
frequency of a gas molecule at the surface is ~ 7 x 10° s~* at 760 Torr at
room temperature (calculated for No; the values for Oy and H»O are in
the same order of magnitude) [87], the absolute reaction probability per
collision is quite low. Nonetheless, this value is only one or two orders of
magnitude lower than typical reaction probability of reactive gases on
catalytically-active surfaces (for example, ~10~2 Torr ! s~! for hydro-
genation of cyclohexene on Pt, Pd, and Rh) [88-90]. This high reactivity
must be due to the intrinsic nature of amorphous carbon surface pro-
duced by high-energy PECVD process which inevitably has broad dis-
tributions of C-C bond lengths and C-C-C angles that deviate from those
of thermodynamically-stable diamond or graphite [62,63].

The re-oxidation probability of the freshly-exposed H-DLC surface is
~ 5 times higher for HyO than O,. The higher reaction probability with
H20 is probably due to a high sticking probability of HyO during the

1
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Z
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Fig. 5. (a) Oxidation rate constant of the newly-exposed H-DLC surface and (b) removal probability of the initial air-oxidized surface during the sample storage and
the re-oxidized surface during the friction test. In (a), the slope corresponds to the reaction probability of the H-DLC surface per Torr per sec. In (b), the filled and
open symbols are the removal probabilities of the initial air-oxidized and re-oxidized surfaces, respective, in the environmental condition denoted in the superscript.
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Fig. 6. (a) Optical profilometry images and (b)
line profiles of representative wear tracks pro-
duced after 500 reciprocating cycles in different
environmental conditions. (c¢) Plot of wear rate
versus partial pressure of H,O and O in nitrogen
at ambient pressure. The wear rate was calculated
with the total wear volume after 500 cycles. The
inset plots to wear rate versus COF measured in
different environmental conditions. Wear track
images of other conditions are shown in the
Supporting Information.
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physisorption process, which increases the residence time of HoO mol-
ecules at the surface. Such a physisorption process does not occur for O
on oxide surfaces at room temperature [81,91]. In this study, the true
reaction probability cannot be obtained since the friction measurement
cannot distinguish contributions from the physisorbed (intact) or
chemisorbed (reacted) states of HO on the surface.

The removal probability per sliding cycle is shown for the initial air-
oxidized layer and the re-oxidized species is shown in Fig. 5b. In dry N,
732 is quite high, around 0.1, reflecting the very short run-in period
before 4™ reaches the yiy, ¢ value. In the humid condition, y2° grad-
ually decreases from the 72 value to ~ 0.0023 + 0.0001 as Py, in-
creases from ~ 0.002 Torr to 7.1 Torr. As discussed in Section 4.2, this
can be attributed to the boundary lubrication effect as the coverage of
the physisorbed molecular water layer increases [39,82]. The /gf)o of the
H20-oxidized species is about one order of magnitude lower than yfr’lfo
atPy,o = 0.48 Torr and decreases further by another order of magnitude
as Py, increases to 7.1 Torr (=30% RH) at which the formation of full
monolayer of adsorbed waters is expected [83].

Since there is no boundary lubrication effect of physisorbed mole-
cules in the dry Oy environment, ymf remains almost unchanged from
}/lnl For the re-oxidized surface species in dry O, J’Ro is about one order
of magnitude lower than Ymu implying that the re-oxidized species
during the tribo-test is not as readily removable as the initial air-
oxidized layer. This must be due to the difference in surface chemistry
between these surfaces oxidized under different conditions (see Fig. 4).
Its Py, dependence is found to be relatively weak, which is again due to
the absence of any physisorbed molecules at the surface. Because the
oxidation rate increases linearly with Po, (Fig. 5a), the relatively con-
stant y92 means that the effective wear rate will increase with P, .

To confirm this prediction, the wear rates of H-DLC during the tribo-
test in dry Np, humid N, and dry O, environments were measured using
optical profilometry and the results are shown in Fig. 6. In dry N, the
wear rate of H-DLC is extremely low once the run-in period ceases

because the surface is in the superlubricious state [3,15,30]. In dry Oy
environments, the wear rate increases monotonically (Fig. 6¢). Our ki-
netics analysis indicates that this is simply because the oxidation rate
increases linearly with P, (Fig. 5a), while the removal probability of the
re-oxidized species remains fairly constant (Fig. 5b). In contrast, the
wear rate decreases as Py, o increases (Fig. 6a) although the re-oxidation
rate increases with Py, (Fig. 5a). Once again, this can be ascribed to the
boundary lubrication effect of physisorbed water layers.

The inset of Fig. 6¢ plots the experimental wear rate versus the
measured COF. This plot clearly shows that the absolute COF value is not
a good descriptor that can be used to predict the wear rate of H-DLC. In
the case of humid environments, the wear rate decreases even though
COF increases. This is because the COF of boundary lubrication by
physisorbed molecules are higher than ;.

5. Conclusions

The tribochemical effects of oxygen gas (O2) and water vapor (H30)
on friction and wear of H-DLC were elucidated by analyzing the recip-
rocating cycle dependence of friction coefficient with the Langmuir-type
kinetics model. The H-DLC surface exposed by frictional wear is readily
oxidized by O3 and HyO impinging from the gas phase. The re-oxidation
probability of the H-DLC surface exposed by frictional wear is found to
be only one or two magnitudes lower than the reaction probability of
highly-reactive catalysts. The O,-oxidixed surface retains low friction
but is vulnerable to shear-driven wear. The H,O-oxidized surface be-
comes resistant to wear due to the boundary lubrication effect of
adsorbed water molecules in humid conditions, but its friction is rela-
tively high due to the adsorbed water layer. These findings provide
deeper insights into tribochemical oxidation processes of engineering
device systems coated with H-DLC films in ambient conditions. The ki-
netic model derived in this study can also be employed to describe
environmental effects on lubrication performances of other solid lubri-
cant films.
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