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The influence of corrosion upon the nanoscale topography and friction response of a hydrogenated
amorphous carbon film (a-C:H) was investigated. Electrochemical atomic force microscopy was used to
characterise topographical changes to the coating at two oxidative potentials. Corrosion of the coating at
1.5 V (corrosion rate 0.5 nm h™!) resulted in no changes to the nanoscale topography; whereas corrosion
at 2.5 V (corrosion rate 26.4 nm h™!) caused the root mean square roughness of the a-C:H film topog-
raphy to decrease, but the local fine-scale irregularity or ‘jaggedness’ of the surface to increase. X-ray
photoelectron spectroscopy revealed that corrosion at both potentials oxidised the a-C:H surface to form

Iég;;\rag;rg;. alcohol, carbonyl and carboxyl groups. Lateral force microscopy and adhesion force measurements
Diamond-like carbon showed that both the friction force and surface adhesion of the coating increased upon corrosion. The
Topography outcome was attributed to the surface oxidation that had occurred at both oxidative potentials, resulting
Friction in several potential mechanisms including increased attractive intermolecular interactions and capillary
Oxidation forces. The highest friction coefficient was observed for the a-C:H film corroded at 2.5 V, and identified as
Adhesion

a consequence of the jagged surface topography promoting an interlocking friction mechanism.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Diamond-like carbon (DLC) is a class of thin film material that
exists in several forms. Depending upon the synthesis method, DLC
will contain different fractions of carbon-carbon sp?, carbon-carbon
sp% and carbon-hydrogen bonding; with its two major variants
classified as tetrahedral hydrogen-free amorphous carbon (ta-C) and
hydrogenated amorphous carbon (a-C:H) [1,2]. This chemical and
structural versatility makes DLC a highly sought after material as a
protective coating, owing to its many desirable properties including
extreme mechanical hardness, excellent wear resistance, low friction
coefficient, and high thermal and chemical stability [3,4]. DLC is
currently utilised in applications within industries ranging from
automotive to biomedical, and more recently in nanotechnology for
use in micro-/nano-electromechanical systems (MEMS/NEMS)
[2,4,5].
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Many of these applications are required to function in humid
and charged environments, meaning it is crucial that friction, wear
and corrosion of the DLC coating are controlled [4]. Although DLC is
widely reported as a corrosion resistant material [1,2,4—7], over
sustained periods there remains potential for DLC to undergo
corrosion (oxidation) at the surface, leading to changes in its
nanoscale topography that could potentially impact eventual de-
vice performance. Several macro-scale studies have been under-
taken to ascertain the tribological or tribo-corrosive behaviour of
DLC upon immersion in corrosive media (typically simulated body
fluid or NaCl solution), highlighting that DLC consistently out-
performed various high-performance substrate materials in terms
of a low friction and wear response [8—15]. However, upon inves-
tigation of the surface topography using scanning electron micro-
scopy, evidence of micro-scale pitting was often reported after DLC
coatings had undergone potentiodynamic polarisation measure-
ments and immersion in different electrolytes [13,16—23]. Chlorine
ions in the electrolyte solutions were identified as potential active
species responsible for attacking DLC and inducing pitting corro-
sion via pinhole defects or nano-pores in the DLC film [11,16,22].
The amorphous nature of DLC should make it generally less prone
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to the formation of microscale fractures such as grain boundaries
and pinhole defects [4]. However, studies have shown that the DLC
deposition conditions, the coating thickness and the chosen sub-
strate material can directly affect the microstructure of the DLC
coating and its surface and interfacial roughness; properties which
can then in turn influence corrosion resistance [4,7,19,23—25].
Promising DLC coatings with increased electrochemical resistance
were found to have a high sp> content, few micro- or nanoscale
defects such as pinholes, and a high degree of film uniformity
[21,26].

Changes to the nature of the surface chemistry of DLC after
potentiodynamic polarisation tests or immersion in various elec-
trolytes were also investigated, most commonly utilising X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy. Studies
showed evidence for corrosion proceeding via a reduction in car-
bon sp? content [27], and the formation of oxides of C=0, C—OH,
C—0 and C(=0)—OH [15,17,27], indicating again that the carbon
sp> fraction of DLC plays a key role in corrosion resistance [27]. Li
et al. reported that the formation of C—0, C=0 and C(=0)—0 bonds
on DLC surfaces sliding in H,SO4 lead to an increase in the inter-
facial shear strength, and thus also increased the friction coefficient
of the tribological system [15]. There is a further claim that oxida-
tion of DLC can increase the friction coefficient due to the intra-
molecular bond strength at the surface interface increasing; from
the typically weak van der Waals interactions between DLC hy-
drocarbons (0.08 eV/bond), to stronger hydrogen bonding in-
teractions (0.21 eV/bond) between C—0 and C=0 sites on the DLC,
and water molecules [28—32], or polar surfaces.

The influence of corrosion on the nanoscale topography of a
hydrogenated amorphous carbon film (a-C:H) and its subsequent
influence upon the nanoscale friction response is as yet unexplored.
These findings are likely to be of interest to the nanotechnology
sector, in particular with regard to MEMS/NEMS applications. In
this work, electrochemical atomic force microscopy (EC-AFM) is
utilised: a technique that combines classical AFM using an unbiased
probe together with a three electrode electrochemical cell to
simultaneously corrode and map the a-C:H film surface topography
evolution. The a-C:H film topographical changes are characterised
statistically, and ex situ XPS and lateral force microscopy are used to
examine the effect of corrosion on a-C:H film surface chemistry and
friction at the nanoscale.

2. Experimental
2.1. Materials

The coating used in this study was a 480 nm thick hydrogenated
amorphous carbon film (a-C:H) with the following properties:
surface hardness ~20 GPa [33], Young’s modulus ~210 GPa [33],
hydrogen content ~36% [34], and density ~1.9 ¢ cm~> [2]. The film
was deposited onto a pre-cut 35 x 35 mm? square of polished p-
type single crystal (100) silicon wafer (University Wafer) (Fig. 1a).
The coating was synthesised using plasma assisted chemical vapour
deposition (PACVD) at 740 V pulsed DC bias with acetylene (BOC
Ltd) as the precursor gas [33]. The PACVD process took place at
2.4 x 1072 mbar and 200 °C, with a deposition time of 30 min.
Samples were cleaned before and after corrosion using a deionised
water, isopropanol (Sigma Aldrich), deionised water rinsing
sequence, and stored under nitrogen.

2.2. Electrochemical, chemical and topographical investigations
All electrochemical and topographical experiments were carried

out at room temperature (22 °C), inside a sound-proof chamber on
a vibration isolation table. The a-C:H sample under investigation
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was mounted in an AFM-compatible electrochemical cell module
(Bruker) (Fig. 1b), with the a-C:H-coated side making contact with
two gold-coated pogo pins for the working electrode connection.
The cell was placed in position inside the AFM (Dimension Icon,
Bruker) (Fig. 1c), and the sample left to stabilise in a 2 ml electrolyte
solution of 0.1 M KClI (Sigma Aldrich) for ~1 h. Open circuit potential
(OCP) and chronoamperometry were performed with a bipo-
tentiostat (CHI 760E, CH Instruments). An Ag|AgCl wire and Pt mesh
acted as the reference and counter electrodes respectively, and the
exposed sample surface was 5.81 cm?. All potentials are referred vs.
the Ag|AgCl (0.1 M KCl) reference electrode.

Prior to applying an anodic potential to corrode the a-C:H film,
an OCP measurement was run for ~15 min until a stable voltage
(+0.001 V) output was reached. Two anodic (oxidative) potentials
were chosen to assess the influence of corrosion on a-C:H topog-
raphy: 1.5 V and 2.5 V. Carbon is known to undergo oxidation at
potentials above 1.0 V vs. standard hydrogen electrode (SHE) [35],
(0.7 V vs. Ag|AgCl (0.1 M KCl). The chosen voltages were therefore
within an appropriate range to assess the coating behaviour in mild
conditions at 1.5 V towards more extreme corrosive conditions at
2.5 V. The oxidative potentials were applied to the samples for a
total of 2.5 h in periods of 10, 20, 30 and 40 min as illustrated in
Fig. 2. An in situ AFM micrograph was scanned at the interval be-
tween each corrosion time period. The measurement was imple-
mented in peak force quantitative nanomechanical mapping (PF-
QNM) mode, using a silicon ‘ScanAsyst Fluid+’ tip with a radius of
~2 nm. Images of 256 x 256 pixels were obtained with scanning
areas of 1 x 1 pm? and 500 x 500 nm? at scan rates of 0.8 Hz and
tapping forces of between 1.0 and 1.5 nN. Images were then pro-
cessed using Gwyddion software in order to obtain cross-sectional
height profiles and the height-height correlation function of each a-
C:H coating as a function of corrosion time and condition [36].

Post-corrosion ex situ AFM micrographs (Dimension Icon,
Bruker) were acquired of the a-C:H coating inside and outside the
corroded regions, as indicated in Fig. 1d, using a silicon ‘ScanAsyst
Air’ tip with a radius of ~2 nm. Images of 256 x 256 pixels were
obtained with scanning areas of 1 x 1 pm? and 500 x 500 nm? at
scan rates of 0.8 Hz, and processed as before.

To assess the influence of corrosion on the nanoscale friction
response of the a-C:H film, lateral force microscopy (LFM)
(Dimension Icon, Bruker) was similarly performed ex situ inside and
outside the corroded regions of the coating (Fig. 1d) using two
different probe types: a silicon ‘RTESPA-300’ tip with a radius of
~10 nm, spring constant k of ~57 N m~! and deflection sensitivity S
of 60.8 nm V~!; and a silicon oxide colloidal probe with a diameter
of 15 pm, k of ~2.8 N m~! and S of 98.4 nm V™! (Fig. 1e). The same
two probes were used for all measurements. The normal force
(cantilever deflection set-point) was varied by applying 200, 300,
400, 500 and 600 mV to the sharp probe; and 0, 200, 400, 600 and
800 mV to the colloidal probe. The set-point voltage is continuously
compared to the vertical deflection signal of the photodiode in
order to calculate the desired change in the Z piezo position
required to maintain a constant cantilever deflection, and thus a
constant normal force. Lateral force scans of 100 nm were acquired
at 0.2 Hz (20 nm s~ 1) for each applied normal force, with a density
of 1024 samples/line for a total of four lines, each measured at a
previously untouched location on the sample. The friction force was
calculated from the resulting friction loops: averaging the differ-
ence between the trace and retrace values; and halving the result.
To translate the lateral force signal (V) measured by the AFM
photodiode into N, the wedge calibration method was used [37].
The probe was scanned 10 pm over a calibration sample (TGF11,
MikroMasch) at a frequency of 0.1 Hz measuring 4096 data points
per stroke, resulting in a conversion constant of ~0.056 mN V.,
Force-displacement (F-D) measurements were performed using the
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Fig. 1. Experimental and analytical schematics: (a) pristine a-C:H sample; (b) plan view of AFM-compatible electrochemical cell; (c) schematic of electrochemical-atomic force
microscopy (EC-AFM) set-up; (d) post-corrosion regions of analysis; (e) lateral force microscopy (LFM) set-up. (A colour version of this figure can be viewed online.)
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Fig. 2. Measured corrosion current density plotted as a function of time (a) when a potential of 2.5 V or 1.5 V is applied. Corresponding optical images of the a-C:H surface at time
stamps of 40, 120 and 150 min, and final photographic image of the 35 x 35 mm? sample when: (b) 2.5 V is applied; (c) 1.5 V is applied. (A colour version of this figure can be viewed

online.)

AFM in ramp mode to calculate the probe’s spring constant, along
with the surface adhesion at each of the studied locations. The
normal force for each friction loop was calculated from the sum of
the applied voltage to the probe and the adhesion force, taking into
account any initial offset. The normal force was converted to nN by
multiplying the force (V) with the probe spring constant k (nN
nm~!) and probe deflection sensitivity S (nm V~1). To ensure the
sharp probe did not wear as a result of the LFM study and thus
influence the resulting friction force, the AFM tip radius was esti-
mated using a tip reconstruction method [38]. The tip radius
remained at ~10 nm after all measurements.

In order to determine the influence of corrosion on the chemical
composition of the a-C:H surface, X-ray photoelectron spectroscopy
(XPS) was performed (HiPP-3 Analyzer (entrance slit 2.5 mm),
Scienta Omicron) on pristine and corroded samples. The mea-
surements were carried out using a monochromatic Al K, X-ray
source operating at 14 kV with a 20 mA emission current. The
system base pressure was ~2 x 10~° mbar, and operating pressure
~5 x 1072 mbar. Low and high-resolution spectra were acquired at
pass energies of 300 eV and 100 eV respectively. The resulting
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spectra were processed and analysed using KolXPD software
(Kolibrik). Fitting parameters are displayed in Table S1. For the
lower resolution spectra acquired at a pass energy of 300 eV, no
correction was performed with regard to the small variations that
could arise from the differences in probing depth at the charac-
teristic kinetic energies of the C 1s and Cl 2p region compared to the
O 1s region.

3. Results and discussion

The initial open circuit potentials for the samples studied before
undergoing corrosion fell within the range 0.186—0.170 V. Fig. 2
shows the measured corrosion current density evolution of the a-
C:H film as a function of time, for the two studied oxidative po-
tentials. The maximum stabilised corrosion current density for the
sample corroded at 2.5 V was 448 x 10~ A cm~2, and for the
sample corroded at 1.5 V, a significantly lower density of
7.89 x 1077 A cm 2 was obtained. This difference in corrosion
current density was reflected in the values calculated for the rate of
corrosion CR (nm h~1), using Equation (1) [39],
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cr=Meor ¢ (1)
pzF

where M is the molar mass (12 g mol’l), Jeorr 1S the corrosion
current density (A cm™2), p is the material density (1.9 g cm3), z is
the number of electrons that participate in the chemical reaction (4
e”, vide infra), F is the Faraday constant (C mol~!) and K is a con-
version factor (3.6 x 10'°) to nm h~. For simplicity, the parameters
are based on the assumption that only the a-C:H coating is
corroding, although it is possible in the case of the sample corroded
at 2.5 V that the exposed Si wafer substrate was also oxidised. The
corresponding values for the samples that underwent corrosion at
2.5V and 1.5 V were 26.4 nm h~! and 0.5 nm h~! respectively. This
stark difference in corrosion rate was also reflected in the optical
appearance of the films as the corrosion time progressed. Fig. 2b
illustrates the progression of the a-C:H coating corrosion at 2.5 V,
showing ongoing pitting of the coating until the underlying Si
wafer is exposed at 150 min. The pitting corrosion is liable to
originate at a defect, pinhole or open pore within the coating
network, providing an accelerated reaction pathway for the elec-
trolyte to reach the underlying substrate, leading to an eventual
deterioration in interface adhesion (Fig. S1) [23—25]. The gradual
exposure of the Si substrate appears to be reflected in the measured
corrosion current density progression with time. The values reach a
maximum at approximately 60 min, after which the corrosion
current begins to fall. This trend is considered to be in line with
gradual passivation of the exposed Si wafer. The final image in
Fig. 2b also highlights that the corrosion of the coating was
somewhat non-uniform, related most probably to the EC cell ge-
ometry. For this reason it was decided to analyse an additional edge
region of the coating in the post-analysis (Fig. 1d), where the in-
fluence of corrosion upon the a-C:H film was expected to be greater.
In contrast, the sample corroded at 1.5 V shows no evidence of
pitting or coating removal (Fig. 2¢). This inert behaviour is reflected
in the measured corrosion current density and rate.

As the chronoamperometry was performed using EC-AFM, mi-
crographs at specific time intervals were obtained to illustrate the
a-C:H surface topography evolution over the course of the corro-
sion experiment (Fig. S2). However, due to the in situ nature of the
measurement, the AFM micrographs show some level of contami-
nation from small particles potentially re-depositing on the surface.
In order to perform an in depth statistical analysis into the influ-
ence of corrosion on the underlying a-C:H topography, additional ex
situ AFM micrographs were obtained, ensuring as far as possible, no
particles were present in any of the images. Hence, Fig. 3 shows
examples of the typical ex situ post-corrosion AFM micrographs
acquired at three different locations (Fig. 1d) on a-C:H samples
corroded at 1.5 V (Fig. 3a—c) and 2.5 V (Fig. 3d—f). The pristine
topography on first glance appears very similar to AFM micro-
graphs of PACVD-synthesised a-C:H films reported elsewhere
[40,41]. There is a clear similarity in the surface topographies of all
micrographs where the a-C:H film was corroded at 1.5 V. This in-
dicates that at this potential, the effect upon the surface structure of
the a-C:H coating is negligible, which is also reflected in the very
low corrosion rate (0.5 nm h™!). However in contrast, there appears
to be a distinct difference in surface topography between the
pristine sample, and the centre and edge regions of the a-C:H film
corroded at 2.5 V. Suggested also by the higher corrosion rate
(26.4 nm h™1), it appears that material removal has occurred across
the whole of the a-C:H surface, and is not limited to defects points.
The extent of material loss is also greater for the edge region of the
coating, consistent with the observations made in relation to
Fig. 2b, which indicated that the effect of corrosion would be more
pronounced in this area. Therefore, not only does the 2.5 V anodic
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potential induce pitting of the a-C:H coating, it also results in a
relatively uniform nanoscale surface material loss.

In order to quantify the information contained in Fig. 3, the
height-height correlation function (HHCF), expressed as H(r) =

[h(x) — h(x + 1)]?, where h(x) defines the surface height at in-plane
positional vector x, and r is a displacement vector [42], was plotted
for each AFM micrograph (Fig. 4a and b). The HHCF thereby de-
scribes the average height difference between any two points
separated by distance r. For a self-affine roughness, the HHCF fol-
lows the scaling behaviour below, enabling the extraction of three
roughness parameters,

r? rct

202, r>¢

H(r)= { (2)

where « is the roughness exponent (the local irregularity of the
surface), £ is the lateral correlation length (the largest distance
beyond which the surface height is not correlated), and ¢ is the
root-mean-square (RMS) roughness [43]. The height-height cor-
relation is plotted in a log-log scale to enable the slope in the region
r<¢ to be equal to 2. The roughness exponent « has a value be-
tween O and 1; with values of a ( =0) representing extremely
jagged surfaces, and larger values ( =1) signifying smooth peaks
and troughs. The saturation plateau at r>>£ provides the RMS
roughness amplitude ¢, according to the relation H(r) = 202, and
the turning point determines the lateral correlation length £ [43].
Hence the surface topography can be completely characterised by
these three roughness parameters.

Fig. 4c and d illustrates the values calculated for the roughness
parameters at three different locations (Fig. 1d) on the a-C:H
samples corroded at 1.5 V and 2.5 V. In terms of the starting RMS
roughness (o) for both pristine samples, there appears to be a slight
discrepancy, possibly due to minor sample-to-sample variation
induced by the nature of the deposition process. Nevertheless, the
analysis clearly confirms that corrosion at 1.5 V has little to no effect
upon the surface topography of the a-C:H coating, which is evident
from the absence of any significant difference in the roughness
parameters calculated, regardless of measured location. Also veri-
fied is the finding that applying a potential of 2.5 V does indeed
induce substantial changes to the a-C:H topography. Fig. 4d dem-
onstrates the significant differences between the roughness pa-
rameters calculated at each location, and the progressive
development in nature of the surface topography from the pristine
a-C:H film, to the corroded centre and edge regions. The cross-
sectional height profiles depicted in Fig. 4e and f effectively sub-
stantiate these findings; most notably with regard to the observa-
tion that the a-C:H coating shows an increase in the surface
jaggedness (denoted by a decrease in «), an increase in the lateral
distance whereby the surface height remains correlated (an in-
crease in £), and a decrease in ¢ (the RMS roughness) upon corro-
sion at 2.5 V. Compared to the pristine a-C:H surface, the 2.5 V
corroded surface has therefore increased in roughness at a short
spatial scale and decreased in roughness at a longer spatial scale
[44].

To establish qualitatively if corrosion of the a-C:H film also
altered the chemical composition of the surface, X-ray photoelec-
tron spectroscopy (XPS) was performed on the pristine a-C:H
coating, and the central regions of samples corroded at 1.5 V and
2.5V (Table 1 and Fig. 5), with detailed atomic percentages shown
in Table S2. The spectra clearly show that oxidation has taken place
on the surface of both corroded samples [15,17,27], with evidence of
the formation of alcohol (C—OH), carbonyl (C=0) and carboxyl
groups (C(=0)—0H) apparent at the higher binding energy of the C
1s shoulder [45—47]. Moreover, the difference in oxidation extent
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Fig. 3. AFM micrographs with scanning areas of 1 x 1 um? illustrating the typical surface topography evolution of a-C:H at various coating and corrosion locations (Fig. 1d) when:
(a)—(c) 1.5 V is applied; (d)—(f) 2.5 V is applied. (A colour version of this figure can be viewed online.)

between the pristine and corroded samples is likely greater than
the values reported, due to a probable contribution from the high
binding energy asymmetric tail of the C sp? peak. This tail artifi-
cially enhances the apparent intensity of all oxygen containing
species, and is expected to contribute significantly to the observed
peak intensities for the pristine a-C:H film in this region.

A subtle reduction in the sp? contribution of the main C 1s peak
at ~284.5 eV can also be observed for both corroded samples,
evident from the sp?:sp? ratios displayed in Table 1. Possible reac-
tion pathways for the oxidation of carbon sp? bonds in a-C:H are
presented in Fig. S3. There is also evidence to suggest carbon di-
oxide formation; particularly in the case of the a-C:H film corroded
at 2.5 V, where conditions are suitable for CO, evolution according
to the Pourbaix diagram of carbon [48]. The formation of CO;
(0=C=0) is the final oxidation step in the oxidation pathway of a
carbon sp? bond after the formation of carboxyl groups (Fig. S3);
and since it is a leaving product, it is therefore undetectable using
this spectroscopic technique. However, the AFM micrographs in
Fig. 3e and f, which seem to depict nanoscale surface material loss;
and similarly the measured corrosion current that resulted in a
calculated corrosion rate of 26.4 nm h™!, provide an indication to
the formation of leaving products such as CO,. This finding also
justifies the chosen value of 4 e~ for Equation (1), according to C +
2H,0 — CO; + 4H* + 4e~, E® = 0.207 V vs. SHE [35,48,49].

The similarities in the oxidation extent of both corroded sam-
ples regardless of the applied potential is also noteworthy. In the
absence of pitting it is understood that an interplay exists between
passivation (i.e. the stable formation of a thin film of oxidised car-
bon species that blocks the surface from oxidation), and the
breakdown of that surface oxide film at higher oxidative potentials
leading to material removal. It is expected that a-C:H passivation
occurs on a relatively short time scale, but that the protective layer
is not everlasting, and thus a-C:H will undergo material removal as
is observed when corrosion at 2.5 V takes place.

Lastly, to ascertain the influence of corrosion upon the nanoscale
friction behaviour of the a-C:H coating, LFM using a Si probe with a
~10 nm radius was performed at various coating and corrosion
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locations (Fig. 1d and e), in addition to force-displacement mea-
surements to determine the surface adhesion response (Fig. 6).
Evident in all cases, is the finding that the corroded surface exhibits
a higher adhesion force than the pristine a-C:H coating (Fig. 6a).
This can be attributed to capillary adhesion and stronger attractive
interfacial dipole-dipole interactions (van der Waals interactions
and hydrogen bonding (H-bonding)) acting upon the Si probe
[28—32]. The Si probe has a native oxide layer, terminated with
silanol groups (-Si-O-H), that are attracted to the electronegative
oxygen atoms found in the oxidation products (C—O—H, C=0 and
C(=0)—0—H) on the corroded a-C:H surface (Table 1, Fig. 5). These
oxidation products also make the surface more hydrophilic [50],
implying a lower water contact angle and higher surface free en-
ergy. This facilitates the growth and volume of water contributing
to the capillary bridge between the Si probe and a-C:H surface,
thereby increasing the capillary force and thus the adhesion force
[31,32,51-53]. Capillary forces have been shown in most cases to
contribute to a greater extent than van der Waals interactions to-
wards the adhesion force for systems measured in air [31,51,52].
Capillary adhesion can also be influenced by the surface topography
of the contacts, which affects the interfacial separation, thus
changing the area of contact over which the capillary adhesion can
act [54]. However, in this case, no significant difference is observed
between the measured adhesion forces for the 1.5 V and 2.5 V
corroded a-C:H samples, which have very similar surface chemistry
but different surface topographies. This is attributed to the ~10 nm
radius of the sharp Si probe, which dominates the geometry of the
contact interface in the normal direction for all samples (Fig. S4),
whereby the observed differences in a-C:H surface roughness
become irrelevant. Overall, it is clear that the surface oxidation
products and thus the surface chemistry of the corroded a-C:H film
is responsible for the increased adhesion force.

Fig. 6b shows the friction response, measured using LFM, of the
a-C:H coatings as a function of the normal force Fy, where the latter
incorporates the adhesion force values displayed in Fig. 6a. The
friction coefficient u, was calculated using the relationship F; =
uFy, where Fy is the measured friction force. The friction force, and
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Fig. 4. Topographic data obtained from AFM micrographs (Fig. 3) of a-C:H at various coating and corrosion locations (Fig. 1d): Height-height correlation function (HHCF) of a-C:H
coatings plotted as a function of horizontal distance, corroded at (a) 1.5 V and (b) 2.5 V; roughness statistical parameters calculated from HHCF for a-C:H coatings corroded at (c)
1.5 V and (d) 2.5 V (each data point based on values from three discrete AFM micrographs); typical cross-sectional height profiles for a-C:H coatings corroded at (e) 1.5 V and (f)
2.5 V. (A colour version of this figure can be viewed online.)

Table 1

XPS compositional analysis for pristine and corroded a-C:H films. Atomic percentages calculated from spectra acquired at pass energy (PE) of 300 eV. Ratio comparison with
respect to C sp? calculated from deconvolution of spectra acquired at pass energy 100 eV (Fig. 5).

Coating Atomic percentage (PE300) Ratio comparison with respect to C sp? (PE100)

C[%] 0 [%] Cl[%] C sp? Csp? c-0° c=0° 0-C=0" c—Cl?
Pristine a-C:H 934 6.6 0.0 1.000 0.308 0.070 0.022 0.012 0.000
1.5V Corroded a-C:H 87.7 11.3 1.1 1.000 0.328 0.072 0.054 0.042 0.019
2.5V Corroded a-C:H 86.3 124 13 1.000 0.316 0.074 0.053 0.047 0.021

2 Probable contribution from high binding energy asymmetric tail of C sp? peak, with greatest influence likely on C—O values calculated for the pristine a-C:H sample.

thus the friction coefficient (the gradient of the linear fit in Fig. 6b)
is clearly seen to increase as a function of corrosion extent, with the
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a-C:H film corroded at 2.5 V exhibiting the highest friction coeffi-
cient and both pristine a-C:H coatings demonstrating equally low
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Fig. 6. Surface adhesion and friction response of a-C:H at various coating and corrosion locations (Fig. 1d) measured using a ‘sharp’ AFM probe: (a) surface adhesion values
calculated from force-displacement measurements; (b) friction force as a function of normal force performed using lateral force microscopy (Fig. 1e), with the friction coefficient
values reported adjacent to the corresponding linear fit. Solid black line fitted to data points corresponding to pristine sample corroded at 2.5 V; dashed black line fitted to data
points corresponding to pristine sample corroded at 1.5 V. (A colour version of this figure can be viewed online.)

values. In order to interpret these differences, the prior findings in
relation to (i) the a-C:H surface chemistry and (ii) the a-C:H
topography are considered. In terms of (i) the a-C:H surface

chemistry, corrosion at both anodic potentials has oxidised the a-
C:H surface, forming a layer of oxidation products (alcohol,
carbonyl and carboxyl groups). This will induce stronger attractive
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interfacial interactions due to van der Waals interactions and H-
bonding, and stronger capillary adhesion (as explained above)
acting between the Si probe and the oxidised surface [28—32]. In
addition, the oxidised layer is understood to be softer than the
pristine a-C:H film [55], as the oxidation products disrupt the a-C:H
network structure, thereby decreasing the film density. In terms of
(ii) the a-C:H topography, only corrosion at 2.5 V has resulted in the
a-C:H topography becoming more jagged at shorter length scales
(decrease in exponent «). The RMS roughness (o) is unlikely to
factor in this instance, due to the comparable friction behaviour and
yet different ¢ values of the two pristine coatings.

Thus, the increase in the measured friction force can be attrib-
uted to two features of the corroded a-C:H surface: (i) the surface
chemistry and (ii) the surface topography. Feature (i) the surface
oxidation, is considered responsible for the initial increase in fric-
tion seen between the pristine and corroded a-C:H films; and
feature (ii) the jagged surface topography, is considered responsible
for the additional increase in friction observed between the a-C:H
films corroded at 1.5 V and 2.5 V. In order to explain these in-
terpretations, several mechanisms are discussed below.

In adhesive friction the relation F; = 7Ag applies, where 7 is the
shear strength at the contact interface and Ag is the real contact
area, i.e. the exact area of contact between contacting roughness
asperities. An increase in either Ag or 7 or both, would increase the
adhesive friction force. Considering the surface chemistry (i) in
relation to the interfacial shear strength 7, the oxidised surface of a-
C:H corroded at both anodic potentials will induce stronger
attractive interfacial interactions (van der Waals interactions and
H-bonding) between the Si probe and the oxidation products on
the corroded a-C:H surface [28—32]. These heightened attractive
intermolecular interactions at the contact interface, can contribute
to an increased shear strength (resistance to sliding) at the
boundary between the Si probe and the oxidised a-C:H surface, and
thus an increase in the measured friction force. This hypothesis is
also proposed by Li et al. [15] in relation to friction experiments
carried out on oxidised a-C:H surfaces. Similarly, stronger capillary
forces (driven by the Laplace pressure inside a capillary bridge),
between the Si probe and oxidised (hydrophilic) surface of the
corroded a-C:H film, can contribute to an increase in the interfacial
shear strength and thus the measured increase in friction response,
via increased attractive intermolecular interactions (H-bonding) at
the probe-water-a-C:H interface [28—32]. Supporting the hypoth-
esis for stronger attractive interfacial interactions occurring at the
probe-corroded a-C:H interface is Fig. S5a, showing the raw data
friction loops resulting from the first 100 nm sliding cycle of the
‘sharp’ Si probe over pristine and corroded a-C:H. It depicts a clear
increase in the static friction (the linear component of the friction
loop) for both corroded samples compared to the pristine a-C:H. An
increase in the interfacial shear strength 7 due to shearing within
the materials at the interface (as opposed to shearing at the inter-
face) is unlikely, because the layer of oxidation products formed on
the corroded a-C:H surface will be softer than the pristine a-C:H (as
discussed previously) [55], and would imply a potential decrease in
7 rather than an increase.

If the surface chemistry (i) is now examined with regard to the
influence it can have upon the area of real contact Ag, the softer
oxidised surface of the a-C:H corroded at both anodic potentials
would lead to an increase in Ag, as a result of LFM probe indenta-
tion. Indentation into a soft layer on the corroded a-C:H surface
would imply that an additional deformation friction component -
involving ploughing and displacement of the oxidised surface layer
- would occur as the Si probe is slid over the a-C:H surface. Sub-
sequent examination of the worn areas using AFM however, did not
reveal any indication of ploughing tracks. Nevertheless, evidence
for surface deformation and evolution of the interfacial contact area
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is present in Fig. S5a in the form of a ‘friction strengthening’ effect,
where the friction force increases slightly with increasing scan
distance [31]. This effect appears to develop over the 100 nm sliding
distance and is more prominent for the corroded a-C:H.

If the surface topography (ii) of the corroded a-C:H is now
considered with respect to the area of real contact Ag, an increase in
this parameter is unlikely because, as mentioned previously, the
~10 nm radius of the sharp Si probe dominates the geometry of the
contact interface. This is highlighted in Fig. S4, which shows the
Hertzian contact diameter of the sharp probe (8 nm at a normal
load of 1250 nN) scaled against a backdrop of the AFM micrographs
for both pristine and corroded a-C:H surfaces. It illustrates that the
spacing between the peaks and troughs of the 2.5 V corroded
sample are small enough to fit the sharp probe. Thus at this scale,
the area of contact between probe and surface should be unaffected
by the roughness change.

However, in relation to the surface topography effect (ii), a
further friction mechanism to consider is interlocking friction
without deformation (ploughing) of asperities. Interlocking friction
would occur if the probe “climbs” up roughness peaks but, due to
internal friction within the contacting materials, does not fully
recover the energy required to do this when descending into
roughness valleys, resulting in a net energy loss. As mentioned
previously, Fig. S4 shows that the spacing between the peaks and
troughs of the 2.5 V corroded sample are small enough to fit the
sharp probe, and to restrict its lateral movement; in contrast such
artefacts are absent from the smooth topography of both the 1.5 V
corroded sample and the pristine a-C:H. In addition to increasing
the average friction force, such an interlocking mechanism can be
expected to be reflected in an increase in the variation of the fric-
tion force signal, as the sharp probe slides across the rougher 2.5 V
corroded a-C:H surface. Support for this hypothesis is reflected in
the larger error bars present in the LFM data presented in Fig. 6b for
the a-C:H corroded at 2.5 V, and Fig. S5a that shows the raw data
friction loops resulting from the first 100 nm sliding cycle over
pristine and corroded a-C:H. Fig. S5a depicts the saw-tooth mod-
ulation characteristic of stick-slip friction behaviour, which is
particularly prominent in the data from the 2.5 V corroded a-C:H
that also shows the highest friction force.

To provide further insights into the two features of the corroded
a-C:H attributed to the increase in the measured friction force ((i)
the surface oxidation and (ii) the jagged surface topography), a
similar LFM study was performed, but utilising a 15 pm diameter
silicon oxide colloidal probe. Unlike the outcome from the ‘sharp’
probe force-displacement measurements, no significant difference
was seen between the pristine and corroded a-C:H in terms of its
adhesion force (Fig. S6a). This is understood to be a probe geometry
artefact and can be explained by the finite roughness on the surface
of the colloidal probe, making it less sensitive to capillary adhesion
than the sharp probe with its single point contact. The corroded a-
C:H surfaces are again seen to generate higher friction forces than
the pristine a-C:H (Fig. S6b), yet unlike the LFM study with the
‘sharp’ probe, no significant difference is observed between the
response of the 2.5V and 1.5 V corroded samples. Due to its size, the
colloidal probe will not be influenced by the short length-scale
topography variations of the 2.5 V corroded a-C:H film; for
instance at a normal load of 200 nN, the Hertzian contact diameter
of the 15 pm probe is 50 nm; so ‘interlocking’ between the probe
and the surface will not occur. This is evident from Fig. S4 and the
absence of the saw-tooth friction modulation behaviour in Fig. S5b.
Therefore in the absence of surface topography effects, the increase
in friction force measured for the corroded a-C:H surfaces in the
colloidal probe tribological system is due only to (i) the surface
chemistry. Stronger attractive interfacial interactions between the
silicon oxide probe and the oxidation products on the corroded a-
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C:H surface, although not clear from the adhesion force measure-
ment (Fig. S6a), are evident in the form of the increased static
friction component in the raw data friction loops shown in Fig. S5b.
However, there is no evidence of the ‘friction strengthening’ effect
[31], in Fig. S5b, suggesting that the colloidal probe did not deform
the surface of the soft oxide layer on the corroded a-C:H and thus
evolution of the interfacial contact area did not occur. The lower
loading forces used and the larger geometry of the colloidal probe
are two factors contributing to this result.

4. Conclusions

The influence of corrosion on the nanoscale topography and
friction response of a hydrogenated amorphous carbon coating (a-
C:H) was investigated. Two oxidative potentials (1.5 V and 2.5 V)
were selected to corrode the samples for a total of 2.5 h utilising a
0.1 M KCl electrolyte. The a-C:H coating is found to corrode under
these conditions at a rate of 26.4nm h~ ' at 2.5 V; and 0.5 nm h™! at
1.5 V. Detailed analysis of AFM micrographs and subsequent uti-
lisation of the height-height correlation function to completely
characterise the surface by the extraction of roughness parameters,
reveal that no changes are observed in the nanoscale topography of
the a-C:H sample corroded at 1.5 V. However, the topography of the
a-C:H film that underwent corrosion at 2.5 V changes significantly,
becoming more jagged at shorter length scales, and displaying
evidence of nanoscale surface material loss. XPS analysis shows
that corrosion at both anodic potentials oxidises the a-C:H surface
to a similar extent to form alcohol, carbonyl and carboxyl groups.

LFM and force-displacement measurements reveal that both the
friction force and surface adhesion increases upon corrosion, with
the a-C:H film corroded at 2.5 V exhibiting the highest friction
coefficient. The outcome is attributed both to the changes in surface
chemistry and the modified surface topography. The increased
attractive interfacial interactions and capillary forces induced by
the oxidation products on the surface of the corroded a-C:H, in
addition to potential surface deformation and increased interfacial
contact area between the sharp Si probe and the softer oxide layer,
are regarded as responsible for the initial increase in friction seen
between the pristine and corroded a-C:H films. An interlocking
friction component resulting from the jagged surface topography, is
considered to contribute to the additional increase in friction force
observed between the a-C:H corroded at 1.5 V and 2.5 V when using
a ‘sharp’ LFM probe.
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