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Abstract

Carbon nanotubes (CNT) are of great interest to the research community due to their outstanding mechanical, transport,
and optical properties. These nanoparticles have also shown exceptional lubricating capabilities, which coupled with their
electrical conductivity show promising results as solid lubricants in electrical contacts. In this study, three different CNT
coatings were deposited over copper platelets via electrophoretic deposition and subsequently tribo-electrically characterized
including electrical contact resistance evolution during fretting wear, wear protection, chemical analysis of fretting marks,
as well as influence of CNT coating thickness, duration and normal load applied during fretting, and atmospheric humidity.
Thicker CNT coatings show improved wear protection while retaining similar electrical behavior as uncoated copper, or
even improving its electrical contact resistance. Moreover, the compaction of the porous CNT coating is crucial for optimal
electrical performance at low humidity. For longer fretting tests (150,000 and 500,000 cycles), the coatings are displaced
thus affecting the wear protection offered. However, the coatings stabilize and reduce ECR compared to uncoated samples.
Furthermore, thicker CNT coatings can bear higher loads during fretting due to the increased lubricant reservoir, with car-
bonaceous tribofilm remaining at the contacting interface after 5,000 fretting cycles regardless of normal load.
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1 Introduction

Copper is widely used in electrical contacts due to its out-
standing electrical conductivity, its moderate mechanical
properties, its formability, along with its rapid passivation
on account of its thin native oxide layer which is spontane-
ously formed when in contact with ambient conditions, and
its low cost when compared with other contact materials—
e.g., silver, gold, and platinum. As societal trends further
move towards a more electrified future, it is crucial that more
reliable, efficient, cost-effective, and more versatile electri-
cal contacting systems are designed and developed [1-3].
In turn, this can not only increase material efficiency and
reduce maintenance requirements in the systems, but also
improve the overall sustainability of the electrical device.

Fretting wear is a phenomenon that can severely impact
the duty life and optimal operation of electrical contacts.
This does not only affect when in-operation, but also affects
the reproducibility of a stable connection in separable
contacts. Fretting occurs when two contacting bodies are
in relative motion with one another. This motion is highly
localized and of oscillatory nature [4, 5], with amplitudes
typically ranging from a couple of micrometers up to 100 pm
in electrical applications [5, 6]; however, fretting has also
been studied in the nanoscale via techniques such as scan-
ning probe microscopy [7]. Although fretting wear is not
exclusive to electrical contacts, since all systems subjected
to oscillatory motion can be affected, in this study we will
focus on this specific application. The root of fretting wear
cannot always be eliminated since it could be caused by
mechanical vibrations intrinsic to the application—such as
vibrations originating from an engine. Nonetheless, other
sources such as dissimilar thermal expansion coefficient,
mechanical shock, or electromagnetically induced vibra-
tions can be—to a certain extent—mitigated by proper sys-
tem and contact design [5, 8]. Environmental conditions can
also impact fretting wear. Relative humidity in particular
can affect the time it takes for electrical contact resistance
(ECR) to stabilize while an electrical contact is subjected to
fretting wear [5].

This wear mechanism degrades the contacting materials
and entraps debris at the contacting sites, thus generating
a considerable increase in electrical contact resistance [9].
When dealing with materials that form superficial films—
e.g., copper and tin—the breakdown of these layers can be
detrimental to the electrical behavior, but also in terms of
wear resistance. Although the breakdown of copper oxide
should increase the conductivity between the contacting
bodies, the accumulation of debris could potentially hinder
the electrical contact between the electrodes. Furthermore,
the debris trapped at the contacting interface could act as
third bodies, thus transitioning to severe abrasive wear.
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As with other wear mechanisms, the effects of fretting
wear can be minimized by proper lubrication of the contact-
ing surfaces. In electrical applications, however, lubrication
hinders the electron transport between the surfaces since it
is an additional barrier. Furthermore, with some exceptions,
most traditional lubricants possess high electrical resistivity,
thus, imposing a significant increase in ECR. Consequently,
liquid lubricants are not favored for electrical applications,
hence opting for lubricant greases or solid lubricant alterna-
tives. However, solid lubricants are not traditionally favored
for fretting wear since these tend to be easily displaced, thus
rapidly leaving the surface exposed to wear.

At an attempt to determine a more suitable solid lubricant
alternative, four different carbon nanoparticles (CNP) coat-
ings were investigated and tribo-electrically characterized
[10]. From this study, we concluded that carbon black and
carbon nanotubes (CNT) showed the most promising results
based on their exceptional ECR behavior, as well as wear
and oxidation protection, with CNT showing better results
in general. Therefore, it is of interest to expand upon these
results to further understand the lubricating capabilities of
CNT coatings.

Carbon is a versatile element which is capable of forming
different carbon—carbon bonds. The different bonds change
the hybridization state of the carbon atoms, which in turn
changes the properties of the formed allotrope [11-13]. The
lubricating capabilities of allotropes such as onion-like car-
bon, carbon nanohorns, and CNT have been previously stud-
ied and reported [14—18]. However, for the specific applica-
tion of electrical contacts, the conductivity of the carbon
allotrope is of utmost importance. Therefore, CNT are a
promising alternative since these CNP have not only been
found to be exceptional solid lubricants, but these nanopar-
ticles are also outstanding conductors [19-24], with a longer
mean free path than copper and quasi-ballistic electron trans-
port properties in metallic CNT [25-28]. This is important to
keep in mind, since depending on the chirality of the CNT,
these nanoparticles can behave as a metallic conductor or as
a semiconductor [29-31]. Consequently, in this study, multi-
walled carbon nanotubes (MWCNT) are used since they are
easier to manufacture—compared to single-walled carbon
nanotubes (SWCNT)—while having similar current carrying
capacity as metallic SWCNT [32]. Furthermore, MWCNT
present the added advantage that they conduct electricity as
a zero band gap conductor since they always possess at least
one metallic tube [33, 34].

Conventional solid lubricants, such as graphite and MoS,,
have specific humidity requirements in order to appropri-
ately lubricate the contacting site. The former requires high
atmospheric humidity—Ilower friction and wear at higher
relative humidity—whereas the latter presents lower friction
and wear at lower relative humidity [35, 36]. This humidity-
dependent behavior has been widely reported for graphite.
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Multiple models have been proposed—e.g., Savage, Rowe
and Bryant, Bollmann and Spreadborough, among others—
however, authors agree that graphite is not an intrinsically
good lubricant, but rather requires ambient moisture to
become one [37-42]. However, it is now understood that
water’s role in graphite’s lubricity is not physiosorbed but
rather dissociative chemisorption, thus leading to the forma-
tion of H and OH ions [37, 43]. Moreover, recent work by
Morstein et al. suggest an extended adsorption model due
to the tribo-induced formation of turbostratic carbon [38].
This structural transition enables graphite to lubricate even
at high loads and low humidity.

A review article from Kumar et al. has summarized the
temperature range of applications of different solid lubri-
cants [44]. In their study, the authors have placed graph-
ite and other carbon materials—such as diamond-like car-
bon and CNT—in similar working ranges. Therefore, it is
of great interest to evaluate the influence of atmospheric
moisture on the wear protection offered by CNT coatings.
It is hypothesized that humidity will not have a significant
influence on the lubricating capabilities of this CNP due to
the sp>-hybridization state of CNT, coupled with the large
aspect ratio of the tubes themselves (1-dimensional material)
[45]. Therefore, it was hypothesized that CNT lubricate by
rolling on the surface, thus acting like a roll bearing [15,
46, 47]. However, if that were the case, friction would be
significantly lower than what is usually reported [14, 46].
New research by MacLucas et al. has demonstrated that the
main lubrication mechanism active in CNT is sliding rather
than rolling [48].

Within the scope of this work, CNT will be deposited
via electrophoretic deposition (EPD) over copper substrates
[13, 49, 50], followed by tribo-electrical characterization
via fretting tests and ECR measurements [10]. The fretting
tests were carried out at constant normal load, with periodic
ECR measurements at set intervals (static ECR) to track the
evolution of ECR as fretting tests progress. Three different
coating thicknesses were evaluated, as well as four different
normal loads to gather insight into their respective influ-
ences on wear and electrical behavior. Fretting tests were
also conducted at low relative humidity to analyze the poten-
tial use of CNT coatings as lubricants even in the absence
of atmospheric moisture. The resulting fretting marks were
subsequently characterized via confocal laser scanning
microscopy (CLSM) to determine the affected area, as well
as scanning electron microscopy (SEM) to micrograph the
fretting mark. Furthermore, chemical analysis via energy
dispersive X-ray spectroscopy (EDS) was conducted to
acquire information on the oxidation state of the fretting
mark, as well as to quantitatively assess material transfer
from the counter electrode onto the coated electrode, done
by the acquisition of elemental mappings.

2 Materials and Method

The substrates used were laminated, flat, oxygen-free, pure-
copper platelets (25 x 10x 1) mm (Wieland Electric GmbH,
Germany). These copper platelets were ground (P1200 grit
silicon carbide grinding paper) and polished at 6, 3, and
1 pm to obtain a mirror-polished surface before coating;
thus achieving a root mean square roughness between 10
and 20 nm. The CNT used were chemical vapor deposition
(CVD)-grown MWCNT (Graphene Supermarket, USA). The
outer diameter of the CNT have a distribution between 50
and 85 nm, an as-received state length from 10 to 15 pm, and
a carbon purity above 94%.

Potentiostatic EPD was carried out at a set voltage of
300 V, with an inter-electrode distance of 15 mm. The dis-
persion parameters and deposition process were thoroughly
explained in Alderete et al. [10, 13, 49, 50]. Three differ-
ent CNT coatings were produced, where the only parameter
that was varied was the deposition time—i.e., the coating
thickness [10, 13]. Therefore, a total of four samples were
analyzed, namely: an uncoated copper reference sample, and
three CNT-coated samples with deposition times of 3, 4, and
5 min (henceforth CNT3, CNT4, and CNTS5, respectively).

After coating the samples were tribo-electrically charac-
terized via a custom multipurpose testing rig [S1]. This setup
allows an ample combination of tribological and electrical
characterization. In this work, we focus specifically on con-
ducting fretting wear tests with periodic ECR measurements
at set intervals (static ECR) to evaluate the influence of CNT
coating thickness, normal load applied, as well as ambient
humidity and test duration. Since this report follows up on
previous work [10], it is of interest to maintain the same fret-
ting parameters to ensure comparability. Contrarily, chang-
ing a parameter might influence the results. For example,
it was reported by Park et al. that varying the amplitude of
fretting tests affects the resulting dynamic ECR [52]. The
authors also analyze different permutations of frequency and
amplitude and show the resulting fretting mark, as well as

Table 1 Summary of tribo-electrical testing parameters

Measurement Load/N Fretting Intervals
cycles /10°  /10°

Relative humidity

cycles cycles
1 0.5 5 0.1 30-40%
2 1
3 25
4 5
5 1 15%
6 150 1 30-40%
7 500
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reporting the time it takes for ECR to stabilize with the dif-
ferent parameter combinations [52]. Therefore, in our study,
fretting tests were conducted with an amplitude of 35 um
and an oscillation frequency of 8 Hz, matching those of our
previous work [10].

ECR measurements were conducted using the four-probe
method sourcing a direct current of 100 mA using a Keithley
2400 SMU. This current level was chosen to stay under
dry-circuit conditions [53]. The voltage drop was meas-
ured using a Keithley 2182a nanovoltmeter with a voltage
range of 1 V. The contacting counter electrode for fretting
and ECR measurements was a silver-nickel core (AgNi ;s)
hard-gold-coated (AuCoy) ,) rivet (Adam Bornbaum GmbH).
These rivets have a curved head, with a mean diameter of
curvature of 4 mm and a root mean square roughness of
0.25 um. The hard-gold coating has an average thickness
of 6.47 +0.18 pm. In the loading ranges evaluated in this
study (0.5-5 N), a maximum Hertzian contact pressure
between 314 and 676.5 MPa is achieved. All atmospheric
tribo-electrical tests were carried out at ambient conditions,
i.e., temperature and humidity ranging from 20 to 25 °C and
30-40% r.h., respectively. The low humidity tribo-electrical
measurements were conducted using a climate test chamber
set at 20 °C and 15% r.h. Seven different fretting conditions
per sample were evaluated, summarized in Table 1. Ten ECR
measurements were carried out before fretting as well as at
each cycle interval and then averaged, with each fretting test

being reiterated at least three times. A new rivet was used
for every measurement.

After tribo-electrical testing the fretting marks were
imaged with SEM (using ETD detector and 5 keV accelera-
tion voltage) and chemically analyzed via EDS (Thermo-
Fisher Helios™ G4 PFIB CXe DualBeam™ FIB/SEM
equipped with an EDS detector EDAX Octane Elite Super).
EDS scans were carried out using an acceleration voltage
of 15 keV, thus acquiring a 2-dimensional chemical distri-
bution map. Topographical and wear analyses were carried
out by imaging via CLSM (LEXT OLS4100, Olympus)
using a laser wavelength of 405 nm. A larger field of view
at higher resolution was attained by stitching a2x2 or 3x 3
grid (depending on wear track size) at 50 X with a 20% over-
lap. With the information acquired via CLSM scans coating
thickness, worn area, and roughness after fretting can be
obtained.

A 5x2 grid at 50 X was stitched in the CLSM to measure
coating thickness. The coatings have an average thickness
of 1.27+0.12 um, 1.62+0.11 pm, and 1.77+0.01 um for
CNT3, CNT4, and CNT35, , respectively.

Fig.1 ECR measurements of
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3 Results and Discussions
3.1 Electrical Behavior
3.1.1 Influence of Normal Load

The ECR evolution based on the analyzed normal loads are
shown in Fig. 1. These fretting tests were all carried out for
a total of 5 k cycles with periodic ECR measurements every
100 cycles. It is noteworthy to highlight that these meas-
urements are highly reproducible, with very low error—
standard deviation of the measurements are plotted in all
ECR curves, however these cannot be appreciated due to the
thickness of the line itself. Furthermore, it should be noted
that since static ECR was measured, the line plot shows the
ECR tendency and not the actual behavior. Observing the
plots from Fig. 1 it can be seen that the behavior of the
uncoated copper substrate is consistent regardless of nor-
mal load. The ECR value of the reference prior to fretting
are high, however, after the first 100 fretting cycles the
ECR value sharply decreases to approximately 20 mQ and
remains constant throughout the measurement. The behav-
ior is unexpected, since the breakdown and reformation of
the oxide layer should cause fluctuations in the resistance
between intervals. However, due to the short period of time
between consecutive ECR measurements—it takes approxi-
mately 20 s for the setup to complete 100 cycles—the thick-
ness of the reformed oxide layer could not be sufficient to
affect the resistance. This behavior could also be associated
with the number of a-spots being established and remaining
constant throughout the fretting cycles, consequently pre-
senting constant ECR.

Focusing on the tests done at 0.5 N, CNT5 stands out
from the rest. This coating presents an initial reduction in
ECR during the first hundred cycles caused by the com-
paction and adjustment of the coating during fretting. The
ECR remains constant for the following couple thousand
cycles, followed by a progressive reduction in ECR. The

sudden reduction at around 2 k cycles could be due to (1)
the breakdown of a large CNT agglomerate at the contact-
ing site, or (2) the displacement of a significant portion
of the CNT coating. Based on the observed behavior, the
former seems more likely. Following the fretting-induced
breakdown of the CNT agglomerate, smaller agglomer-
ates are subsequently displaced from the fretting mark;
thus explaining the progressive reduction in the following
fretting cycles.

Initially, CNT4 shows similar behavior as CNT5. How-
ever, after 500 cycles the ECR sharply falls to values that
approach that of the uncoated reference. As the fretting
cycles progress, a small reduction in ECR is observed, with
values falling below that of the copper reference and reach-
ing values of approximately 10 mQ. CNT3 behaves akin
to the uncoated reference, with ECR values falling below
30 mQ after a few hundred cycles. After 1 k cycles, CNT3
presents lower ECR than the uncoated reference, however,
the resistance is still higher than that of CNT4.

When increasing the normal load, the ECR behavior
tends to not vary as considerably as with low normal loads—
i.e., 0.5 N. In the tests carried out at 1 N, 2.5 N, and 5 N,
ECR values quickly fall below 30 mQ and outperform the
uncoated reference within the first 1 k cycles. CNTS shows
improved performance compared to the uncoated reference
sample, however, the thinner three- and four-minute coatings
consistently outperform the thickest coating.

The normal load during fretting does not have an observ-
able influence on the ECR of an electrical contact. This
was evidenced by the uncoated reference sample, and cor-
roborated with the coated samples from normal loads above
0.5 N. The considerable deviation in the coated samples
at 0.5 N is a consequence of inadequate electrical contact
in the system. At low loads, the coating is not sufficiently
compacted, thus presenting a porous network that hinders
electron transport from the counter electrode towards the
substrate. Furthermore, thicker coatings require more fret-
ting cycles to breakdown the larger CNT agglomerates, thus
initially presenting higher ECR values. When contacting at
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higher normal loads, these elevated contact pressures, cou-
pled with the oscillatory motion, enable the breakdown of
these agglomerates at a much faster rate. Consequently, the
resistance values stabilize reaching a steady state with fewer
fretting cycles.

It is, therefore, crucial that thin coatings are employed in
electrical contacts that operate at low normal loads. Con-
trarily, undesired energy loss will take place at the contact
interface, thus lowering its efficiency. When the contact
operates at higher normal loads, on the other hand, the coat-
ing thickness is irrelevant. However, to optimize material
efficiency, a three-minute CNT coating is sufficient from an
electrical perspective.

3.1.2 Endurance Test

The electrical behavior of the samples at 1 N for longer
fretting durations is shown in Fig. 2. As was the case for
5 k cycles (Fig. 1) the ECR value of the uncoated reference
tends to stabilize at approximately 20 mQ. In the case of the
500 k-cycle test slight fluctuations are observed. Regard-
less of the variation observed, the value does not vary past
30 mQ—values which correlate with those measured in the
150 k-cycle test.

In the longer fretting tests the coatings show a consider-
able improvement in terms of contact resistance. Regardless
of coating thickness, the ECR values are half of that of the
uncoated sample, or even lower. It was initially believed that
longer fretting tests could be more severely influenced by the
breakdown and subsequent reformation of the oxide layer.
However, this is proven otherwise since the ECR values of
the uncoated reference resemble those of the references in
the shorter fretting tests. Nonetheless, the presence of a thin
copper oxide layer that forms between ECR intervals cannot
be disregarded. These tests are conducted with intervals that
last over four times more than the shorter tests, however, the
duration is still relatively short. Therefore, a complete refor-
mation of the oxide layer is unlikely since the spontaneous
formation of Cu,O takes considerably longer [54].

Furthermore, as opposed to what was observed for shorter
fretting tests (Fig. 1), the thickness of the coating does not
have a significant influence on the electrical behavior of the
coated samples. The five-minute CNT coating performs on
par with the thinner coatings, all outperforming the uncoated
reference. It seems that the carbonaceous tribofilm formed
enhances the electron transport at the interface.

3.1.3 Influence of Ambient Humidity
The influence of humidity on the electrical behavior of met-
als when subjected to fretting wear has already been ana-

lyzed by Timsit and Antler (in Slade) [5]. In their work,
the authors report that at lower ambient humidity, copper
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Fig.3 ECR measurements of CNT-coated samples for a total of 5 k
fretting cycles at a constant temperature and humidity (20 °C and
15% r.h., respectively). The line plot indicates the tendency of the
ECR evolution during static ECR measurements

electrical contacts show an improved duration when sub-
jected to fretting wear. In other words, the copper contact
requires considerably more fretting cycles to reach the
ECR threshold of failure proposed by the authors. There-
fore, it could be foreseen that the uncoated copper shows
higher ECR values at lower fretting cycles, stabilizing after
700-800 cycles. After stabilization, the copper reference
shows ECR values that resemble the measurements carried
out at ambient conditions (see Fig. 3). The coated samples,
on the other hand, reach a steady state rather quickly, after
around 300 cycles. However, the steady state values of the
coated samples are of interest since now the uncoated refer-
ence outperforms the coated samples. Under these condi-
tions thicker coatings promote higher ECR values. Although
the increase is marginal, the tendency is clear. This behavior
was not expected since it has been previously reported that
metallic SWCNT show the opposite behavior—i.e., resist-
ance increases as relative humidity increases [55-57]. Since
MWCNT always have a conductive tube, it was expected
that resistance would decrease at lower humidity. However,
this humidity-dependent behavior was reported for humidity
sensing devices. In our analysis a more complex scenario is
taking place due to the addition of tribological testing.

The worsened electrical behavior of the coated samples
could be associated to a tribologically induced degrada-
tion of the CNT, however, this is unlikely on account of the
longer fretting tests carried out (see Fig. 2). As witnessed in
the 150 and 500 k cycle tests, the ECR of the coated sam-
ples outperform the uncoated reference despite the greater
stresses incurred onto the CNT. Therefore, it is implausible
that at 15% r.h. and 5 k fretting cycles more severe wear
took place in the CNT rather than in 150 k and 500 k cycles.
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Fig.4 ECR of CNT4 at different humidity with second order polyno-
mial fitting (r-square =0.991)

To confirm the tribological-independence of the ECR
gain, static-constant-load ECR measurements at 1 N were
carried out with the same instrumental parameters as with
the tribo-electrical tests. Four different ambient humidity
conditions were evaluated (i.e., 30, 35, 40, and 50%), meas-
ured at five different points in CNT4 with twenty measure-
ments per point—giving a total of 100 ECR measurements
per r.h. These values were then averaged and plotted, shown
in Fig. 4. As the graph illustrates, it is clear that higher
r.h. promotes lower ECR values. Therefore, the electrical
behavior observed in Fig. 3 is not caused by the tribological
tests but rather is inherent to our coating systems. Although
the literature suggests that CNT should show the inverse
behavior, it is important to highlight that our system differs
significantly from those previously studied—i.e., studies on
resistive CNT-based humidity sensors. In a study by Lee
et al. they used SWCNT networks analyzing the electrical
response of metallic and semiconducting CNT [56], whereas
Ling et al. worked with thin SWCNT networks with thick-
nesses below 1 um [57]. On the other hand, highly dispersed
and aligned MWCNT have been used by Tsai et al. as sensor
interconnections [55]. The CNT coatings dealt with in this
study differentiate themselves from those previous studies
in the following ways:

e The coatings are made up of a composition of individ-
ual CNT and CNT agglomerates, with a mean agglom-
erate area fraction of approximately 43% [50].

e The coatings are highly porous, thus requiring pres-
sure from the counter electrode to compact and adjust
internally to reduce ECR by increasing the amount of
parallel percolation paths—see focused ion beam cross
sections in [13].

The latter is believed to play a crucial role in the
humidity-dependent behavior of the CNT coatings. It is
hypothesized that ambient humidity promotes lower ECR
values since moist air is a better electrical conductor than
dry air. Therefore, the dry air found in the porous network
of the CNT coatings influences the ECR behavior, pos-
sibly explaining the electrical behavior of the CNT-coated
samples from Fig. 3.

Another phenomenon that could influence the electri-
cal behavior at higher atmospheric humidity is that of
electrowetting [58]. The contact angle of a water drop-
let can be modified in the presence of an electric field
[58, 59], causing the droplet to become more hydrophilic
(flatten out) when a voltage is applied and showing its
most hydrophobic state in the absence of an electric
field. Although the voltages that the authors report are
significantly higher than the voltages recorded in our
ECR measurements, this flattening effect could improve
the contact between individual CNT and CNT agglom-
erates by bridging the voids in the coating even fur-
ther—in addition to compaction due to the normal load
applied—thus improving the system’s conductivity at
higher humidity levels. Furthermore, the small dimen-
sions of the CNT and CNT agglomerates, coupled with
their curvature, could potentially intensify this effect by
concentration the electric field thus causing the flatten-
ing of moisture droplets even at low voltages. Moreover,
the small dimension of moisture droplets—as opposed to
macro-sized droplets—would require lower voltages to
change its wetting behavior.

Therefore, although there is an increase in ECR at
low humidity, these coatings could still be beneficial in
applications where the ambient humidity varies over time.
For specific applications operating for prolonged periods
of time at low humidity, on the other hand, the negative
influence on the electrical behavior of the CNT coatings
is counterproductive, thus promoting loss in contact effi-
ciency. However, it should be noted that 15% r.h. is a
low atmospheric value, with higher typical values in cen-
tral Europe [60, 61]. The wear protection offered should
be carefully analyzed to evaluate if the wear reduction
offered at low ambient humidity could outweigh the gain
in ECR.

3.2 Wear Protection

3.2.1 Influence of Normal Load

SEM micrographs of the fretting marks for each sample at
each load are shown in Fig. 5, with the red dashed line high-
lighting regions where severe wear took place, i.e., gross slip

[62]. Only regions where gross slip took place are consid-
ered for the relative worn area calculations. Observing the
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0.5N 1N

Fig.5 SEM micrographs of fretting marks after 5 k fretting cycles.
The red dashed lines highlight the areas where severe wear is
observed (gross slip). The number at the top left corner of each CNT-

load-dependent behavior of the uncoated copper sample, two
aspects stand out: (1) the wear track tends to decrease in size
as the load increases, with the 5 N fretting mark showing the
smallest worn area, and (2) formation of debris surround-
ing the fretting mark is only observed for load below 2.5
N. The latter is of concern from a tribological standpoint
since debris can be trapped at the contacting site, thus caus-
ing third-body abrasion. This phenomenon, coupled with
adhesive wear, could further promote the transition from
mild to severe wear [63]. The lack of loose debris forma-
tion at 5 N exemplifies this behavior. Since debris are not
prominent in this fretting mark, the only wear mechanism
active is adhesive wear and two-body abrasive wear. The
latter, however, is not as dominant in the system due to the
soft radius of curvature of the counter electrode. Therefore,
in this case, three-body abrasive wear due to debris forma-
tion is more detrimental rather than two-body abrasion.
Although debris pile up can be observed at 2.5 N, these
particles are located at the ends of the fretting tracks. There-
fore, the particles are displaced onto the upper and lower
limits of the oscillatory motion, thus reducing the likelihood
of third-body abrasion. The geometry of the counter elec-
trode also explains the smaller worn area at higher normal
loads. The non-conformal contact established between the

@ Springer
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coated sample exhibits the reduction in worn area relative to the
respective uncoated copper sample

bodies implies a considerably higher contact pressure at the
tip of the rivet, which, in turn drastically increases frictional
forces. Furthermore, metallic oxides generally have higher
shear strength than the unoxidized metal. Therefore, accord-
ing to Tabor’s theory [36], higher shear strength also causes
higher friction. Higher friction restricts, to a certain extent,
the displacement of the counter electrode over the copper
surface. Consequently, the load is more concentrated on the
central part of the amplitude of motion, thus causing smaller
worn areas.

The fretting marks of the CNT-coated substrate look nota-
bly different compared to their uncoated counterparts. The
wear tracks are smaller, as evidenced by the relative worn
area reduction at the top left corner of each micrograph.
Although coating displacement is observed, with the micro-
graphs showing exposed regions of the substrate as well as
clusters of CNT agglomerates surrounding the fretting mark.
The degree to which the coating is displaced varies from
sample to sample; however, it was observed for all coatings.
Nonetheless, coating displacement does not appear to affect
the wear protection offered by the CNT coating. Certain fret-
ting marks showing severe displacement, and even coating
removal such as CNT4 at 2.5 N still offer considerable wear
protection compared to the uncoated reference, with a worn
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area that is over 70% smaller than the copper sample at 2.5
N—areas measured from CLSM scans.

At and below 2.5 N CNT3 shows considerable wear pro-
tection, with a worn area that is between 60 and 70% smaller
compared to their uncoated counterparts. At 5 N, however,
there is a marginal reduction of the worn area at only 10%,
approximately. Nonetheless, the damage incurred at 5 N in
the coated sample does not appear as severe as the uncoated
sample.

CNT4 and CNTS5 show exceptional wear protection. In
all cases a reduction in the worn area of at least 70% can
be observed, regardless of normal load and state of the
coating—i.e., coating damage and/or displacement/piling
up. For these two coatings, fretting at 5 N does not incur
considerable damage onto the substrate’s surface, show-
ing partial slip rather than gross slip as in the uncoated
reference. In fact, CNT4 and CNT5 at 5 N show the least
amount of damage after 5 k cycles. This is attributed to
the lack of debris formation, as well as CNT clusters
that remain at and around the contact site after the fret-
ting cycles, evidenced by the black regions in the SEM
micrographs—and later verified by EDS mappings. This
is especially true for all measurements carried out on the
CNTS5 sample. Due to the considerably thicker coating,
an abundance of CNT remains at the contacting interface,
thus granting greater wear protection throughout the meas-
urement cycles.

Furthermore, the electrical behavior of CNT5S at 0.5 N
is reasonable observing the SEM micrograph (see Fig. 1a).
This image shows a significant amount of CNT remaining
at the contacting site. Although this is extremely desirable
from a solid-lubrication perspective, it is important to note
that CNT are not as conductive as the metallic electrodes—
despite the fact that individual CNT demonstrate exceptional
electron transportability.

With sufficiently thick CNT coatings, the wear protection
offered is independent of the normal load during fretting.
Some variations are observed; however, this is intrinsic to
the heterogeneity of the coatings themselves [13]. Contra-
rily, the thinner CNT3 coating shows a substantial increase
in worn area at 5 N, resembling the uncoated sample. At
lower loads, some wear protection is offered, however, it is
not as significant as in the thicker coatings. Consequently,
a coating thickness threshold is established, with a require-
ment of at least 1.5 to 1.6 um to observe consistent and
load-independent wear protection.

From a tribological standpoint, thicker CNT coatings
are more desirable since they offer a larger lubricant reser-
voir. As evidenced by the micrographs from Fig. 5, thicker
CNT coatings provide a more significant wear protection,
with CNT remaining at the contact site after tribological
testing. However, when taking into account the purpose of
these coatings, thicker coatings may be counterproductive.

150k

500k

CNT 4 _CNT3 Cu

CNT 5

Fig.6 SEM micrographs of fretting marks after 150 and 500 k fret-
ting cycles. The red dashed lines highlight the areas where severe
wear is observed (gross slip). The number at the top left corner of
each CNT-coated sample exhibits the reduction in worn area relative
to the respective uncoated copper sample. Note that the magnifica-
tion of the uncoated samples is smaller than the magnification of the
coated samples

In other words, for electrical applications, thicker coatings
have a more significant impact on the conductivity of the
system. Therefore, a tradeoff must be considered, where a
balance between wear protection and admissible ECR gain
must be weighed.

3.2.2 Endurance Test

The SEM micrographs resulting from the 150 and 500 k
fretting cycles tests on the coated and uncoated samples
are shown in Fig. 6. As expected, the uncoated samples
show substantial wear after 500 k cycles. Since these tests
were carried out at 1 N—and based on the behavior of the
substrate after 5 k cycles—it was also expected that debris
would gather around the fretting mark. However, the amount
of debris observed around the 500 k cycles is significant.
After 150 k cycles, on the other hand, a negligible amount
of debris is observed, especially when compared to the
500 k cycles measurement. These tracks are significantly
larger than the 1 N tracks after 5 k cycles, with the 150 k
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Fig.7 SEM micrographs of
fretting marks after 5 k fretting
cycles at 20 °C and 15% r.h. a
Uncoated copper, b CNT3, ¢
CNT4, and d CNTS5. The red
dashed lines highlight the areas
where severe wear is observed
(gross slip). The number at

the bottom left corner of each
CNT-coated sample exhibits the
reduction in worn area relative
to the respective uncoated cop-
per sample

cycles track being double the size and the 500 k cycles track
three-fold the size of the 5 k track. For this reason, the mag-
nification of the micrograph had to be reduced. The same
can be stated about the CNT-coated samples, with these
representing an even larger multiple compared to their 5 k
counterpart.

The micrographs of the CNT-coated samples reveal that
CNT are not as effective in reducing wear after prolonged
fretting cycles, showing gross slip regardless of coating
thickness. Although all coatings show a reduction in worn
area, the degree to which the coatings reduce wear is not as
significant as was the case in shorter fretting cycles. This is
because the CNT are displaced from the contact site, thus
eliminating the possibility of reducing wear. Therefore, for

Cu ©
S
@)
Cu ©

CNT 4

prolonged fretting cycles, the wear reduction capability
of CNT is irrespective of the coating thickness since the
nanoparticles are displaced from the contacting interface
altogether.

Even though the coatings do not perform as exceptionally
well for prolonged fretting cycles in terms of wear protec-
tion, they do improve the electrical behavior of the system—
see Fig. 2. Therefore, their potential use for electrical sys-
tems should not be discarded. All three coatings outperform
the uncoated reference, with low and stable ECR throughout
the entire measurement. Although wear protection is sparse,
the electrical advantage is beneficial.

Fig.8 EDS maps of uncoated copper and CNT4 showing copper, carbon, oxygen, and gold after 5 k fretting cycles at 0.5 N. EDS maps of all

fretting marks are available in the Online Resources

@ Springer
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3.2.3 Influence of Ambient Humidity

The SEM micrographs of the fretting tests carried out at
low humidity are shown in Fig. 7. The worn area of the
uncoated reference after 5 k cycles at 1 N from Fig. 5
is comparable with the size of the reference at 15% r.h.
However, in the case of the coated samples, all coatings
show an increase in worn area as a consequence of the
lower atmospheric humidity. The increase in relative worn
area is linked to the coating thickness, with thicker coat-
ings showing worse wear protection compared to thinner
coatings. Therefore, it is established that CNT, similarly
to graphite, requires moisture to reduce wear. As the tubes
degrade as a consequence of severe stress, they start to
break apart into individual graphite and graphene sheets.
The tubes’ degradation into graphite-like structures jus-
tifies the more severe wear observed in the SEM micro-
graphs [64]. For this function, MWCNT are better suited
than SWCNT since MWCNT require higher pressures to
break their bonds and degrade the tubes into graphitic
structures. Furthermore, the degradation of MWCNT—
as opposed to SWCNT—would provide a more ample
source of graphitic structures, thus improving lubricity
to a certain extent. Consequently, the MWCNT employed
in this study continue demonstrating wear protection at
low humidity levels after 5 k fretting cycles, with worn
area reductions of at least 50% compared to the reference
sample.

3.3 Chemical Analysis

EDS was carried out to qualitatively determine the chemi-
cal composition of the fretting marks. The resulting EDS
maps of the fretting marks conducted at 0.5 N and 5 k cycles
for the copper reference and CNT4 are shown in Fig. 8.
Although EDS maps for all conditions and samples were
acquired, only these two fretting marks will be discussed in
this section since similar behavior was observed through-
out the remaining fretting marks. EDS maps of all samples
analyzed at 0.5 N, 1 N, 2.5 N, and 5 N are shown in Online
Resource 1, 2, 3, and 4, respectively. Online resource 5
shows the EDS maps of fretting marks after tests at 15% r.h.
of all samples, whereas Online Resources 6 and 7 show the
fretting marks after 150 k and 500 k, respectively.

A key takeaway from the EDS maps of the uncoated cop-
per sample is that oxidation takes place during fretting, as
evidenced by the spike in oxygen intensity at the center of
the wear track. Furthermore, it is of interest to highlight the
extent to which gold was transferred from the counter elec-
trode towards the copper sample. As evidenced, almost the
entirety of the fretting mark contains gold. In addition, the
debris observed in the SEM micrographs (Fig. 5) is purely
made up of gold, as proven by both the copper and gold

intensity maps. This implies that material is supplied to the
copper sample rather than material being purely removed
by fretting. The transfer of gold is promoted by the harder
counterpart—i.e., the oxide layer—since dissimilar hardness
between the contacting surfaces fosters material transfer
from the softer onto the harder surface [5, 6]. The removal of
the softer material and its deposition onto the harder mate-
rial is caused by the sliding motion, where asperity junctions
are stronger than the weaker metal. Moreover, the continu-
ous breakdown of the re-formed oxide film due to fretting
wear further favors the adhesion of gold onto the copper
surface [6]. As fretting cycles progress, gold continuously
adheres to the copper sample and is subsequently removed
from the wear track, resulting in gold debris surrounding the
contacting site. Nonetheless, recalling the SEM micrographs
from Fig. 5, the formation of debris was only observed at
normal loads below 2.5 N and for prolonged fretting cycles,
primarily 500 k cycles.

The EDS map of CNT4 shows some decisive differences
compared to the copper sample. Copper is more homogene-
ously distributed in the coated sample. Here, regions where
copper is not detected is caused by the thickness of the coat-
ing which hinders the emitted x-ray from the base material
from reaching the detector. Accordingly, carbon intensities
are maximum in sites where copper is not detected, and vice
versa. Another key difference is the degree of oxidation
incurred onto the copper substrate during fretting. Observ-
ing the oxygen map closely, no spikes in intensities can be
identified. Therefore, the oxygen detected is found either
in the copper’s surface—in the form of Cu,O—or as func-
tional groups bound to the nanotubes. The last distinction
is the amount of gold that is transferred. Although EDS is
a qualitative technique, the signal-to-noise ratio of gold in
CNT4 shows that the maxima in gold are not as strong as
is the case in the uncoated sample. Furthermore, the gold
that is transferred onto the copper sample is concentrated at
the center of the fretting mark. Moreover, gold debris is not
formed in the CNT-coated sample as a consequence of the
lubricity of the nanoparticles, thus reducing gold’s adhesion.
These distinctions between uncoated and CNT-coated sam-
ples are consistent throughout all fretting marks regardless
of test parameters or coating thickness.

The carbon map of CNT4 also shows the presence of
carbonaceous phase remaining in the contact area even after
5 k cycles regardless of coating displacement, thus explain-
ing the reduction in worn area of the coated samples. This
is the case in all CNT-coated samples, except for prolonged
fretting cycles where the coating is entirely displaced from
the contacting site (see Online Resources 6 and 7). This fact
explains the milder wear protection offered by the coatings
after 150 k and 500 k fretting cycles. As a consequence of
the coating displacement, the coated samples show similar
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Fig.9 CLSM light scan of counter electrode used against copper and CNT4 for the different loading conditions and 5 k fretting cycles. CLSM
scans of all fretting marks are available in the Online Resources (including light, laser and height)

degrees of oxidation and gold transfer—as well as gold
debris formation—as their uncoated counterparts.

3.4 Counter Electrode

CLSM scans of the counter electrode after fretting were car-
ried out, with Fig. 9 showing the damage incurred under dif-
ferent loading conditions when contacting against uncoated
copper and CNT4. For the light, laser, and height scan of all
fretting marks refer to the Online Resources. CLSM scans
of the counter electrodes used at 0.5 N, 1 N, 2.5 N, and 5 N
are shown in Online Resources 8, 9, 10, and 11, respectively.
The scans for counter electrodes used on fretting tests done
at 15% r.h. are shown in Online Resource 12, with Online
Resources 13 and 14 showing the counter electrodes after
150 k and 500 k fretting cycles, respectively.

As Fig. 9 shows, gold debris surrounds the fretting mark
on the counter electrode that contacted the uncoated sample
at 0.5 N as well as 1 N, concurring with the observations of
the uncoated copper electrodes. Furthermore, the affected
regions in the counter electrode dimensionally resemble the
observations on the counter electrode, with higher loads
showing smaller areas where gross slip took place. The
CLSM scans also show that there is no material transfer
from the uncoated electrode towards the counter electrode.
The unidirectional transfer of material from the gold counter
electrode towards the uncoated copper is due to the hardness
difference between the contacting surfaces. In order for bidi-
rectional material transfer to take place, the contacting sur-
faces should possess a hardness difference below 10% [5].
Since the hardness of the counter electrodes is 1.36+0.01

@ Springer

GPa (measured via microhardness measurements on Struers
Inc. Dura Scan with a load of 0.98 N), whereas—accord-
ing to literature—copper oxide thin films have a hardness
between 7.2 +0.2 GPa and 12.3 +0.5 GPa, depending on
grain size [65]. Moreover, as the oxide layers are broken
by the progression of fretting tests, the contact between the
“clean” surfaces improves adhesion of the metallic surfaces
due to the strengthening of the interfacial bonds between the
contacting asperities [6].

The scans conducted on the coated samples are of con-
siderable interest since these prove that carbon was trans-
ferred onto the counter electrodes. This is significant since
the uncoated regions in the contacting site (shown in the
micrographs in Figs. 5, 6, and 7) are not areas where the
coating was removed, but rather there was a relocation of
the coating from the copper substrate towards the gold rivet.
This was seen in all the CNT coatings to varying degree;
variations caused by inherent heterogeneity of the coatings.
Nonetheless, carbon transfer was consistently observed on
the counter electrodes regardless of coating thickness (see
Online Resources 8-14).

Carbon transfer is not only load independent, but also
humidity independent, with CNT being observed on the
counter electrodes on all tests conducted at 15% r.h. (see
Online Resource 12). Nonetheless, carbon transfer at lower
humidity is not as prevalent as in tests carried out at ambi-
ent humidity. At low humidity only CNTS shows prominent
material transfer, with CNT3 and CNT4 showing marginal
amounts of carbon transfer, where CNT3 shows slightly
more material transfer than CNT4. This explains why the
wear protection offered by CNT3 at 15% r.h. outperforms
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CNT4 (see Fig. 7). Therefore, this confirms that wear pro-
tection is not strongly influenced by atmospheric humidity,
but rather an aggregate of contact situation due to coating
heterogeneity, amount of displaced coating, and amount of
material transferred towards the counter electrode.

The counter electrodes used in the durability tests were
also scanned via CLSM. In these cases, however, marginal
traces of carbonaceous depositions can be observed; thus
explaining why the wear protection offered by the coatings
diminishes in these tests. For extended fretting tests, the
prolonged shear stresses degrade the CNT and displace the
carbon tribofilm from the contact site. The damaged CNT do
not adhere to the counter electrode (see Online Resources 13
and 14), instead the graphitized particles are easily displaced
from the contact site [10]. Consequently, wear protection is
reduced with the bulk of transferred carbon being found at
the ends of the fretting mark (as was observed in the fretting
marks of the coated copper samples in Fig. 6).

4 Conclusions

In this work, three different CNT coatings were deposited
over copper substrates. These coatings were tribo-electri-
cally characterized to further understand the influence of
coating thickness, the influence of normal load on fretting
tests, and the wear reduction capabilities of CNT at low
ambient humidity, taking into consideration the electrical
behavior of the coated systems.

Thicker CNT coatings are not easily displaced by fretting
at low normal loads, consequently, the ECR is higher than
that of the uncoated copper. Nonetheless, for loads higher
than 0.5 N this effect is negligible, albeit thicker coatings
present higher ECR values than their thinner counterparts.
From a tribological standpoint, thicker coatings promote
smaller worn areas, with areal reductions between 80 and
90% in CNT?5, for example. As expected, the wear protec-
tion offered by thinner coatings is reduced at higher normal
loads. Therefore, the optimal coating thickness depends on
the predominant objective, namely, electrical or tribologi-
cal. Thinner coatings are preferred for applications where
low ECR is crucial, with wear reduction being secondary.
Whereas thicker coatings are required when improved tribo-
logical behavior is essential at the expense of conductivity.

For prolonged fretting cycles the CNT are displaced from
the contacting site, with marginal carbon transfer towards
the counter electrode. Consequently, the behavior of these
coated samples resembles that of the uncoated. Therefore,
in applications where prolonged fretting wear is expected
these coatings do not contribute significant wear reduction.
Nonetheless, if wear is not a key concern, low and stable

ECR values were achieved for both 150 and 500 k fretting
cycles, outperforming the uncoated reference samples.

At lower ambient humidity the wear protection of CNT is
reduced, showing milder wear reduction compared to fret-
ting tests carried out at ambient humidity. Furthermore, the
electrical behavior also diminishes at lower humidity. The
porous nature of the CNT coatings requires moderate contact
pressures to enable compaction and readjustment of the coat-
ing. Contrarily, dry air located in the voids opposes a higher
resistance than moist air, thus explaining the increased ECR
at low humidity. Therefore, these coatings are not suitable
for exclusive applications in low humidity. For applications
where humidity fluctuates from ambient to below mean val-
ues (and vice versa), theses coatings show promising results
as a versatile solid lubricant.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11249-023-01724-5.
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