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ABSTRACT

The use of electrical devices has skyrocketed over the past decades, increasing the demand for electrical
connectors worldwide. Therefore, it is of utmost importance to produce more reliable, energy and ma-
terial efficient, and durable electrical contact material systems; particularly in low-redundancy systems,
such as in passenger vehicles. This work analyzes the potential use of carbon nanoparticle coatings ap-
plied via electrophoretic deposition over copper substrates to reduce wear, require lower insertion forces,
and to protect the connectors from atmospheric conditions, while reducing the gain on the overall resis-
tance of the system. Four carbon nanoparticles were considered due to their well-known solid-lubricating
capabilities, namely: graphite flakes, graphene oxide, carbon nanotubes, and carbon nanohorns. Through
a comprehensive characterization of the coatings, aspects like coating topography, compactness, thick-
ness, elasticity, and electrical contact resistance were analyzed. Carbon nanotubes and nanohorns proved
to have the highest potential. In addition to their previously documented outstanding solid-lubricity and
environmental protection - after chemical modification of the coatings’ surfaces - these nanoparticles
showed low resistance values for loads above 4 N, i.e., below 400 mQ. Moreover, the coatings produced

were thin and homogeneous, with adequate mechanical stability, and elastic behavior.

© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Over the past decades the use of electrical connectors has
significantly increased. These components are ubiquitously found
throughout a wide range of devices used in day-to-day life. Their
use ranges from ordinary tasks (such as vacuum cleaning, water
heating, etc.) up to applications where their correct performance
is crucial for the safety of the users (e.g., navigation in passenger
aircrafts, industrial machinery, among others). The rising trend in
the consumption of electronic and smart devices - as well as the
growing digitization of industrial processes - has spiked the de-
mand for electrical components. Experts predict that the connector
industry will register a 7% increase in compound annual growth
rate between the years 2020 and 2026 (according to Global Mar-
ket Insights Inc.), surpassing a total revenue of 61 billion Euro. This
trend is not new, in the year 2000 alone connector sales were ap-
proximately 30 billion Euro [1]. Half of those sales were destined
for the computer and telecommunication market, whereas 5 bil-
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lion Euro in sales corresponded to the automotive industry. This
scenario clearly highlights the importance of efficient, durable, and
more reliable electrical connectors. The reliability of an electrical
connector takes a more important role in low redundancy systems,
such as in passenger vehicles. Here, most electrical circuits rely on
only one connector to effectively open and close the circuit. There-
fore, one electrical connector failing can potentially affect the en-
tire system.

There are several atmospheric and tribological conditions that
considerably reduce the duty life of electrical connectors. Regard-
ing ambient conditions, contact materials react with agents present
in the atmosphere, such as oxygen, sulfur, corrosive agents, acids,
etc., depending on the application. Moreover, electrical connectors
are subjected to wear during mating and un-mating cycles and
fretting wear during normal operations. To reduce wear on the
electrical connectors lubricant greases are applied on their sur-
face. Greases are used since they do not easily wash off, there-
fore reducing the requirement of reapplication [2]. Using lubricant
greases help prevent undesired reactions with atmospheric condi-
tions, along with reducing wear, fretting, and the insertion force
required. The greases also prevent the access of water in the con-
tact. Connector lubricants consists of varying chemistry; they can
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be mineral or synthetic based oils with thickeners (e.g., polyurea-
based thickeners). However, these lubricants increase the electrical
resistance, therefore hindering their conductive properties. So far,
this has been a favorable trade off since the greases extended their
duty life.

Copper is among the most used metals for electrical connec-
tors. It has the second lowest resistivity among metallic conduc-
tors (1.65 x 108 Q.m at 20 °C) [2], being silver the best metallic
conductor. Copper has adequate mechanical properties, and its sur-
face is protected from oxidation as a consequence of a native oxide
layer that is spontaneously formed on its surface. Although cop-
per oxide is detrimental to its conductive properties, it effectively
protects the metal from further degradation. Copper electrical con-
nectors are generally plated with soft metals, such as gold, silver,
or tin.

Carbon is a versatile element capable of forming different
carbon-carbon bonds. Depending on the hybridization state, dif-
ferent allotropes are formed with varying properties [3,4]. In this
work we explore alternative solutions to lubricating contacts so as
to not compromise the electrical characteristics of the interfaces.
Therefore, we propose carbon nanoparticle (CNP) coatings obtained
via electrophoretic deposition on copper substrates. The CNP se-
lected are graphite flakes (GF), graphene oxide (GO), carbon nan-
otubes (CNT), and carbon nanohorns (CNH). These CNP were cho-
sen based on their well reported lubricant properties [5,6,7], with
the added advantage of their exceptional transport properties due
to the delocalized p, orbital, characteristic of sp? carbon.

Graphite is a classical, well-known solid lubricant due to the
weak interlayer interactions of the stacked hexagonal carbon struc-
tures. Therefore, graphite shows low shear strength when sub-
jected to friction, describing its use as solid-state lubricant and its
self-lubricating properties [8,9,10,11,12,13]. Due to its intrinsic lu-
bricity, graphite has also been introduced as an additive in oils,
commonly referred to as “nanofluids” [14,15]. Graphite addition-
ally presents good transport properties, namely thermal and elec-
trical conductivity. However, due to the stacking of the hexagonal
layers it presents anisotropy. In-plane, the thermal and electrical
conductivity are significantly lower than perpendicularly, relative
to the surface of the individual graphite layers. Nonetheless, stud-
ies have shown that graphite presents 2000 to 4000 W.m'.K"! for
large sized perfect structures, and electrical conductivity between
400 and 1250 S.cm’! [16,17,18]. Consequently, this allotrope was
selected for two key reasons. Foremost, it is considered a bench-
mark since it is widely used as a solid lubricant. And more im-
portantly, it presents good electrical properties. Furthermore, since
graphite is a hydrophobic material, graphite coatings have promis-
ing applications as surface protection barriers [19].

Graphene oxide is a slightly lower quality material, with re-
duced physical properties compared to graphene [18,20-28]. GO
can be obtained from graphite by chemical exfoliation (top-down
method) [29]. Alternatively, GO can be obtained from graphite by
Hummer’'s method or Brodie’s method [30,31]. By undergoing an
additional reduction step, reduced graphene oxide (rGO) can be
obtained. This rGO still possesses some imperfections, but it is rel-
atively similar to graphene regarding its physical properties. GO is
not as conductive as rGO or graphene (the electrical conductiv-
ity of rGO is linked to the reduction agent and reduction times)
as a consequence of the carbon-oxygen bonds [32]. Furthermore,
the covalent bonds between oxygen and the functional groups in
GO generate structural defects in the crystalline structure. These
defects scatter the electrons, affecting GO’s electrical conductivity
[23]. However, it is simpler to mass produce at a lower cost. GO
is particularly interesting as a solid lubricant due to the oxygen
bonds present in the lattice. As the oxygen bonds repel one an-
other, they prevent the graphene sheets from re-stacking and thus
forming graphite. This further decreases the shear forces during
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friction. Consequently, GO has been of great interest for applica-
tions as solid lubricant, self-lubricating solid, and as a lubricant ad-
ditive [33,34,35]. Moreover, due to the oxygen present in GO, atmo-
spheric protection may be affected due to an increased hydrophilic
behavior. Nonetheless, studies have shown that the wetting behav-
ior of GO can be altered by chemical modifications [36,37].

Carbon nanotubes have been of great interest to the research
community in the past decades due to their outstanding intrin-
sic physical properties and their potential fields of application.
These quasi-one-dimensional carbon structures - in their purest
defect-free state - have the highest tensile strength of any ma-
terial known, the highest thermal conductivity, and quasi-ballistic
electronic conduction. The theoretical thermal conductivity of CNT
was reported to be over 6000 W.m . K-!, whereas the electrical
conductivity varies between 10% to 10° S.cm™! [38-46]. However,
due to their geometry, CNT present anisotropy in their transport
properties, showing better thermal and electrical conductivity in
the axial direction compared to radial direction. Moreover, the ex-
celling intrinsic properties of CNT are hindered by their tendency
to form agglomerates (due to m-m interactions) [47,48]. Therefore,
breaking up the CNT agglomerates without causing damage to the
structure of the individual CNT is of utmost importance in or-
der to maintain their properties. Previous reports have shown that
CNT have promising applications as protective barriers from at-
mospheric conditions [49], as well as self-lubricating metal matrix
composites and coatings [50-52]. Similarly to graphite, CNT have
been used as additives to improve the lubricity of traditional oil-
based lubricants [53-55]. In this work multi-walled CNT are used
due to their simpler synthesis method, lower cost, and - most im-
portantly - since statistically multi-walled CNT always have at least
one conductive wall.

Single walled carbon nanohorns - also known as nanocones -
are part of the sp? carbon family which have not received as much
attention as the previously discussed CNP. CNH are nanoparticles
with a tubular shape, similar to single-walled CNT [56-59]. How-
ever, CNH arrange themselves in horn-like endings, with tube di-
ameters in the range of 2 to 5 nm and tube lengths between
40 and 50 nm. CNH present two important advantages over CNT,
namely: 1) CNH synthesis does not require metallic catalyst, and 2)
CNH can be produced on a large scale at room temperature. CNH
are also differentiated from CNT because all CNH are semiconduct-
ing. Their conductive properties are closely linked to temperature
and the adsorption of gases. As for all semiconductors, CNH show
higher electrical conductivity at higher temperatures. Due to CNH
morphology, they are of interest in solid lubrication applications
and as oil-based lubricant additives [60]. Regarding the electron
transport properties of CNH, a specific value was not found. How-
ever, one study has shown that incorporating CNH in organic aero-
gel composites has increased its electrical conductivity [61]. More-
over, it has been previously shown that CNH have a hydropho-
bic behavior [62]. Consequently, CNH coatings could potentially be
used as protective barriers by manipulating their superficial char-
acteristics, as previously shown for CNT.

Electrophoretic deposition (EPD) is a relatively straight forward
method used to deposit CNP [49,63-70]. This method was selected
due to its simplicity, easily controllable coating thicknesses, mod-
est equipment requirements, and up-scalability. In essence, this
technique requires the previous dispersion of the CNP in a suitable
solvent. The electrodes are later immersed in the colloidal suspen-
sion and connected to a direct current power source. An electric
field is generated, imparting electrophoresis on the CNP. The sta-
bility of the dispersion depends on the size of the CNP agglomer-
ates. Therefore, mechanically breaking down the agglomerate size
is crucial. Agglomerate size can be reduced through homogeniza-
tion (shear force) and through sonication (ultrasound bath) [49,70].
Smaller particle sizes also promote more homogeneous coatings
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and require weaker electric fields. The stability of the colloid is
further improved by adding an additive to the solution. It has al-
ready been proven that triethylamine (henceforth TEA) improves
the overall stability of the colloid, and assists the deposition pro-
cess by giving the CNP a positive superficial charge (anodic depo-
sition) [49,71].

A study carried out by Lloyd et al. has laid the foundation for
graphite, graphene and CNT as electrical connector finishing layer
[72]. Their study focused on the tribological and electrical behav-
ior of thin coatings deposited by spray coating (and/or brushed) on
Au, Ag and Sn surfaces. However, the normal loads applied for re-
sistance measurements were low, 0.5 N for Au and 2 N for Ag and
Sn. Within the scope of this work, we comprehensively analyze
the potential use of four different CNP-based coatings obtained via
EPD to increase the efficiency of electrical connectors. Addition-
ally, these CNP have superior thermal conductivity, enhancing the
dissipation of the heat that is produced in the electrical contact.
Furthermore, depending on the resulting chemistry of the coat-
ing’s surface, these can behave as near superhydrophobic surfaces
[49]. The resulting coatings should lubricate the connector for mat-
ing and un-mating, protect the connector from ambient conditions,
while minimizing the effect on the electrical conductivity of the
system.

The coating’s morphology was evaluated using scanning elec-
tron microscopy/focused ion beam (SEM/FIM) and confocal laser
scanning microscopy (CLSM). From these techniques crucial infor-
mation on the coating’s topography, thickness, homogeneity, com-
pactness, and interface was acquired. Additionally, the deposition
rate of the CNP was qualitatively analyzed with the information ac-
quired from FIB cross sections. SEM on the pristine nanoparticles
was carried out, measuring their minimum, maximum, and mean
particle/agglomerate size. Load-dependent electrical contact resis-
tance (ECR), using a self-developed setup, was used to characterize
the electrical properties of the coatings. Moreover, post-ECR CLSM
measurements were carried out on the coated samples and the
counter electrode. The two latter were the primary focus of this
study since the electrical resistance and durability of the coatings
plays a pivotal role in the efficiency and reliability of the connector.

2. Materials and method

The substrates used were laminated, flat pure-copper platelets
(25 x 10 x 1) mm. These Cu platelets were ground (P1200 grit
silicon carbide grinding paper) and polished at 6 pm, 3 pm, and
1 um to obtain a mirror-polished surface before coating. Graphite
flakes (Alfa Aesar, Germany) with a median size between 7 and
10 pm, 99.8% purity were used. The graphene oxide particles pos-
sess 51.25 wt% carbon, 43.99 wt% oxygen (Nanoinnova Technolo-
gies, Spain). The CNT used were chemical vapor deposition-grown
multiwalled CNT (Graphene Supermarket, USA), with an outer di-
ameter distribution between 50 and 85 nm, an as-received state
length from 10 to 15 pm, and carbon purity over 94%. The single-
walled CNH used were dahlia-type, produced by rapid condensa-
tion of carbon atoms without a catalyst by Carbonium SRL, Italy.
The as-received high-purity CNH have a horn diameter between 3
and 5 nm, horn length between 30 and 50 nm, and a cluster di-
ameter between 60 and 120 nm.

A schematic representation of the EPD setup is shown in Fig. 1.
Due to the geometry of the electrodes (flat, rectangular platelets),
the electric field is perpendicular to the parallel-mounted elec-
trodes. A copper sample was used as a counter electrode. The
power source used (Consort EV3020) operates under constant volt-
age (potentiostatic EPD). Therefore, to alter the strength of the
electric field, the voltage must be manipulated. From previous
studies [58], it was found that the optimal voltage level for EPD
of CNP is 300 V. Due to the geometric constraints of the setup, the
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Fig. 1. Schematic representation of EPD setup.

minimum inter-electrode distance was 15 mm. Reducing the inter-
electrode distance minimizes the distance the CNP must travel
to reach the deposition electrode. Keeping this voltage and inter-
electrode distance constant, the coating thickness is controlled by
the duration of the deposition process. The deposition rate varies
from nanoparticle to nanoparticle, depending on their conductiv-
ity. It is important that each CNP has enough time to fully coat
the substrate during EPD. Therefore, the coatings obtained will be
compact and without voids. This is highly desirable since uncoated
regions lack wear and atmospheric protection. Furthermore, re-
garding ECR measurements, these regions will behave significantly
different than completely coated regions.

The dispersion of the carbon nanoparticles consists of mixing
them in a solvent, Isopropanol (IPA), and an additive. As previously
mentioned, the role of the additive is to enhance the stability of
the dispersion and provide a superficial charge to the nanoparti-
cles. According to the additive used, the superficial charge of the
nanoparticles varies, consequently changing the deposition elec-
trode. In this study, TEA (CgHi5N) was the additive used. The ho-
mogenization step begins once the solvent, additive, and nanopar-
ticles have been added into a beaker. The homogenizer (IKA T25
digital Ultra-Turrax) breaks down the nanoparticle agglomerates
using shear forces. To further separate the nanoparticles, the col-
loid is placed in an ultrasonic bath (Bandelin Sonorex Super RK
514 BH, 33 Hz, 860 W). The concentrations used and the disper-
sion times are described in detail in Table 1.

As previously mentioned, the deposition rate varies depending
on the conductivity of each CNP. A common deposition time of 5
minutes was chosen for all CNP to achieve a uniform, homoge-
neous, and thin coating. Thick coatings would result in an addi-
tional barrier for electrical current. Therefore, thinner coatings are
sought out, hence the benefits attained would outweigh the gain in
ECR caused by the CNP coating. The produced coatings were char-
acterized with SEM/FIB (FEI Helios NanoLab600 Dual Beam Setup)
and Confocal Laser Scanning Microscopy (LEXT OLS4100, Olympus).
The SEM micrographs were acquired using an acceleration voltage
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Table 1
. Concentrations and dispersion times for each CNP colloid.
Nanoparticle GF GO CNT CNH
Nanoparticle concentration / mg/ml 0.2 0.5 0.2 0.05
IPA [ ml 80 70
TEA [ ml 10 10 5 5
Homogenizer | min 10 5 10
Homogenizer speed /| rpm 7000 12000
Ultrasound /| min 10 15
Table 2
. Mean particle/agglomerate size of pristine CNP.
Nanoparticle GF GO CNT CNH
Mean particle size (7.1 £2.2) pm (74 + 18) nm
Agglomerate size (5.0 £ 1.9) pm (6.6 £ 4.2) pm (264 £ 70) nm
Min. size 4.1 pm 2.2 pm 2.1 pm Particle: 13 nm Agglomerate: 154 nm
Max. size 124 pm 7.8 pm 19.5 pm Particle: 29 nm Agglomerate: 388 nm

of 5 kV and an electron beam current of 1.4 nA. The intensity maps
and height profiles acquired with the CLSM were taken with 50x
magnification and a laser wavelength of 405 nm. The profiles con-
sist of a 3x3 stitching of the region of interest.

The four coatings and the substrate were electrically character-
ized via a self-developed ECR testing rig [73-75]. This rig can ana-
lyze load dependent ECR of the material via four-terminal method
using a direct-current power source. Loading and unloading cycles
from 0.25 up to 10 N can be measured. The power source used
was a Keithley 2400 SMU, capable of sourcing between 1 nA and
1.05 A. This device can also source voltage, but for this method
constant current was sourced, and the voltage drop between elec-
trodes registered. The current was set at 100 mA to stay in the
dry circuit conditions [76,77]. The voltage drop is measured using
a Keithley 2182a nanovoltmeter. This device can be set at five dif-
ferent measurement ranges, i.e., 10 mV, 100 mV, 1 V, 10 V, and
100 V. Depending on the voltage range that is expected for the
measurement, the instrument range must be selected accordingly.
It is noteworthy that the lowest suitable range for the measure-
ment must be chosen to minimize the uncertainty of the measure-
ment [78].

One ECR measurement cycle was measured for each coating
and the substrate. Each cycle consisted of one loading and one
unloading semi-cycle. Ten ECR measurements are taken per load
throughout the cycle. Depending on the voltage drop recorded, the
range of the nanovoltmeter must be adjusted to prevent the de-
vice from overflowing. If the range is too low, the recorded value
will be incorrect; whereas in selecting a range that is too high the
uncertainty of the measurement increases [78]. The normal loads
that constitute the cycles are: 0.5 N, TN, 2 N,3 N,4N,5N, 6N,
8 N, and 10 N. Two-cycle ECR measurements were taken using the
same loads and current. This allowed an analysis on the deforma-
tion of the coatings.

In this setup, the coated sample was the electrode and a silver-
nickel core (AgNig15), hard gold coated rivet (AuCog,) was used
as counter electrode (Adam Bornbaum GmbH). The counter elec-
trode had a curved head, with a mean curvature of 4 mm at its
tip. The roughness of the rivet’s tip was analyzed with CLSM with
a laser wavelength of 405 nm and 20x objective. The root mean
square roughness was Sq = 0.255 pm. For each coated sample, a
new rivet was used. The same rivet was used for all subsequent
measurements carried out on the same coating.

The pristine CNP were observed with SEM. Quantification on
pristine CNP powders were carried out with Image] software on
micrographs with a magnification of 2500x, except for the CNH
where 50000x was used. The minimum, maximum and average
particle/agglomerate sizes are summarized in Table 2. As this ta-

ble shows, the mean GF particles size falls within the range pro-
vided by the manufacturer (7-10 nm). However, larger flakes up
to 12.4 pym where observed. The GF observed were randomly dis-
tributed, without a specific orientation, showing multiple folded
particles. On top of the larger GF particles, smaller GF were ob-
served. GO showed large networks of agglomerated particles. A few
significantly larger GO particles could be identified. The agglom-
erated GO particles interact with one another, making it difficult
to differentiate one agglomerate from another. CNT showed varied
agglomerate sizes. Agglomerates of 2.1 pm up to 19.5 pm were ob-
served, with a mean size of 6.6 nym. The diameter of the CNT was
also measured on a micrograph with 50000x. The mean CNT di-
ameter measured was 45 nm with a standard deviation of 12 nm,
in accordance with the values provided by the manufacturer. The
CNH particles and clusters could both be measured. The mean CNH
particle diameter measured was approximately 74 nm, whereas the
mean cluster size was approximately 265 nm. CNH agglomerate
sizes range from 154 nm up to 388 nm approximately. Regarding
CNH particles, the smallest particle observed was 13 nm in diam-
eter approximately, whereas the maximum particle diameter was
29 nm.

3. Results and discussion
3.1. Coating topographic characterization

SEM micrographs of the four coatings are shown in Fig. 2. From
these micrographs one can obtain information on the different to-
pographies obtained from each CNP coating. As Fig. 2a shows, GF
are deposited with different orientations, with clusters of horizon-
tally deposited GF and few vertically deposited GF. This leads to an
uneven coating, with visible voids (some of which are highlighted
in light green). This could potentially lead to a porous coating. The
inset micrograph on the top right corner shows the pristine GF
particles. As the inset illustrates, GF particles significantly vary in
size and shape. It is interesting to highlight that GF do not form ag-
glomerates. GO coating’s topography is shown in Fig. 2b. This coat-
ing is similar to the GF coating, with an uneven surface and multi-
ple voids (highlighted in light green). GO agglomerates can be seen
throughout the surface, as well as large GO particles (shown by the
yellow arrows). The particles deposited horizontally on the surface
of the substrate will present a higher resistance, whereas the verti-
cally deposited particles will conduct electrical current with lower
resistance since in-plane conductivity is significantly higher. The
top right inset shows a micrograph of pristine GO nanoparticles.
In contrast to what was observed in graphite, GO does forms ag-
glomerates. Bundles of GO particles are ubiquitous throughout the
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Fig. 2. Secondary electron micrographs of coating topography - a) GF, b) GO, c)
CNT, and d) CNH. Light green circles highlight the presence of voids on the coatings’
surface. The yellow arrows indicate the inclusion of larger GO particles. The red
arrows indicate the presence of fissures on the CNH coating’s surface. A micrograph
of each pristine CNP is shown as an inset in the top right corner.

micrograph, making it difficult to identify individual GO particles.
Nonetheless, individual larger GO particles can be distinguished
among the GO bundles (lower left of the inset). The CNT coating,
shown in Fig. 2c, presents a heterogeneous surface, with large CNT
agglomerates scattered throughout its surface. Thicker regions can
be seen where the agglomerates are present. The thinner regions
correspond to small CNT agglomerates. However, the substrate can-
not be seen suggesting that the entirety of the surface is coated.
This is an advantage regarding wear and atmospheric protection,
and consistency in contacting surfaces. Nonetheless, regions with
larger CNT agglomerates could produce an increase in the electrical
resistance. The inset at the top right shows a few pristine CNT ag-
glomerates at higher magnification. In this inset the varying size of
the agglomerates can be highlighted. Furthermore, the inset shows
how the agglomerates tend to bundle, increasing the overall ag-
glomerate size. Finally, Fig. 2d shows the SEM micrograph of the
CNH coating. This figure shows a uniform surface with no topog-
raphy. It does, however, present some small cracks (shown by the
red arrows). These cracks may be a consequence of the elevated
voltage used in EPD, and the drying of the coating after removal
from the colloid [58]. These cracked surfaces jeopardize the trans-
port properties and atmospheric protection characteristics of the
coating. The inset in the top right shows the pristine CNH nanopar-
ticles. Due to the dimensions of the CNH only larger agglomerates
can be observed at this magnification. They are identifiable by the
lighter shade in the SEM micrograph.

Observing the four surfaces, the CNH coating seems to be the
most homogeneous and compact coating. Contrarily, the GF and
GO coatings appear to be highly porous and heterogeneous. In the
case of GF, the uneven coating can be explained by the large size
of the particles. Relative to the GF coating, GO appears to be - to
a moderate extent - more homogeneous. Although, several voids
can be observed on its surface. Concerning the CNT coating, it is
considered a heterogeneous coating. However, compared to GF and
GO coatings, it appears to be a better alternative as voids cannot
be observed. Nonetheless, the thickness of the coating changes sig-
nificantly from region to region as a consequence of the larger ag-
glomerates.

For further characterization of the coatings’ topography, sec-
ondary electron images were acquired with the samples tilted to
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52° relative to the electron beam. Their surfaces were additionally
analyzed with CLSM, plotting their height profile. The height pro-
file and SEM micrograph are shown in Fig. 3. The micrograph and
height profile correspond to different regions in the coatings. The
height profile and micrograph in Fig. 3a and Fig. 3b, respectively,
correspond to the GF coating. These figures prove what the mi-
crograph from Fig. 2a suggested; the coating produced by GF is
highly irregular. The height profile of the GF coating shows that,
on average, the height of the coating is in the range of 20 pm.
This plot also shows that the coating has multiple voids and peaks
scattered throughout the analyzed region. This can be seen by the
distribution of blue and yellow/orange regions in the height pro-
file. The peaks and valleys of the coating are also depicted in the
tilted SEM micrograph. The valleys are found at an approximate
height of 7 ym and the peaks at about 28 pum. Fig. 3¢ and Fig. 3d
show the height profile and micrograph of the GO coating, respec-
tively. Both figures show the irregularities and uneven nature of
the coating. The irregularities are accentuated when compared to
the GF coating. Although the SEM micrograph shows that the GO
coating has many voids, it can be seen from the height profile that
the voids are superficial. In other words, the voids are close to the
surface of the coating. Furthermore, this coating has regions where
the GO particles have been deposited higher than in other regions,
as seen in the height profile (orange/red regions). The mean height
of the coating is in the 20 pm range, with peaks as high as 35 pm
and valleys around 10 pm. Observing the tilted micrograph, it can
be seen that the higher regions in the coating correspond to GO
agglomerates, but also due to large GO particles. These particles
are significantly larger than the GO agglomerates, with sizes com-
parable to those of the GF particles. The height profile and mi-
crograph of the CNT coating is shown in Fig. 3e and Fig. 3f, re-
spectively. This coating highly contrasts with the previous two. The
height profile shows that the mean height is approximately 10 pm
with high peaks corresponding to the agglomerates (approximately
20 pm high). Both the height profile and the micrograph show that
the coating does not present voids. The height difference on the
coating’s surface is solely a consequence of the large CNT agglom-
erates. These agglomerates produce the heterogeneity of the coat-
ing. Finally, Fig. 3g and Fig. 3h shows the height profile and micro-
graph of the CNH coating, respectively. These figures confirm that
this coating is highly homogeneous, as suggested by the SEM mi-
crograph from Fig. 2d. The average height of this coating is below
10 pm, with a few peaks reaching an approximate height of 14 pm.
These peaks are seen as spots on the micrograph. These spots are
a consequence of relatively large CNH agglomerates. The fissures
observed on the SEM micrographs are not detected in the height
profile. Therefore, the depth of the fissures can be neglected.

The height profiles acquired with CLSM provide additional in-
formation, complementing the information obtained from SEM mi-
croscopy. From Fig. 3 we can establish that GF and GO produce
irregular surfaces, being the former more heterogeneous than the
latter. This statement contradicts what was initially hypothesized
by observing the SEM micrographs in Fig. 2. The CNH coating is
exceptionally homogeneous, with very few outlaying CNH agglom-
erates. The CNT coating stands in the middle showing heterogene-
ity, but to a lesser extent than GF and GO coatings. The tilted mi-
crograph additionally allows the visualization of superficial voids.
These are ubiquitously found in the GF and GO coatings, being
more prominent in the former as demonstrated by the height pro-
file.

3.2. Coating cross section
For an in-depth assessment of the compactness, thickness and

coating-substrate interface, FIB cross sections on each of the coat-
ings were carried out, shown in Fig. 4. In all cases, the substrate-
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Fig. 3. CLSM height profile (left), secondary electron micrograph of coatings tilted at 52° relative to electron beam (right); a-b) GF, c-d) GO, e-f) CNT, and g-h) CNH. It is
important to highlight that the height profile and SEM micrograph do not correspond to the same region of the coatings. The tilted SEM micrographs were taken on the

same regions as the micrographs shown in Fig. 2.

coating interface is highlighted by a green line. Likewise, the sur-
face of the coating is shown with a green dashed line.

The GF coating is shown in Fig. 4a. From the SEM image in
Fig. 2a, the coating seemed highly heterogeneous. However, the
cross section shows that the thickness of the coating does not

vary significantly. This coating has an average thickness of 12.8 +
0.9 pm. The uniformity of the coating is evidenced by the marginal
standard deviation, accounting for only 7% variation in the over-
all thickness of the coating. This is in strong contrast from what
one can infer from the SEM micrographs. The coating is relatively
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Fig. 4. FIB cross sections - a) GF, b) GO, c) CNT, and d) CNH. The green solid line indicates the substrate-coating interface. The green dashed line indicates the interface
between the CNP coating and the protective Pt coating. The light green circle indicates a large void present in the GF coating. The violet arrows highlight compact regions
in the CNT coating. The yellow squares highlight the porous interface between GO and the Cu substrate.

thick; however, this was expected since the particles are large in
size. This cross section shows that the coating is not compact,
with small voids (compared to the particle size). Larger voids are
present in regions where the flakes were deposited in perpendicu-
lar direction relative to the previously deposited flake (highlighted
in light green). The distance from the lowest point in the void,
moving vertically towards the next GF, is approximately 4.1 pm.
The maximum width of this void is approximately 5.8 um. The
different directions in which the flakes are deposited, as well as
the presence of voids severely restricts the coating’s ability to con-
duct electrical current. Therefore, the lack of compactness of this
coating is undesirable for electrical applications. Nonetheless, this
could be overcome by applying pressure during mating. Regard-
ing atmospheric protection, the voids seen in the top-view micro-
graph do not appear as significant in the cross section. Although
the superficial voids could allow atmospheric contaminants to pen-
etrate. Nonetheless, the path towards the substrate is very intri-
cate; no direct path is visible in this region of the coating. Concern-
ing solid lubrication, the cross section shows some flakes that were
deposited parallel to one another. This favors the solid-lubricating
ability of graphite. Moreover, the interface between the graphite
coating and the substrate raises concern. Only a few GF are in com-
plete contact with the substrate, leaving large voids between the
coating and the substrate. This is undesirable, as a weak bond be-
tween the coating and the substrate could facilitate the removal
of the coating; thus, compromising the mechanical stability of the
coating. However, this is beneficial for the lubricity of the system.

The GO coating is shown in Fig. 4b. Compared to the GF coat-
ing this coating seems more compact. Still large voids are present,
especially near the coating-substrate interface. The GO coating is
also thinner and more irregular, with an average thickness of 4.2 +
1.2 pm. The standard deviation here represents a 27% variation in

coating thickness in the region analyzed. This is a consequence of
large GO agglomerates that significantly increase the thickness in
some regions. This correlates with what was observed in SEM (Fig.
2b), since the topography of the coating appeared uneven through-
out the coating. Many small voids are present within the core of
the coating, with relatively larger voids near the substrate. As al-
ready stated, the presence of voids is highly unfavorable for electri-
cal conduction, wear and atmospheric protection, and from a me-
chanical standpoint. The voids are non-conductive regions, which
increase the overall electrical resistance of the coating. In addi-
tion, the presence of a porous network within the coating hinders
the protection of the substrate from atmospheric conditions. This
was inferred from the SEM micrographs, and now demonstrated by
the ubiquitous presence of voids. Furthermore, the larger voids at
the interface potentially reduce the coating’s adhesion to the sub-
strate (highlighted in yellow); consequently reducing the mechani-
cal stability of the coating and facilitating its removal. These voids
have a maximum width ranging from 1.0 to 3.2 um. The left-most
highlighted void has the largest vertical distance of approximately
3.3 pm.

The CNT coating’s cross section is shown in Fig. 4c. This coat-
ing is comparatively more compact than the GF and GO coatings.
A micro-porous network and some larger-sized voids can be seen.
However, the voids are significantly smaller than in the previous
two coatings. With the same deposition time, this coating results a
bit thicker than the GO coating, but significantly thinner than the
GF coating. It has an average thickness of 5.5 + 1.5 pm. For the
region analyzed, this coating also presents 27% variation in thick-
ness. This was expected, since CNT tend to form large agglomer-
ates, which were clearly visible in the SEM micrograph. The CNT
coating presents dark regions where the coating appears very com-
pact, with some identifiable small voids (shown by the violet ar-
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Fig. 5. Zoomed-in image showing the micro-porous network of the CNH coating.
The green solid line highlights the substrate-coating interface, whereas the green
dashed line highlights the interface between the CNH coating and the protective Pt
coating.

rows). The small region highlighted (left arrow) has a maximum
width of about 2.9 pm, whereas the larger region (right arrow)
has a maximum width of 6.6 pm. These regions may be larger
CNT agglomerates that were not broken apart during the disper-
sion process. Lighter regions represent areas with lower CNT den-
sity and larger voids. Nonetheless, this coating appears to be the
most favorable for electrical current flow, atmospheric protection,
and solid-state lubrication. Regarding the former, although many
small voids are present, the CNT appear to have an adequate in-
terconnection between the different regions of the coating. Conse-
quently, this coating provides different pathways for electrons to
be conducted from the electrode towards the substrate. Likewise,
this is also an advantage for atmospheric protection since the lack
of connection between voids blocks the flow of atmospheric con-
taminants towards the substrate. The larger voids observed in the
lighter regions were measured. The average pore width is 0.55 pm.
Although, they present a standard deviation of 0.25 pm, showing
that within the larger voids there is significant variation in their
dimensions. Moreover, this coating presents a seamless interface
with the substrate. Some regions show voids at the interface; how-
ever, they are relatively small. Additionally, within the region with
voids at the interface, CNT particles can be seen extending towards
the substrate. This is of great interest since it promotes a better
adhesion of the coating to the substrate.

Finally, the CNH coating’s cross section is shown in Fig. 4d. As
deduced from the SEM micrograph of the coating’s surface (Fig.
2d), this coating is very thin, uniform, and compact. It has an av-
erage thickness of 1.8 pm with a standard deviation of 0.2 pm.
The variation in thickness accounts for about 9% in the region an-
alyzed, further proving the uniformity of the coating. The fissures
that were observed on the coating’s surface do not seem to extend
within the coating (in the region analyzed), thus they do not af-
fect the potential atmospheric protection of the coating. However,
due to the thin nature of the coating, it is hard to visualize. There-
fore, Fig. 5 shows the coating at a larger magnification. In this im-
age, the micro-porous network of the coating can be clearly ob-
served. Observing this micrograph, many small voids can be iden-
tified. However, the CNH are connected to one another forming a
complex structure of bonded particles, which in turn potentially
enhances the coating’s atmospheric protection behavior. Regard-
ing the coating’s electrical properties, the complex CNH network
could hinder the electron transport properties. Nonetheless, there
are multiple paths for the electrical current to flow towards the
substrate due to the interconnected network of the CNH. Further-
more, as a consequence of the particle morphology, their potential
as solid lubricants is of great interest. The voids present an aver-
age width of 0.12 pm with a standard deviation of 0.04 pm. From
Fig. 4d, the CNH-substrate interface appears smooth and seamless.
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Fig. 6. Load-dependent ECR of coated and reference samples. The arrows indicate
the direction in which the loading and unloading semi-cycles were carried out.

However, as Fig. 5 shows, that is not the case. The voids found
throughout the coating also extend to the interface, with few CNH
particles in contact with the substrate. This has the potential to
reduce the mechanical stability of the coating, allowing for an ef-
fortless removal of the coating after mating and un-mating cycles
of a coated electrical contact.

All coatings were produced with a deposition time of five min-
utes. Considering the ratio between the mean particle/agglomerate
size of the CNP (7.09, 5.01, 6.61, and 0.26 um for GF, GO, CNT, and
CNH, respectively) and the mean coating thickness (12.8, 4.24, 5.53,
and 1.8 um for GF, GO, CNT, and CNH, respectively), it can be stated
that CNH has the highest deposition rate of all four nanoparticles.
It is followed by GF; however, its deposition rate is significantly
lower than CNH. GO and CNT have the lowest deposition rates.
These nanoparticles have similar mean agglomerate sizes, and both
produce coatings that are similar in thickness.

In addition to deposition time, voltage is also an important
parameter. Since it is the electric field who imparts the elec-
trophoretic force on the dispersed nanoparticles, which in turn is
determined by the voltage applied; therefore, larger nanoparticles
require larger voltages. Consequently, the small particle and clus-
ter size of CNH (and by maintaining 300 V on all depositions) ex-
plains the higher deposition rate of CNH nanoparticles. This also
justifies why GO and CNT have similar deposition rates, since these
CNP have similar particle sizes. However, GF’s deposition rate was
not expected. Considering that GF are relatively large, it was antic-
ipated that it would have the lowest deposition rate. Nonetheless,
on account of the larger dimensions of the particles, thick coatings
were expected.

3.4. Single-cycle electrical characterization

Load-dependent ECR values are shown in Fig. 6. The curves
shown on the plot correspond to one measurement cycle (a load-
ing semi-cycle and an unloading semi-cycle). The arrows indicate
the loading and unloading directions. As a consequence of the val-
ues recorded, the nanovoltmeter was used with a range of 1 V to
measure the four coatings, whereas 0.1 V was used for the copper
reference sample (to minimize uncertainty in this measurements)
[78]. All semi-cycles show the same tendency, i.e., higher ECR for
lower loads, which is expected. This is a consequence of the com-
pression of the coatings. As the normal load increases, the coat-
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ings are compacted by the counter electrode, thus filling the voids
within the coatings, and therefore improving the connectivity of
the nanoparticles. Furthermore, as the load increases the round-
headed counter electrode’s apparent contact area also increases;
consequently increasing the real contact area as well. In addition
- due to the elastic behavior of the coatings - as the counter elec-
trode compresses the coatings, it is immersed. This immersion of
the rivet further increases the contact area. As the coatings are
compacted - and the apparent contact area increases - so does the
real contact area. The real contact area increases as the asperities
(a-spots) of the electrodes come into electrical contacts. The elas-
ticity of the coating increases the real contact area, approximating
it to the apparent contact area. This is highly sought-after since it
reduces the constriction resistance of the system by augmenting
the a-spots that are in electrical contact.

As the figure shows, there is a clear hierarchy in the resistance
of the coatings and substrate. As expected, the copper substrate
has the lowest resistance at 10 N with a value of 52 mQ. The
substrate is followed by the CNT, CNH, GF, and GO coatings with
141 mQ, 219 mQ, 373 mQ, and 985 mQ at 10 N, respectively. This
hierarchy was expected since GO and GF present high anisotropy
in their transport properties. As the FIB cross sections shown in
Fig. 4a and Fig. 4b these nanoparticles are randomly deposited,
presenting different particle orientations. Ideally, the GF and GO
particles should be deposited vertically. In that case these coat-
ings would conduct the electrons in-plane, direction in which their
electrical conductivity is higher. Nonetheless, within the randomly
distributed coating, some particles were deposited in a more-or-
less vertical direction, improving the electrical properties of the
coating in these regions. However, this is more prominent in the
GF coating. Since GF particles are larger, it is crucial that there is
interconnectivity between the particles, considering that the voids
generated within the coating are consequently also larger. Particu-
larly for the GO coating, the oxygen atoms present in the structure
due to the synthesis method hinder the nanoparticle’s electrical
properties. In addition to this particle’s anisotropy, oxygen atoms
act as scattering sites for the electrons; therefore, the electrical re-
sistance increases. Moreover, the interface between the GO coating
and the substrate affects its electrical properties. Among the four
coatings analyzed, GO presents the weakest interface (shown by
the porous interface in the FIB cross, Fig. 4b). Consequently, higher
contact forces must be applied to achieve an adequate electrical
contact between the counter electrode, coating, and substrate. The
GF coating also presents a weak interface, however, not as signifi-
cantly as GO. Voids present at the interface in the GO coating rep-
resent up to 70% of the coating’s thickness. Whereas the dimension
of the voids located at the interface in the GF coating are insignif-
icant relative to the thickness of the coating (accounting for less
than 15% of the coating thickness). Moreover, both coatings show
elastic behavior since the ECR curves follow nearly the same ten-
dency in the loading and unloading semi-cycle. It is interesting to
point out that although the GF coating is more than twice as thick
as the GO coating, the thickness does not play as a significant role
as previously hypothesized. It was initially believed that thinner
coatings would present lower ECR, however, these two coatings
prove that the orientation of the nanoparticles is of greater im-
portance than overall thickness (for these specific CNP).

The behavior of the CNH coating was unexpected, showing the
second-best electrical behavior of the analyzed coatings. Due to the
morphology of the particles (dahlia-shaped particle constituted of
single-walled CNT with horn-shaped caps at their ends and semi-
conducting behavior) and it being a semiconducting CNP, it was
not expected that it would show ECR values similar to that of the
CNT coating. However, it was expected that the CNT coating would
have lower resistance among the four CNP. Since multi-walled CNT
were used, these nanoparticles always behave as metallic conduc-
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tors. Nonetheless, for low contact forces in the loading semi-cycle,
the CNT coating shows higher ECR values than CNH (3.8 Q against
2.5 Q). The CNH coating has a highly elastic behavior. Its ECR curve
is very narrow, with the final value being similar to the initial
value (1.9 Q and 2.4 Q, respectively). On the other hand, after the
unloading semi-cycle the CNT coating presents significantly lower
resistance than the CNH coating (0.76 Q). These two coatings also
present the advantage that they are relatively thin (especially the
CNH coating). Thin coatings require lower normal loads for the
counter electrode to reach the substrate, compacting the coating
and reducing the film resistance. The compacting process allows
for a better contacting area between the counter electrode, coating,
and substrate, improving the real contact area and thus reducing
the constriction resistance. Therefore, the resistance of the entire
system is not significantly elevated. At maximum load (10 N), the
resistance difference between the CNT and CNH coating is 80 mQ
(approximately 140 mQ and 220 mQ, respectively). Although these
resistances seem low, they are extremely high compared to the val-
ues of the copper substrate. The substrate has an ECR of approx-
imately 60 mQ at 10 N. The CNT coating has more than double
the resistance, whereas the CNH coating almost quadruple that re-
sistance. However, these values are still relatively low considering
that copper is one of the metals with the best electrical conduc-
tivity. This makes it is difficult to enhance copper’s intrinsic elec-
trical properties. Any additional layer added to this outstanding
conductor significantly affects the conductivity of the pure metal.
Nonetheless, at low normal loads the ECR values recorded for the
copper substrate are comparable to the resistances of the coatings.
This is because low normal loads do not puncture the native ox-
ide layer that is formed on its surface. After puncturing this oxide
layer however, the resistance of the substrate rapidly decreases. At
0.5 and 1 N the substrate shows the lowest resistance out of all the
samples (approximately 1.5 Q), when only considering the loading
semi-cycle. However, the values do not differ significantly from the
initial values of the CNH coating (about 2 Q). At 2 N the resistance
of the substrate is identical to that of the CNH coating. For the
subsequent loads the resistance continues decreasing, reaching the
lowest value at 10 N. As a consequence of the lower range used
for the substrate’s measurement (0.1 V), the measurements have a
lower uncertainty. Therefore, at 10 N the value corresponding to
the loading semi-cycle differs slightly from the value correspond-
ing to the unloading semi-cycle. This difference detected may be
caused by plastic flow of the substrate at this load. On the sub-
strate, the ECR at low loads in the unloading semi-cycle is higher
than the corresponding values during the loading semi-cycle. This
is a consequence of the deficient contact between the copper sam-
ple and the counter electrode when unloading. As the load in-
creases, the surface of the copper was deformed by the round
counter electrode. During the unloading semi-cycle, as the load is
gradually reduced, the real contact area decreases at a higher rate
(fewer a-spots are in contact) due to the deformation that has oc-
curred during the loading semi-cycle. With the normal load below
2 N the real contacting area is small, causing the ECR values to be
comparable to the CNH coating. The same phenomenon was ob-
served for the CNH coating, showing higher ECR at 0.5 N in the
unloading semi-cycle than in the loading semi-cycle. This is a con-
sequence of the thin nature of the coating. Due to the thickness of
the GF, GO, and CNT coating, the resistance in the unloading semi-
cycle is always lower than in the loading semi-cycle. Thus, enhanc-
ing the electrical contact between the coatings and the counter
electrode even at low loads.

3.5. Post single-cycle ECR coating characterization

After carrying out the ECR measurements, the rivets and the
coatings were observed under CLSM. The parameters of the CLSM
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Fig. 7. CLSM intensity profile of CNP coating (top) and Au rivet (bottom); a-b) GF, c-d) GO, e-f) CNT, and g-h) CNH after one ECR measurement cycle.

are identical to those described in Section 2. Before observing the
rivets under CLSM they were wiped with paper cloth and later
cleaned with compressed air. The images are shown in Fig. 7a-h.
The GF coating and the rivet’s surfaces after ECR are shown Fig.
7a and Fig. 7b, respectively. The GF coating was partially removed
after the electrical measurements. Part of the removed coating was
deposited on the rivet itself. Graphite was also found remaining on
the paper used to wipe the rivet before observing under the micro-
scope. Although, the coating was not entirely removed. The mark
left behind by the indenting counter electrode was circumscribed;
the resulting circle had a diameter of approximately 470 pm. Sim-
ilarly, the coating that was deposited on the rivet after the mea-
surements was circumscribed resulting in a diameter of approxi-
mately 235 pm. The GO coating and rivet after ECR are shown in
Fig. 7c and Fig. 7d, respectively. This coating was also partially re-
moved after the ECR measurements, in similar manner as the GF
coating. Moreover, the counter electrode was also partially coated.
The diameter of the circumscribed mark left behind by the in-
denting counter electrode is approximately 460 pm. Regarding the
coated rivet, it has a diameter of approximately 275 pm. GO par-
ticles were cleaned away when wiping the rivet before observing
under CLSM. Observing the CNT coating and rivet, Fig. 7e and Fig.
7f respectively, it can be seen that the mark left correlates per-
fectly to the deposition on the rivet. The mark and deposition have
an approximate diameter of 250 pm. The coating’s surface shows
that part of the CNT were removed, but to a lesser extent com-
pared to the previous coatings. In the mark we can also see darker
regions, which correspond to CNT agglomerates that remain in the
indented area. Likewise, the image of the rivet shows areas with
high concentration of CNT and areas without CNT. These images
coincide, i.e., the intensity map of the coating shows CNT agglom-
erates in regions where the rivet does not show CNT particles.
Likewise, the rivet shows regions with CNT deposited where the
coating shows partial removal of the coating. No traces of CNT par-
ticles were observed when wiping the rivet after the measurement
cycle. Finally, the CNH coating and rivet are shown in Fig. 7g and
Fig. 7h. The intensity map of the coating shows partial removal of
the nanoparticles on the outer ‘ring’ of the indented area, showing
little to no CNH particles in the center of the circumference. The
diameter of the interaction zone is approximately 220 pm, whereas
the deposited CNH particles in the rivet has a diameter of approxi-
mately 200 pm. A clear correlation between the indented region in
the coating and the CNH deposition in the rivet can be observed.

10

As for CNT, no traces of CNH particles were observed after wiping
the rivet.

The different interaction zones of the indenting counter elec-
trode are interesting. They provide information on the compres-
sion that the coatings have undergone, but also on the mechanical
stability of the coatings. Observing the intensity maps of the GF
and GO coatings - Fig. 7a and Fig. 7c, respectively - it is evident
that the coating was removed at a higher rate than in the case of
CNT and CNH, Fig. 7e and Fig. 7g. As described in Section 3.2, the
GF and GO coatings have a very weak interface with the substrate.
The interface presents multiple large voids which hinder the ad-
hesion of the coating to the substrate. Consequently, the coating
is easily removed by the indenting counter electrode. Comparing
the areas where the GF and GO coatings were removed with the
areas on the rivet where the respective CNP were deposited, the
latter is in the range of half of the former (470 pm to 235 pm
and 460 pm to 275 pm, respectively). This shows that the coat-
ing area removed is higher than that deposited on the rivet. Addi-
tionally, these two coatings left behind CNP residue on the rivet,
which was wiped away after the ECR measurements. This further
demonstrates the fragility of these two coatings due to lack of ad-
hesion with the substrate. The higher amount of CNP removed can
be attributed to weaker adhesion to the substrate, compared to the
adhesion between CNP. Consequently, when retracting the counter
electrode, the CNP deposited on the counter electrode remove the
CNP in the vicinity of the contact area. The CNT and CNH coatings,
on the other hand, show a similar behavior regarding the diame-
ter of the circumscribed area affected in the coating and deposited
nanoparticle on the rivet’s surface (250 pm in both cases for CNT
and 220 pm to 200 pm for CNH). As the FIB cross sections from
Section 3.2 demonstrated, these two coatings present a better in-
terface. That is, the coating-substrate interfaces are seamless (es-
pecially compared to the GF and GO). Therefore, the mechanical
stability of the coating is superior. This is the reason why the area
affected in the coatings matches the area affected in the rivets. The
interaction between the CNP and the substrate is stable enough to
prevent additional CNP removal when retracting the counter elec-
trode.

3.6. Dual-cycle electrical characterization

Multiple loading and unloading semi-cycles provide useful in-
formation on the elasticity of the proposed coatings. An advantage
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Fig. 8. Load-dependent ECR of coated samples over two cycles of a) GF, b) GO, ¢) CNT, and d) CNH. The gray line depicts the ECR values on the first loading semi-cycle,
whereas the red line shows the first unloading semi-cycle. The blue and green line depict the ECR values of the second loading and unloading semi-cycles, respectively.

of CNP coatings is the ability of the coatings to return, to a certain
degree, to their original form after the load has been removed.
This elastic restitution of the coatings ensures repeatability in the
contacting area after the first mating and un-mating cycle. Further-
more, this behavior improves the contacting area, consequently
reducing the constriction resistance. Two-cycle ECR measurements
were carried out on the four coatings produced. The ECR curves
are shown in Fig. 8. As the figure shows, the coatings behave
similarly on both measurement cycles. The most elastic coating
measured was the CNH coating, since the curve corresponding to
the first cycle is nearly the same for the second cycle. The least
elastic coating measured was the CNT coating, showing high ECR
values initially (for low loads in the first loading cycle). However,
as the measurement cycle progresses, the resistance decreases and
remains relatively low. The GF and GO behave in a similar manner.
These coatings are not as elastic as the CNH coating, but these
also do not show a significant decrease after the first loading cycle
like the CNT coating. Between GF and GO, GO shows slightly more
elasticity than GF. This is due to the inherent high flexibility and
mechanical strength of the graphene nanoparticles. Furthermore,
as observed in Section 3.2, GO particles form large networks. When
loading on these GO clusters they will deform, copying the curved
shape of the counter electrode. Contrarily, GF particles do not form
clusters or agglomerates. In addition, GF particles are randomly
oriented when deposited. Graphite interlayers interact weakly with
one another. Therefore, when loading on a GF particle - displacing
the particle from its original position - there is no restitution

1

force. Consequently, the elasticity of the coating is relatively low.

The elasticity of the CNH coating can be attributed to two
key factors, i.e., the compactness of the coating and intrinsic
properties of the nanoparticle. The latter refers to the fact that
CNH particles, when compressing a nanohorn axially, are capable
of absorbing energy. When the compressing force is removed, the
energy absorbed returns the nanohorn to its original shape. This
property fundamentally guarantees an elastic coating. Although
the CNH coating presents a porous network, the voids are small
in dimensions. Therefore, when applying a normal load on the
coating, the force does not significantly compact the coating; thus,
the coating behaves elastically since the displacement is marginal.

Although the CNT coating does not show an elastic behavior
in the first loading semi-cycle, in the subsequent semi-cycles it
behaves moderately elastic. Nonetheless, this coating shows the
lowest ECR values. All measurements taken after the first loading
semi-cycle above 1 N normal load show an ECR value below
1000 mQ. The minimum resistance value for this coating was ob-
served at 10 N in the first unloading semi-cycle, with a resistance
of approximately 150 mQ. However, this coating also shows the
highest initial ECR value in the first loading semi-cycle at 0.5 N,
with an approximate value of 8460 mQ. The initial high values of
ECR may be a consequence of the large CNT agglomerates. Due to
the geometry of CNT, when compressed radially, the electrostatic
forces restitute the original shape of the CNT when the load is re-
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Table 3
. Summary of key findings.
GF GO CNT CNH

Topography Very low homogeneity =~ Low homogeneity Mild homogeneity =~ High homogeneity
Compactness High porosity Moderately high porosity Mild porosity High compactness
Mean thickness [um 12.8 £ 0.9 42 + 1.2 55+15 1.8 £0.2
Coating-substrate interface =~ Weak Weak Moderate Seamless
Deposition rate Moderate Low Low Very high
ECR at 10 N /mQ 373 985 141 219
Elastic restitution Moderate Moderate (Initially) Low Very high

moved. However, CNT agglomerates are formed by weakly-bonded
CNT. Thus, the first loading semi-cycle breaks apart the CNT ag-
glomerates, producing smaller agglomerates. Therefore, in the sub-
sequent semi-cycles the resistance of the system is different from
the first semi-cycle since the contacting surfaces are not the same.

In all cases, for high normal loads, the resistance of the sys-
tem in the first cycle is higher than in the second cycle. This is a
consequence of the deformation of the substrate. In the first load-
ing semi-cycle, the substrate is mirror polished. As the load in-
creases, the counter electrode penetrates the CNP coatings reach-
ing the substrate. Consequently, the hard gold rivet indents the sur-
face of the substrate deforming it. On the second cycle the counter
electrode contacts the deformed surface. This should decrease the
constriction resistance, approximating the real contact area to the
apparent contact area. However, if that were the case, the resis-
tance should decrease instead. The increase in electrical resistance
in the second cycle (compared to the first unloading semi-cycle)
may be a consequence of a deficient contact between the elec-
trodes. For the analyzed coatings, the resistance values at 10 N in
the first cycle is between 60% and 70% of the ECR values - at the
same load - in the second cycle. Furthermore, the unloading semi-
cycles show the lowest average resistance values throughout the
entire semi-cycles. This behavior is a consequence of the coating.
When unloading, the contact area between the counter electrode
and the sample is gradually decreases. However, as the load on the
coatings decreases, the CNP gradually return - approximately - to
their initial positions, mimicking the geometry of the counter elec-
trode. Therefore, as the load decreases the decrease in contact area
is compensated by the coating, improving the electrical contact be-
tween the counter electrode and the coated sample.

The following table (Table 3) summarizes the key findings of
this work. Through this study, it was determined that CNH coatings
produce the most homogeneous topographies, followed by CNT,
then GO, and GF the most heterogeneous topographies. Regarding
compactness, CNH produce highly compact coatings, followed by
CNT, then GO, with GF producing the most porous coatings. CNT
and CNH coatings present adequate adhesion compared to GO and
GF coatings, which show weak interactions with the substrate. The
highest deposition rate was observed for CNH. GF follows, although
with a much lower deposition rate. GO and CNT show similar de-
position rates, the lowest out of the CNP in question. CNT present
the lowest ECR at 10 N, followed by CNH and GF. GO shows the
highest ECR at 10 N, with values close to 1000 mQ. GF and GO
coatings behave moderately elastic in multi-cycle ECR measure-
ments. CNT showed the least elastic behavior, however after the
first semi-cycle the elasticity moderately increased. CNH showed
the highest elasticity out of the four CNP.

4. Conclusions

Four different CNP were deposited on copper substrates via
EPD. Load-dependent ECR measurements showed that, for normal
loads above 4 N, the resistance of the systems was always be-
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low 1 Q, except for coatings produced with GO. The oxygen atoms
present in GO act as scatter sites for the electros, hindering this
coatings conductivity. Additionally, oxygen generates lattice defects
in the graphene structure which further compromise the conduc-
tivity. CNT and CNH coatings proved the most favorable coatings.
At 10 N the CNT and CNH coatings showed the lowest and second
lowest ECR, respectively. Furthermore, although the CNT coating
did not show an elastic behavior for the first loading semi-cycle,
it did behave elastically for subsequent semi-cycles. On the other
hand, the CNH coating shows a clear elastic behavior throughout
both measurement cycles. Additionally, these coatings’ interfaces
with the substrate are seamless, thus guaranteeing a better adhe-
sion and mechanical stability. Finally, these two coatings produce
thin and uniform - in the case of CNH - coatings. Accordingly, these
two CNP coatings have the potential application of protecting and
lubricating electrical connectors for the following reasons:

e Both CNT and CNH have been proven effective as solid-state lu-
bricants.

o They produce relatively compact coatings and have a hydropho-
bic behavior for atmospheric protection by manipulating their
surface chemistry.

e Both CNT and CNH have high thermal conduction coefficients,
thus dissipating the heat produced by Joule’s effect.

e Above 4 N normal load, CNT and CNH showed ECR values be-
low 400 mQ.

In future works, it is of interest to analyze the ideal coating
thicknesses (i.e., EPD duration) for the different CNP based on the
ECR values measured. Moreover, tribological testing on the coat-
ings produces is of interest. Fretting and scratch tests would help
quantify the lubricating behavior of the CNP coatings and their
adhesion, respectively. Additionally, different copper alloys are of
interest, thus obtaining a wider understanding on how the sub-
strate influences the deposition rate, adhesion, and electrical be-
havior of the systems. Furthermore, substituting GO with rGO can
be a promising alternative for electrical contact applications. The
absence of oxygen and fewer lattice defects in the graphene struc-
ture should improve the ECR of the coating. In addition, sessile
drop tests are of interest; therefore analyzing the wetting behav-
ior of the different CNP coatings.
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