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Hot switching creates an electrical arc that erodes electrodes through ion and electron bombardment. This study
characterizes arc erosion craters from a single-break operation of carbon nanotube (CNT)-reinforced composite
and reference materials. Crater morphology was analyzed via confocal laser and electron microscopy, in addition
to energy dispersive X-ray and Raman spectroscopy. Composites of up to 2 wt% resulted in crater roughness,
displaced volume, and crater dimensions similar to reference materials. Higher CNT concentrations led to

increased roughness and material displacement. Although CNT did not affect the molten front’s dimensions, it
reduced molten pool duration. Raman spectroscopy confirmed CNT structural integrity post-manufacturing,
despite minor degradation. CNT-reinforced silver and copper composites (up to 2 wt%) demonstrate potential
for cost-effective, durable switching electrodes.

1. Introduction

A switching device is an electrical component that is responsible for
interrupting the flow of current in a circuit. The necessity for current
interruption may be attributed to the specific characteristics of the
application in question, such as the use of electromechanical relays and
contactors. Alternatively, it may be a consequence of safety consider-
ations, as exemplified by the deployment of magnetic circuit breakers
and ground fault interrupters. During an electrically loaded break
operation (known as hot switching), the separation of the electrodes
results in an increase in the current density flowing through the con-
tacting asperities (also known as a-spots) [1]. The elevated current
density results in the generation of localized heat at the asperities. As the
real contact area tends to zero and the constriction resistance increases,
the temperature at the asperities exceed the melting point of the con-
tacting metals. The molten material is drawn by the receding electrode,
thereby generating a molten bridge between the two electrodes. As the
gap between the electrodes increases, the bridge is further extended,
thereby further increasing the current density. The molten bridge is
extended until it becomes unstable and ruptures [1]. Instability arises
either from the introduction of cooler material at the base of the bridge
or from the ejection of particles caused by temperatures surpassing the
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metal’s boiling point [1]. Upon the rupture of the bridge, the arc is
established, resulting in the release of metallic vapor into the gap be-
tween the electrodes. The release of metallic vapor into the gap signif-
icantly increases the pressure. However, as the vapor expands into the
surrounding low-pressure regions, a pseudo-arc is ignited in which the
current is conducted by the ions. Under atmospheric conditions, the
movement of gases into the inter-electrode gap is driven by a decrease in
pressure. This influx of gases subsequently leads to the transition of the
arc from a metallic phase (where ions are the primary current carriers)
into a gaseous phase (where electrons are the primary current carriers)
[1].

In the early stages of the arc, the anode is eroded on account of
electron bombardment, while the cathode gains mass as particles
condense and recombine on its surface. This leads to a transfer of ma-
terial from the anode towards the cathode [2]. For arcs with longer
durations, a transition phase occurs, during which ion bombardment
causes the cathode to lose mass [3]. This transition is dictated by both
the arc’s length and duration. The former determines if this transition
takes place, whereas the latter is the dominant factor influencing the
direction of mass transfer [4]. During the shift from anodic to cathodic
arc, the material previously deposited on the cathode is removed, thus
leading to net zero erosion [5]. The point of net zero erosion is
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determined by the amount of material transferred during anodic
erosion. In other words, how much material needs to be eroded from the
cathode to completely sputter material that was transferred from the
anode. This is influenced both by the arc’s duration and the electrode’s
composition [4]. The duration of the arc depends on the type of arc that
is ignited, which is in turn determined by the electrical load - i.e.,
resistive, capacitive, inductive. Whereas the material selection de-
termines the erosion rate of the electrodes. A longer anode loss phase
(and consequently a longer cathode gain phase) and materials that erode
more easily, will lead to more material being transferred towards the
cathode, thus prolonging net zero erosion. Nevertheless, the anodic to
cathodic arc transition is unaffected by electrode material and arc
duration; it is only dependent on arc length. The current levels flowing
through the electrodes prior to breaking do not affect the type of arc that
ignites. However, the current does amplify the arc’s energy, which can
significantly affect erosion (and postpone net zero erosion [5]). Breaking
at elevated currents leads to higher material removal rates and larger
sized craters. Therefore, high currents and longer arc durations tend to
produce much rougher craters [6,7] .

The service life of a circuit breaker depends upon its capacity to
withstand erosion due to arcing. In order to ensure optimal performance
and safety, electrode materials should exhibit a low electrical resistance,
be resistant to excessive heating, be erosion-resistant, demonstrate good
interruption capabilities, not be toxic, be cost-effective, exhibit low
welding tendencies, and low weld force to ensure that the circuit opens
when required [1,8]. Silver is a material that is extensively utilized in
switching applications, presenting exceptional conductivity and low
welding potential. The performance and durability of silver electrodes
can be further enhanced by alloying it with zinc, nickel, copper, tung-
sten, palladium, among other metals, or by using silver-metal oxide
composite materials, including silver-cadmium oxide, silver-zinc oxide,
silver-tungsten oxide, silver-tin oxide, and others [1,3,8-11]. Addi-
tionally, copper is used in certain switching applications for its excellent
conductivity and relatively low cost (particularly when compared to
silver). However, copper has a higher welding potential than silver.
Therefore, to improve weld resistance, copper electrodes are often
coated with silver-based materials. Additional techniques employed to
enhance the switching performance of copper include the deposition of
tin coatings or alloying copper with elements such as zinc, tin, cadmium,
chromium, or tellurium [1,8].

Previous researchers have evaluated the switching behavior of
graphite-based silver and copper electrodes [12-17]. The studies un-
derscore the enhanced switching performance by reducing the weld-
ability of the electrodes even when subjected to elevated switching
currents [8,18]. The studies also demonstrate how the formation of
non-conductive oxide layers on the electrode’s surface is prevented, thus
ensuring low resistances [17]. However, the performance of
graphite-containing metal matrix composite (MMC) electrodes is influ-
enced by graphite’s relative position within the composite due to its
anisotropic nature. Additionally, incorporating graphite into these
metals tends to decrease electrical conductivity, as well as increasing
erosion rates and the likelihood of arc re-ignition [17,19]. Nevertheless,
graphite-based copper composite materials find applications when
friction and (high current) arc discharges act simultaneously in the
system [20-22]. Moreover, research on copper-tungsten composite
electrodes has shown that the addition of graphene can improve the
electrodes’ hardness and conductivity [23]. As is the case with graphite,
the addition of graphene increases erosion rates. Nonetheless, graphene
promotes the dispersion of the arc while also increasing the viscosity of
the molten pool. Likewise, copper-tungsten composites using copper
doped with reduced graphene oxide have proven to increase molten pool
viscosity while also reducing solidification times; thus inhibiting fast
flow and splashing of the molten pool [24]. Furthermore, studies on the
high current performance of carbon-based copper composite have
shown that increasing the contact load between the electrodes can also
aid in hindering arc discharges [25]. Moreover, carbon-reinforced
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silver-based composite materials have shown improved mechanical
properties, while also reducing weldability and material transfer during
arcing [26,27].

Our previous research has examined and reported on the charac-
teristics of the arc generated, electrical contact resistance, reinforcement
phase distribution, and the impact of carbon nanotube (CNT) concen-
tration on arc behavior [28]; highlighting the promising performance of
the proposed composites. Moreover, the addition of CNT as a rein-
forcement phase promotes contact repeatability due to their elasticity,
as well as improved electrical, fatigue, and tribological performance
[29-32]. Like graphite, CNT also present anisotropy in their transport
properties. However, CNT have a great tendency to form agglomerates
due to van der Waals interactions. Large CNT bundles are — in part —
broken down during the manufacturing of the MMC in order to take
advantage of the exceptional properties that these nanostructures
possess [33,34]. However, during this step, it is crucial that the CNT do
not sustain excessive amounts of damage which could lead to structural
degradation [35]. Consequently, the reinforcement phase in the MMC
still consists of CNT clusters (although considerably smaller). While CNT
agglomerates are often regarded as detrimental, due to the weakening of
their intrinsic properties, in this context they can be advantageous.
Specifically, agglomerates of multi-walled CNT help mitigate the
anisotropic transport properties of individual nanotubes, as they statis-
tically include at least one tube exhibiting metallic conductivity [36].

It is therefore the aim of this study to evaluate the degradation of
CNT-reinforced silver and copper MMC and assess their potential as
switching electrodes in low-voltage direct current circuits. Switching
devices make-and-break the circuit numerous times, which will un-
doubtedly affect the erosion rate of the electrodes. However, the
fundamental interactions between the contacting electrodes remain the
same irrespective of the number of times that the circuit is interrupted.
Accordingly, this work focuses on characterizing the crater resulting
from a single break operation. This consideration provides insight and
enables the assessment of the initial performance of the proposed MMC,
particularly in comparison with reference and standard switching
materials.

The arc erosion craters produced were micrographed via confocal
laser scanning microscopy (CLSM) and scanning electron microscopy
(SEM), whereas chemical analysis was carried out via energy dispersive
X-ray spectroscopy (EDS). The area affected beneath the arc erosion
crater was visualized by conducting focused ion beam (FIB) cross sec-
tions at the center of the craters. The CLSM measurements were
employed to determine the most relevant crater attributes — i.e., di-
mensions, topographic parameters, displaced material volume, and
load-bearing capacity following the initial opening cycle. Finite element
method thermal simulations were conducted on the pure metals and
CNT-reinforced MMC based on the real power input of the electrical
arcs. Through this methodology, maximum temperatures, dimensions of
the melting and boiling fronts, duration of the molten pool, and evap-
oration times were determined. Furthermore, Raman spectroscopy was
carried out to assess the structural integrity of the CNT clusters within
and outside the crater to determine the extent of damage that the
reinforcement phase may have sustained during arcing.

2. Materials and methods
2.1. Materials

CNT-reinforced silver and copper metal matrix composites were
fabricated using powder metallurgy with CNT concentrations of 1, 2,
and 3 wt%. The metallic matrices consisted of silver flakes and dendritic
copper powders. The silver flakes (Alfa Aesar GmbH) have a purity of
99.9 % and a particle size distribution where at least 80 % of the flakes
were below 20 um. The dendritic copper powder (Alfa Aesar GmbH)
used has a 325-mesh size and 99 % purity. The multi-walled CNT were
synthesized via chemical vapor deposition (Graphene Supermarket).
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The reinforcement phase possesses an outer diameter ranging from 50 to
85nm, a length of 10-15um in their as-received state, and a carbon
purity exceeding 94 %.

To comprehensively evaluate the feasibility of the proposed MMC,
their performance was compared to that of pure metals and commonly
used switching materials. High purity silver (99.95 %, Alfa Aesar GmbH)
and copper (99.9 %, Goodfellows Cambridge Limited) rods served as
pure metal benchmarks. Furthermore, unreinforced (0 wt%) sintered
silver and copper reference samples were manufactured using the same
metallic powders as the reinforced samples. Additionally, silver-based
switching materials were assessed due to their extensive commercial
applications; namely Ag/Ni 90/10, Ag/SnO, 88/12, Ag/SnO, 90/10,
and Ag/SnO, 92/8 (Umicore N.V.).

In all arc erosion tests, hard gold-coated (AuCoy 2) silver-nickel core
(AgNig 15) rivets (Adam Bornbaum GmbH, Germany) were employed as
counter electrodes. The rivets featured a hemispherical geometry (4 mm
radius of curvature), a hardness of 1.38 +-0.01 GPa (determined via
Vickers hardness testing), and an Sy of 0.3 um. While it is usual that both
electrodes are composed of the same material, hard gold counter elec-
trodes were chosen in this work for several reasons: 1) using only one
material as counter electrode ensures consistent and comparable results
irrespective of the material being tested; 2) hard gold counter electrodes
guarantee similar oxidative state throughout the experiments; 3) the
higher hardness of the counter electrodes ensures that plastic deforma-
tion occurs predominantly on the materials in question; 4) hard gold
counter electrodes have similar melting point as the materials herein
studied [8]; and 5) gold can be used as a “trace” material to observe how
and in which direction material transfer took place during arcing.

2.2. MMC manufacturing

The CNT were dispersed in ethylene glycol through a combination of
homogenization (Ultra-Turrax T25, IKA) and ultrasonication. The
metallic powder was then introduced into the colloid, followed by an
additional homogenization step. The solvent was subsequently evapo-
rated in a ventilated furnace at 150 °C for at least 24 h. After solvent
removal, green pellets with an 8 mm diameter were formed by placing
the CNT-metallic powder mixture into a steel die and applying a pres-
sure of 990 MPa for approximately 30s.

To achieve further densification, ensuring a relative density of at
least 95 %, the green pellets underwent hot uniaxial pressing. To mini-
mize the likelihood of sample oxidation, this densification step was
conducted under vacuum (2 x 10~® mbar). Both silver and copper
samples were sintered at a pressure of 264 MPa and a temperature of 750
°C. The isothermal holding time was 7.5 h for silver samples and 2.5h
for copper samples. Additional details on colloidal mixing and MMC
sample fabrication can be found in [29,30].

2.3. Arc erosion tests

The arc was induced by simulating a break operation between the
MMC or reference material and the hard gold counter electrode. Both
electrodes were secured onto a customized electrical testing rig [37].
The samples were positioned on a movable stage and connected to the
positive terminal (anode) of a 3000 W direct current power source
(Gossen Metrawatt SSP 3000-52). The counter electrode, on the other
hand, was mounted onto the fixed stage of the testing rig and connected
to the negative terminal (cathode) of the power source. Voltage drops
before, during, and after the break operation were recorded using an
oscilloscope (LeCroy WaveRunner 6100 A). The current was stored
using the same device and measured with a LeCroy CP031 current probe
[38]. Four 50 W automotive halogen lamps served as a pure ohmic load,
totaling 200 W. A constant voltage of 13.5V was used throughout the
arc erosion tests, resulting in an approximate current of 17 A (further
details can be found in [28]). A standard normal load of 4 N was applied
between the electrodes, with a 10s stabilization time allowed before
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opening the circuit to ensure a steady-state current during breaking.
Once the current had stabilized, the linear stage retracted with a con-
stant acceleration of 8000 mm/s?, reaching a peak speed of 58 mm/s.
Further details on the setup’s precision and schematic representations
were previously provided by Puyol et al. and Suarez et al. [37,38]. A
minimum of three switching operations were performed per sample
type, each at a different spot. Although the reinforcement phase is not
homogeneously distributed, arc erosion tests on samples with identical
CNT concentrations did not show significant variations — see [28]. Be-
tween each measurement, the current probe was degaussed, and a new
rivet was mounted on the testing rig. The rivets were cleaned with an
isopropanol-based contact cleaner and dried using compressed air
before each test. All experiments were conducted under atmospheric
conditions — 23 +1 °C and 23 +2% relative humidity. Prior to arc
erosion testing, all samples were mirror polished, achieving roughness
values ranging from 0.3 to 0.6 um. The root mean square roughness of
each electrode prior to arc erosion tests are shown in Supplementary
Table 1.

2.4. Confocal laser and scanning electron microscopy

The samples and rivets were micrographed via confocal laser scan-
ning microscopy (LEXT OLS4100, Olympus) using a laser wavelength of
532 nm. Micrographs of the arc erosion craters on the samples’ surface
were acquired with a magnification of 50 x , whereas 20 x magnifica-
tion was used for the counter electrodes due to their curvature. At least
three arc erosion craters were micrographed per sample. Morphological
and topographic analysis of the arc erosion craters conducted via CLSM
were carried out applying a mask to highlight the region of interest.
Therefore, the influence of the unaffected regions surrounding the cra-
ters were eliminated.

SEM micrographs of the arc erosion craters on the samples were
acquired using an ICE detector and an acceleration voltage and beam
current of 10kV and 1.6 nA, respectively (Thermo-Fisher Helios™ G4
PFIB CXe DualBeam™ FIB/SEM equipped with an EDS detector EDAX
Octane Elite Super). Furthermore, for a two-dimensional chemical dis-
tribution analysis, EDS mappings were acquired using 10 kV. FIB milling
was carried out using Xe ions with an acceleration voltage of 30 kV and a
beam current of 1 pA. Subsequent ion polishing of the cross section was
conducted using a beam current of 0.2 uA, 60 nA, and 15 nA to minimize
curtaining. An approximate volume of 0.5 mm was removed. The cross
section was micrographed using an ICE and TLD detector, with an ac-
celeration voltage and beam current of 5kV and 1.6 nA, respectively.

2.5. Thermal simulations

Finite element method thermal simulations based on Fourier’s law of
heat conduction were carried out for each MMC and pure metal refer-
ences using Flex-PDE software [39]. Effects of convection and radiation
were neglected since these transfer modes are considered energy losses.
In other words, convection and radiation are fractions of the arc’s energy
that are not absorbed by the electrode. Convection transfers a part of the
arc’s energy to the surrounding gas, while another part is lost through
radiation. Moreover, the exact amount of heat that is transferred via
these mechanisms differs significantly, depending on the literature
[40-43]. In addition, the time frame in which the discharge occurs and
the interaction time (in the ps range [28]) renders both convection and
radiation marginal. Therefore, to simplify the simulations and to simu-
late the worst-case scenario, the thermal simulations were carried out
under the assumption that 100 % of the arc’s energy is absorbed by the
electrode. The heat input was obtained by linearly fitting the power
curves of each arc erosion test reported in [28]. The energy from the
electrical arc was assumed to be cylindrical, with a radius of 50 pm,
encountering a 1 mm in radius and height cylindrical electrode from the
z-axis. All phase transitions were considered in the simulations by
incorporating the power per unit of volume involved in solid-liquid and
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Table 1

Average crater attributes after a single break operation.
Sample Crater area (x10%) /um? Crater surface area (x10%) /um? S-ratio
Ag/Ni 90/10 3.03+£0.48 4.48£0.77 1.48+0.03
Ag/Sn0, 92/8 2.30+£0.16 3.21+£0.32 1.39+0.05
Ag/Sn0, 90/10 2.54+0.29 3.47 £0.50 1.36 £ 0.05
Ag/Sn0O, 88/12 2.30+£0.33 3.14+£0.38 1.37 £0.03
Ag rod 3.24+£0.25 4.81+0.44 1.43+0.04
Ag 0% 3.21+0.31 4.73£0.42 1.47 £0.02
Ag1% 2.97 £0.44 5.18£0.72 1.75+0.02
Ag 2% 2.85+0.42 5.22+0.80 1.83+0.04
Ag3% 3.57+£0.73 7.64+£2.77 2.07 £0.34
Cu rod 2.08 £0.32 2.61£0.35 1.26 £ 0.04
Cu 0% 2.72+0.25 3.51+£0.30 1.29+0.01
Cul% 2.41 £0.08 3.95+0.13 1.64 +0.01
Cu2% 2.33+£0.39 4.06 £0.66 1.74 +£0.02
Cu3% 2.77 £0.45 5.27£0.76 1.91+0.03

Table 2 D’-band a Voigtian curve [52]. Due to the convolution of these G- and

Average volume above and below the datum line for arc erosion craters in
reference and MMC samples.

Sample Volume above (x10%) /um® Volume below (x10%) /um®
Ag/Ni 90/10 1.89+0.22 1.53+0.22
Ag/Sn0, 92/8 0.70 £0.09 1.68+0.18
Ag/Sn0O, 90/10 1.30+0.19 1.44+0.20
Ag/Sn0O, 88/12 1.00+0.11 1.73+0.17
Ag rod 3.20+£0.10 1.80+0.13
Ag 0% 2.09+0.18 1.57 £0.20
Ag1% 1.78 +0.21 1.97 +0.29
Ag 2% 1.46 +0.27 2.21+0.11
Ag3% 3.81+1.11 3.17+£3.47
Cu rod 1.11 +£0.11 1.19+0.06
Cu 0% 1.16 +0.18 1.42+0.23
Cul% 1.31+0.13 2.73+0.21
Cu2% 1.37 £ 0.16 1.52+0.04
Cu3% 3.60 +£0.85 1.28 +0.54

liquid-vapor phase transitions, as described by Soldera et al. [43]. From
the thermal simulations, the maximum electrode temperatures, di-
mensions of the molten and boiling fronts, and duration of material
melting and evaporation were determined. The simulations were con-
ducted under the assumption that evaporated material left the system —
i.e., there is no re-deposition through condensation. Material properties
(i.e., melting and boiling temperatures, specific heat capacity, thermal
conductivity, and density) were obtained from [1,44-49]. Due to the
aleatory nature of the reinforcement phase’s distribution within the
MMC, the specific heat capacity and thermal conductivity for the MMC
were determined using the effective medium theory [50].

2.6. Raman spectroscopy

A Raman spectrometer (Horiba XploRA Plus) was used to evaluate
the structural integrity of the reinforcement phase prior to and after arc
erosion tests. The Raman spectrometer was equipped with a 532 nm
laser. The data was acquired using a grating of 2400 lines mm 7, a
100 x objective, and a laser power of 2 mW, with a spectral resolution of
approximately 5.9 cm ™. The acquisition time was determined for every
measurement using the auto-exposure tool, thus obtaining a better
signal-to-noise ratio. Within the same measurement, at least three rep-
etitions were performed to reduce sporadic external influences and to
improve smoothness. Measurements were conducted on at least three
different CNT clusters within and outside of the crater, thereby obtain-
ing statistically significant results. Prior to analyzing the data, the
spectra’s cosmic ray and background were removed using CrystalSleuth
[51], and the spectra intensities were normalized. The Raman peaks
were subsequently fitted. The D- and G’-bands were fitted using a Lor-
entz fitting. The (G+D’)-band was fitted using a combined Lorentz-Voigt
fitting, whereas the G-band was fitted using a Lorentzian curve and the

D’-bands, the theoretical peak center values for graphite according to
Ferrari and Robertson were fixed - i.e., 1582 cm™* and 1620 cm ™! for
the G- and D’-band, respectively [53]. Subsequently, the fitted Raman
spectra were analyzed by determining the G-band’s Raman shift (posi-
tion of the peak’s center), intensity and integral intensity ratios (i.e., the
crystallinity and purity ratios: Ip/Ig, Ap/Ag, I¢/Ip, and Ag'/Ap, respec-
tively), and the FWHM of the G-band.

3. Results and discussions
3.1. Arc erosion crater morphology and topography

CLSM analysis of arc erosion craters provide insight into electrode
erosion, material transfer, and topographical changes caused by the
electrical arc. This technique was employed to obtain parameters such as
crater dimensions, volumes of material displacement, and topographic
parameters.

The average crater attributes determined via CLSM after a single
break operation under a 200 W ohmic load for the reference and MMC
samples are shown in Table 1. On average, the resulting crater area for
the Ag/SnO, samples does not appear significantly affected by tin-oxide
concentration. Irrespective of the reinforcement’s concentrations, silver
tin-oxide samples exhibit a crater area of approximately 2 x 10* ym2.
The silver-nickel sample, on the other hand, presents an average crater
area of approximately 3 x 10* um?2. The same trend is observed in the
crater’s surface area, and the corresponding S-ratio - i.e., the relation-
ship between the crater’s surface area (caused by topographic features)
and the projected area of the crater.

For the silver MMC, the crater’s attributes vary considerably
depending on the sample type. The unreinforced silver samples (i.e., Ag
rod and Ag 0 %) and the Ag 3 % sample exhibit the largest crater area.
The arc erosion craters on the silver MMC with lower CNT concentra-
tions (i.e., 1 and 2 wt%) exhibit a smaller projected area. Nevertheless,
the surface area of these craters, and consequently the S-ratio, are larger
than the unreinforced samples.

Among the silver samples, the craters on the unreinforced silver (Ag
0 %) have the smallest surface area. Contrarily, the craters on the rein-
forced silver samples exhibit an increasing surface area as the CNT
concentrations increase. The same behavior can also be observed for the
pure copper sample and CNT-reinforced copper MMC. Although the
craters on the copper MMC are smaller than those on the silver MMC, the
S-ratio values are similar.

The average volume above and below the datum line for the arc
erosion crater were determined using CLSM, with the results being
shown in Table 2. These results highlight the exceptional performance of
the proposed materials. Apart from the 3 wt% samples, the reinforced
samples perform similarly to the reference materials; although certain
samples exhibit slight deviations compared to the references. These
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minor deviations are due to the heterogeneous distribution of the rein-
forcement phase [28-30]. The heterogenous nature of the surfaces being
contacted leads to minor changes in the features of the surface after
arcing. This will depend on the contacting spot’s characteristics - i.e.,
amount and size of CNT clusters at the contacting site. The 3 wt%
samples not only show the largest craters in terms of area (see Table 1),
but these samples also exhibit the largest volume displacement. The 3 wt
% silver sample in particular presents the highest volume displacement
values, both above and below the datum line. Although the Cu 3%
sample also exhibits large volumes above the datum line, the volume
below falls within the range of the other copper and reference samples.
This suggests that the highest CNT concentrations herein considered
favors rapid re-solidification and/or higher viscosity of the molten pool
in Cu 3 %. The former is likely due to the improved thermal diffusivity of
these MMC. Both these modifications increase the volume above the
datum line and the crater’s surface area by preventing — or reducing the
time during which - the molten pool can flow and form a flat surface
during cooling [23,24]. Silver MMC tend to present higher displaced
volumes (above and below the datum line) than silver-based references
and the copper MMC. This is a consequence of the lower viscosity of
molten silver compared to that of copper and nickel [54]. Although
silver and copper MMC exhibit larger displaced volumes than
silver-nickel and silver-tin oxide references, the average volumes are not
substantially greater — except for the 3 wt% MMC. Therefore, reinforcing
silver and copper with 1-2 wt% CNT has minimal impact on material
displacement (as well as crater area — Table 1), as evidenced by the
similarity to their unreinforced counterparts.

Different roughness parameters of the craters were determined via
CLSM, namely: the root mean square roughness Sy, the maximum valley
depth S, and peak height S, the maximum height S,, and the skewness
Ssk —shown in Table 3 [55]. Sy, Sp, S;, and Sg are particularly interesting
since they provide further insight into the geometry of the resulting
crater after the electrical arc, complementing the results from Table 1
and Table 2. The first three parameters express the overall height
modification of the surface, whereas the latter represents the degree to
which the asperities skew in reference to the datum line [55]. A positive
Ssk value indicates that the surface presents few but very high peaks with
many shallow valleys. A negative value, on the other hand, indicates the
inverse scenario. An Sg value that approaches zero implies a symmet-
rical distribution of peak heights and valley depths.

The topographic parameters presented in Table 3 showcase the
surface modification endured by the electrodes after the break opera-
tion. The root mean square roughness shows that the arc on the silver
samples results in the highest overall roughness. Nevertheless, the S;
values in the copper samples increase significantly faster as CNT con-
centrations increase. Comparing the unreinforced sintered samples (0 wt
%) with the highest CNT concentration (3 wt%), the S in silver matrices
increases by approximately 37.5 %. The S, in the copper matrices, on the
other hand, increases by over 69 %. If the 3 wt% samples are excluded,
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due to the previous results shown in Table 1 and Table 2, the increase in
roughness values is not as significant. Now, the silver samples only show
a marginal 3% increase, whereas the copper samples’ roughness in-
creases by 40 %. The increased roughness observed in samples with the
highest CNT concentrations is caused by the rapid re-solidification and
increased molten pool viscosity, as observed in Table 2.

The S,, S, and S, roughness parameters show a similar trend as S;.
The Ag/Ni 90/10 sample shows the largest S,, S, and S, values among
the samples herein considered. Excluding this sample, again the 3 wt%
samples exhibit the highest peaks and deepest valleys. Moreover, the Sy
parameter indicates that all samples exhibit skewed topographic fea-
tures. In other words, the craters present numerous shallow peaks, with
few high peaks. This is even the case in craters where the displaced
volume above is greater than the volume displaced below the datum line
(see Table 2). The pure sintered samples exhibiting a relatively sym-
metrical crater. Although most of the samples tend towards a positive
topographic skew, the copper-based electrodes exhibit the lowest
values. Thereby implying relatively symmetrical craters. This observa-
tion for the copper-based electrodes correlates with the values presented
in Table 2, showing similar volumes displaced above and below the
datum line.

Table 4

Exemplary Abbott-Firestone parameters for reference, silver, and copper sam-
ples after a single break operation. Note that Ry, Ry, and R, do not have a unit
since these values were normalized in order to compare the values between
different materials. Moreover, these exemplary values correspond to the arc
erosion craters shown in the SEM micrographs (Fig. 1 and Supplementary
Figure 5).

Sample Ry Rpx Ry M,; /% M5 /%
Ag/Ni 90/10 1.6 67.9 5.7 20.2 80.3
Ag/Sn0, 92/8 1.6 12.4 9.1 18.9 79.4
Ag/Sn0 90/10 2.5 14.0 12.2 23.2 78.3
Ag/Sn0O, 88/12 1.9 14.4 10.1 19.7 77.2
Ag rod 3.8 15.0 11.4 23.3 76.9
Ag 0% 2.1 11.9 9.4 23.4 76.4
Ag1% 2.3 13.4 7.9 18.8 74.1
Ag2% 2.7 125 7.0 18.5 73.5
Ag 3%" 6.5 11.3 9.3 24.1 82.5
Cu rod 0.9 12.4 8.0 15.1 79.3
Cu 0% 2.0 10.4 11.4 24.6 81.9
Cul% 2.2 14.5 10.3 20.5 76.6
Cu2% 1.5 13.0 10.4 19.8 80.2
Cu 3 %" 6.9 15.8 10.6 19.8 80.0

“ Although the values reported in this table correspond to the Abbott-Firestone
parameters for a single arc erosion crater, multiple craters were characterized.
The values presented herein are representative of each sample, with the varia-
tion between each crater not exceeding 20 % (except for the samples marked
with an asterisk).

Table 3

Average topographic parameters of a crater after a single break operation.
Sample Sq/um S,/pm Sp/um S,/um Ssk
Ag/Ni 90/10 1.124+0.12 12.21 +4.51 10.64 +2.31 22.85+6.78 0.27 £0.27
Ag/Sn0, 92/8 0.68 +0.08 8.11+1.38 9.75+2.39 17.86 + 3.00 1.27 +£1.04
Ag/Sn0; 90/10 0.65+0.08 5.44+0.62 7.36 £1.28 12.80 +1.80 0.72+£0.44
Ag/Sn0O, 88/12 0.62 £+ 0.04 6.25+1.31 7.73 £1.89 13.97 + 3.05 0.66 + 0.46
Ag rod 0.99 +0.04 6.56 +0.26 7.31+1.70 13.87 £1.55 0.13£0.03
Ag 0% 0.96 +0.07 7.99+1.43 6.26 +£0.15 14.24 +1.44 —0.10+0.26
Ag1% 0.98 +0.09 8.59+0.37 8.52+0.35 17.11 £0.61 0.62+0.12
Ag 2% 0.99 £+ 0.09 8.14+0.91 9.50 £0.43 17.64 +£0.51 1.21+0.34
Ag3% 1.32+£0.29 9.17 £1.10 11.95+3.76 21.12+4.58 0.64 £0.57
Cu rod 0.65+0.05 6.56 +1.13 5.96 £1.25 12.51+1.91 0.39 £0.09
Cu 0% 0.75+0.03 8.76 £1.84 5.29+0.33 14.05+1.91 0.08 £0.20
Cul% 1.05+£0.04 8.39+1.01 8.83+0.99 17.22+0.85 0.73£0.20
Cu2% 0.97 +£0.06 7.96 +£0.53 8.39+0.94 16.35+1.46 0.35+0.44
Cu3% 1.27 £0.02 9.27 £ 0.98 10.77 £1.31 20.05+1.72 0.59+0.35
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Relays, contactors, and other switching components are subjected to
numerous make and break operations. As a result, the contacting sur-
faces are constantly being modified due to the topographic changes
generated by the electrical arc. Therefore, the morphology of the
resulting crater after a break operation is of particular interest. Under-
standing the topographic changes produced by the electrical arc enables
the prediction of the contact physics for the subsequent make opera-
tions. Accordingly, the Abbott-Firestone curves and the corresponding
parameters were determined to gather information on the peak and
valley distribution, further complementing the topographic parameters
shown in Table 3 [56-58]. The curves and parameters were determined
for at least three arc erosion craters per sample type. The
Abbott-Firestone curves for an arc erosion crater are shown in Supple-
mentary Figure 1, with the corresponding parameters presented in
Table 4. This figure and table present the results from a single crater per
sample type, corresponding to the craters micrographed (shown in Fig. 1
and Supplementary Figure 5). These craters are representative of all the
arc erosion craters, with variations that do not exceed 20 % (except for
3 wt% samples). Moreover, topographic information of the samples’
surface after arc erosion is further presented in Supplementary Figure 2,
Supplementary Figure 3, and Supplementary Figure 4. These figures
depict a three-dimensional view of the crater’s morphology of all sam-
ples and counter electrodes, as well as the height distribution of each
sample’s crater.

As the Abbott-Firestone parameters in Table 4 show, the core
roughness depth —i.e., load bearing volume, Ry — of the MMC tends to be
higher than that of the reference materials. As previously observed, the
3 wt% samples perform significantly differently compared to the MMC
with lower CNT contents. As Table 4 shows, the core roughness depth of
Ag 3% and Cu 3 % are over 200 % greater than their unreinforced
counterparts, indicating a much rougher load bearing area. This may be
beneficial for electrical conductivity during subsequent make opera-
tions, as the increased number of asperities (as also observed in Table 2
and Table 3) promotes plastic deformation, thereby enlarging the con-
tact area and reducing constriction resistance [59].

The copper rod sample, for example, exhibits the lowest core
roughness depth among the evaluated craters, indicating a smooth core
surface after arcing. Observing the reduced peak height (Ry) and
reduced valley depth (Ry) for the crater and recalling the roughness
parameters from Table 3, it is clear that the energy input did not produce
significant topographic changes in this reference material. This sample
also presents the lowest higher material ratio (M,;) and lower material
ratio (M,2). These parameters represent the amount of material above
(asperities) and below (valleys) the core material [57,60,61]. After the
arc erosion test, the copper rod sample exhibits only 15.1 % of material
above the load bearing volume, the lowest amount among all the sam-
ples herein analyzed. The M, on the other hand, is similar to that of the
other samples. Contrarily, the silver rod sample exhibits an R, Ry, Ry,
M;;, and M, that is greater than the unreinforced silver and MMC
containing up to 2 wt%. This indicates that the addition of the rein-
forcement phase in silver MMC favors a smoother transition from peak
heights to core material and from core to valley depths.

These exemplary Abbott-Firestone parameters validate the displaced
volumes and roughness parameters presented in Table 2 and Table 3.
The resulting surfaces after a single break operation of the proposed
MMC are similar to that of the reference silver-based materials. There-
fore, the incorporation of CNT into the silver and copper matrices — up to
2 wt% in concentration — does not significantly change the resulting
surface in comparison to the reference materials. Therefore, the load-
bearing capacity of the proposed electrodes should perform similarly
to the reference materials in subsequent make and break operations.

SEM micrographs and the corresponding EDS mappings of the craters
after a break operation were acquired. An SEM micrograph and EDS map
of an arc erosion crater for the reference samples, Ag rod, Ag 0 %, Ag
3 %, Cu rod, Cu 0 %, and Cu 3 % are shown in Fig. 1. The SEM micro-
graph and EDS map of the remaining samples are shown in
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Supplementary Figure 5. Furthermore, Supplementary Figure 6, Sup-
plementary Figure 7, and Supplementary Figure 8 show SEM micro-
graphs highlighting features of the re-solidified material, as well as a
carbon-gold EDS map overlay of the entire crater. This EDS overlay
provides further information on the transfer of the gold trace material
from the cathode towards the anode. It is important to note that EDS was
not used for quantitative analysis of gold content transferred towards the
anode, but rather to identify regions affected by material transfer.

The shape, size, amount of material transfer, and morphology of the
re-solidified metal on the reference materials (Fig. 1a, b, ¢, and d) are
similar. In general, the craters have a noncircular shape, suggesting arc
motion. All reference samples show a considerable amount of material
transferred from the counter electrode towards the sample electrodes, as
indicated by the large surfaces where gold signal was detected in the
EDS maps. Particularly in the Ag/SnO, samples, lower tin oxide content
presented larger areas with deposited gold. Interestingly, the gold sig-
nals are not centered within the crater but rather surrounding the
severely eroded regions. Based on the SEM micrographs and EDS maps,
it can be hypothesized that the areas with stronger gold signals are the
regions where the arc was ignited. As the arc ignites, the temperature
quickly rises, leading to the melting of the metals. In the silver-based
samples, silver melts before the hard gold coated counter electrode,
whereas in the copper-based samples the gold counter electrode melts
before the matrix. Therefore, it can be hypothesized that after the
ignition of the arc, gold is no longer deposited, and the samples are
eroded by ion and electron bombardment. This would explain why the
gold signals in the EDS mappings are found primarily surrounding the
crater rather than within the crater. This hypothesis can, in part, be
validated by observing the protruding gold signals (relative to the center
of the craters) highlighted by the black arrows in the Ag/Ni 90/10 and
Ag/SnO, 92/8 samples (Fig. 1a and b). In these samples, high-speed
camera footage and the I-V and power curves prove the presence of
unstable arcing [28]. Consequently, multiple small electrical arcs
ignited on the surface, thereby producing multiple protrusions rather
than one. Nevertheless, these hypotheses cannot be fully validated by
the EDS maps alone, requiring further investigation into the mechanisms
behind gold’s transfer.

As is the case with the silver-based reference materials, the silver rod
sample and the unreinforced sintered silver sample (Ag 0 %) show
considerable gold transfer (Fig. 1e and f). The transferred material is
primarily located on one side of the crater, with minimal gold intensity
scattered within the crater. The reinforced sample (Fig. 1g), on the other
hand, presents a more uniform gold deposition within the crater. Since
the Ag 0 % and Ag 3 % sample present similar hardness values, it can be
assumed that both have similar contact areas once the normal load was
established. Therefore, the more uniform transfer of material may be
caused by the ignition of a wider arc in the initial instances of the break
operation. It is reasonable to assume that a wider arc ignites in the
reinforced sample due to the elasticity of the reinforcement phase,
which remains in electrical contact with the counter electrode as the
rivet recedes and the CNT restitute to their original position. Another
possible explanation is the confinement of the arc, reducing the chances
of it igniting in one spot and moving throughout the sample (and thus
eliminating the protruding gold signal). Moreover, the EDS map in
Fig. 1g-ii showcases the presence of large CNT clusters throughout the
crater, whereas the surrounding regions present significantly smaller
CNT agglomeration. As the electrode’s material melts during arcing, the
CNT on the surface of the electrode re-agglomerate and tend to move
towards the surface of the electrode on account of the density difference
between the molten metal and the reinforcement phase (10.49 and
1.92 g/cm® for silver and pristine multiwalled CNT, respectively [1,
62]), analogous to flocculation in colloids.

The high mobility of the arc is easily verified by observing the arc
erosion crater of the copper rod sample (Fig. 1h) —and further supported
by the high-speed video footage from [28]. On this sample, the arc was
ignited on the bottom right of the micrograph, where high intensities of
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Fig. 1. i) SEM micrograph and ii) EDS map of a) Ag/Ni 90/10, b) Ag/Sn0O, 92/8, c¢) Ag/Sn0O5 90/10, d) Ag/SnO- 88/12, e) Ag rod, f) Ag 0 %, g) Ag 3 %, h) Curod, i)
Cu 0 %, and j) Cu 3 %. The black arrows highlight gold protruding from the center of the crater, indicating potential multiple arc ignition sites. Black regions within
the crater in the EDS maps are areas where no signal was detected due to shadowing effects as a result of the crater’s topography.
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gold were detected. As the inter-electrode gap grew, the arc moved
upwards towards the left of the micrograph. Furthermore, the varying
size of the crater indicates that as the arc moved it also widened. The
unreinforced sintered copper sample (Fig. 1i) experienced more mate-
rial transfer compared to the copper rod sample. Considerable amounts
of gold were detected surrounding the arc erosion crater. However, the
size and shape of the crater suggests that the arc did not move as much as
in the Cu rod sample, possibly due to the lower hardness of the sintered
sample. The crater of the Cu 3 % sample (Fig. 1j) presents the lowest
gold intensities among the copper samples. As was observed in the Ag
3 % sample, larger CNT clusters are observed within the crater. How-
ever, in this case the degree to which CNT re-agglomerate is not as
significant since the reinforcement phase distribution prior to arc is
more heterogeneous [28,30]. Moreover, the SEM micrographs of both
reinforced samples (Fig. 1g and j) illustrate the increased topographic
features generated due to arcing — as previously described in Table 2,
Table 3, and Table 4.

A FIB cross section was conducted on the arc erosion crater of a silver
and a copper MMC to observe the buckling of the surface beneath the re-
solidified and re-deposited material following the break operation. In
addition, the cross sections facilitate a depth-resolved visualization of
the state of the reinforcement phase beneath the crater. The micrographs
corresponding to the cross sections conducted on the Ag 2 % and Cu 2 %
samples are shown in Fig. 2. As illustrated in the micrograph and inset
(Fig. 2a), the silver MMC sample exhibit minimal buckling beneath the
arc erosion crater. A slight depression in the surface’s datum line was
discerned in the vicinity of the crater’s center, yet the surrounding re-
gions of the cross section exhibited no indications of alterations — as
previously described by the Sy parameters (Table 3). Upon examination
of the magnified micrograph of the Ag 2 % sample (Fig. 2b), it can be
observed through the presence of CNT on the crater surface — high-
lighted by the violet arrows — that the reinforcement phase endured the
electrical arc. It can thus be inferred that subsequent make and break
operations will yield comparable electrical performance and arc
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behavior as in the first break operation given the presence of CNT on the
contacting site [28]. Unaffected clusters of CNT are observed beneath
the crater, as indicated by the orange arrows in Fig. 2b. In comparison to
the CNT situated on the surface, the clusters beneath the crater exhibit a
higher contrast with the matrix, whereas the superficial CNT are a light
shade of gray. The alteration in contrast may suggest a degree of
amorphization resulting from the electrical arc, which reduces the
conductivity of the CNT, thereby changing the contrast in the SEM
micrograph. Furthermore, the deposition of small-scale metallic droplets
originating from the formation of metallic vapor upon the explosion of
the molten bridges could also favor a lighter shade of gray for the CNT
situated on the surface of the crater. The cross section not only exhibits
small-scale droplets, but also demonstrates that larger metallic droplets
were deposited on the reinforcement phase, as indicated by the dashed
green circles and shown in Supplementary Figure 9a. These droplets are
pervasively found re-deposited throughout the surface of the crater,
coating the re-solidified metal and the CNT on the surface — as indicated
by the red arrows in Supplementary Figure 9a. Moreover, the yellow
arrows in Fig. 2b highlight the presence of pores within the silver MMC.
Nonetheless, these pores are not devoid of material. The perimeter of the
highlighted voids have adhered CNT. Specifically, the void on the right
has a CNT extending radially from one end of the void to another. The
FIB cross sections shown in Fig. 2 also reveal that the re-agglomeration
of the reinforcement phase previously observed in the SEM micrographs
and EDS maps (Fig. 1) is not as significant as initially believed. This is
evidenced by the similarity in agglomerate sizes on the surface (or
directly below it) compared to those considerably below the surface.
Moreover, Fig. 2b shows a certain degree of CNT that surfaced due to
different density values between the reinforcement phase and the
molten matrix. Nevertheless, the surfaced CNT film is thin, with thick-
nesses that do not exceed 1 um (in regions that are not associated to an
underlying CNT cluster).

Contrarily to what was observed in the silver MMC, the copper MMC
(Fig. 2¢) does not present significant amounts of CNT on the surface of
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Fig. 2. a) FIB cross section and b) magnified micrograph of the cross section near the surface of the Ag 2 % sample. c) FIB cross section and d) magnified micrograph
of the cross section near the surface of the Cu 2 % sample. The green squares show the region of interest in the cross section, whereas the cyan dashed squares
highlight a magnified region near the surface beneath the crater. The violet arrows indicate carbon content on the surface of the crater that may have been affected by
the arc, the orange arrows show unaffected CNT beneath the crater, and the yellow arrows point out voids within the MMC. The green dashed circles highlight

metallic vapor re-deposition on the reinforcement phase.
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the crater. The silver MMC exhibits a thin, yet pervasive layer of CNT
uniformly distributed across its surface, creating an even and consistent
coverage. In contrast, the copper MMC demonstrates minimal presence
of CNT, with the nanotubes appearing in clustered formations due to
their agglomeration. Nevertheless, the CNT clusters observed are not
related to re-agglomeration during arcing, but rather are clusters formed
during MMC manufacturing. The stark difference in distribution high-
lights the superior dispersal of CNT on the silver matrix compared to the
copper [28]. The tendency of CNT to agglomerate, in addition to the
lower chemical compatibility between copper and carbon, has led to
uneven and sparse coverage, with regions devoid of CNT and regions
with CNT large clusters. The cross section of the copper MMC also
demonstrates the increased buckling present in this metallic matrix. The
depression of the surface below the datum is higher than in silver,
showing a particularly higher depression at the center of the crater.
Nonetheless, the region with the highest depression coincides with a
CNT cluster which could further promote buckling of the surface —
although there is a thin layer of copper between the surface of the crater
and the CNT cluster. Recalling the average Sy values for copper samples
(Table 3), these samples presented the most symmetrical crater topog-
raphies. Furthermore, the average displaced volumes (Table 2) also
indicate marginal buckling of the copper craters. A possible explanation
for the depression in the FIB cross section may be that material transfer —
i.e., re-deposition of metallic vapor - is more significant in the topo-
graphic maxima on the copper electrode. Thereby producing high peaks
and low valleys. However, this is likely not the case, since the S,, Sp, and
S, parameters are within the same range as in the silver MMC (Table 3).
Since FIB is a highly localized technique, the more significant depression
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at the center of this crater may not be fully representative of all
copper-based samples. It is reasonable to assume that the buckling in the
cross section is due to the aforementioned CNT cluster close to the
surface of the crater.

The magnified micrograph of the Cu 2 % sample’s cross section
(Fig. 2d) highlights the presence of voids, voids encompassing CNT
(yellow arrows), and the presence of large CNT bundles beneath the arc
erosion crater (orange arrows). The magnified micrographs in Fig. 2d
and Supplementary Figure 9b highlight the absence of condensation
droplets at the interface originating from the metallic vapor after the
explosion of the molten bridge. Nonetheless, as the red arrows in Sup-
plementary Figure 9b demonstrate, the surface of the crater shows an
undulating surface, likely caused by re-deposition. However, droplets
were not discernible on the cross section, as was the case with the silver
sample. Moreover, the violet arrows in Supplementary Figure 9b high-
light the presence of CNT within open porosities on the crater’s surface.

Moreover, FIB cross sections of the arc erosion craters for the sintered
reference samples (i.e., Ag 0 % and Cu 0 %), as well as the 1 wt% and
3 wt% silver and copper MMC are shown in Supplementary Figure 10.
These cross sections show similar performance as those shown in Fig. 2.
That is, the re-deposition of metallic droplets on the silver samples and
the pervasive coverage of a thin CNT film in the Ag 3 % sample. As with
the Ag 2 % sample, the thin CNT film also shows a lighter contrast
compared to those beneath the affected zone, indicating a certain degree
of amorphization. This is also the case in the copper MMC, however, to a
lower extent.
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Fig. 3. Dimensions of the melting and boiling from of a) silver and b) copper samples; and duration of the molten pool and of material evaporation of c¢) silver and d)
copper samples. The inset in a) schematically represents the dimensions of both fronts. Each front can be portrayed as a quarter ellipsis, forming the volume as a solid
of revolution along the y-axis. In this inset, the letters V, L, and S indicate the metal’s phase - i.e., vapor, liquid, and solid, respectively. Note: in a) and c), the Ag rod

sample did not undergo material evaporation.
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3.2. Thermal simulations

The results thus far emphasize the exceptional performance of the
proposed MMC (up to CNT concentrations of 2 wt%). However, to
further delve into the influence of the reinforcement phase on the arc
erosion performance, thermal simulations were carried out. The simu-
lations provide information on the dimensions of the affected volume,
maximum temperature reached by the electrodes, and duration of the
molten pools and material evaporation. The radius of the melting front
(shown in Fig. 3a and b) highlights the fact that the addition of the
reinforcement phase, as well as the increment in its concentration, does
not imply a wider melting front. Irrespective of CNT content, the melting
front has a radius of approximately 49 ym and 46 um for silver and
copper matrices, respectively. Likewise, the depth of the melting front
does not appear to be significantly affected, with silver and copper
matrices showing average melting front depths of approximately 20 pm
and 14 pm, respectively. As was presented in Table 1 and shown in Fig. 1
and Supplementary Figure 5, the thermal simulations confirm that the
area affected by the arc is smaller in copper matrices than in silver
matrices. Similarly, the volume displaced below the datum line in
Table 2 can be explained by the smaller melting front depth simulated
for the copper matrices compared to silver matrices. It should be noted,
however, that any discrepancies between the thermal simulations and
the results from the CLSM and SEM analysis are due to the aforemen-
tioned simplifications in the simulations. Nonetheless, the heat affected
zone obtained in the thermal simulations is in agreement with those
observed in the FIB cross sections (presented in Fig. 2). Furthermore, the
results from the thermal simulations validate the hypothesis that the
higher degree of buckling observed in the cross section of the copper
MMC is due to the presence of the CNT cluster, as opposed to increased
re-deposition and/or material transfer at the topographic maxima.

The thermal simulations prove that the copper-based materials did
not exceed 2600 K. Therefore, since the boiling temperature of copper
was not exceeded, these electrodes did not experience material evapo-
ration. This result from the simulation justifies why the copper samples
exhibit the most symmetrical topographic features, presenting Sg values
that approach zero (Table 3). Furthermore, the lack of small-scale
metallic droplets observed in the FIB cross section (Fig. 2¢ and d) is
validated by the thermal simulations. Since the copper electrodes did
not reach a temperature that exceeded its boiling point, it is not possible
for metallic vapor to be re-deposited on the electrode’s surface. The
silver electrodes, on the other hand, reached maximum temperatures of
2550 K, exceeding the boiling temperature of silver by over 100 K. A
notable outlier is the high-purity silver sample (i.e., Ag rod), which did
not reach the boiling temperature and therefore did not exhibit a
melting front. The lower temperature of the Ag rod electrode is expected
to be due to the instability of the electrical arc (refer to the power curves
in [28]). Since in this sample the electrical arc ignites and extinguishes
multiple times during the break operation, the there is enough time for
the electrode to slightly cool down between unstable arcing. Further-
more, the maximum temperatures reached during arcing are insufficient
to sublimate the reinforcement phase, falling well below the boiling
temperature of carbon.

The boiling front depth exhibits an average value of 1 um for all
sintered silver samples. As is the case with the melting front dimensions,
the concentration of the reinforcement phase does not influence the
boiling front’s depth. The width of the boiling front, on the other hand,
does change. As the CNT content increases, so does the radius of the
boiling front. The sintered unreinforced silver sample (i.e., Ag 0 %)
exhibits an approximate boiling front radius of 10 um, whereas the Ag
3 % samples 24 um. The higher amounts of material evaporation justify
the higher volumes below the datum line of the craters shown in Table 2,
as well as the higher S,, S, and S, shown in Table 3 and Ry in Table 4.

The duration of the molten pools and material evaporation are
shown in Fig. 3¢ and d. Both metallic matrices show the same trend, a
slight increase in molten pool duration between the rod references and
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the sintered references. As the concentration of the reinforcement phase
increases, a noticeable reduction in molten pool duration is observed.
Incorporating 1 wt% of CNT does not produce significant reductions.
However, 2 wt% and 3 wt% CNT content incurs faster re-solidification
of the molten pool due to the increased thermal diffusivity of the elec-
trode. The faster re-solidification process observed in the thermal sim-
ulations can be verified with the CLSM measurements (Table 2 and
Table 3). The samples that re-solidify faster are the samples that present
the highest S, S;, and volume displaced above the datum line. In the
sintered silver samples, there is a clear correlation between CNT content,
width of the boiling front, and duration of evaporation. These samples
show that, as the concentration of CNT increases, so does the width of
the boiling front, which consequently leads to a longer duration of
material evaporation. This is likely due to the fact that the electrical arcs
generated are more stable and less mobile. Consequently, the constant
and more concentrated arc does not allow the temperature of the elec-
trode to reduce below its boiling temperature — refer to I-V and power
curves in [28].

3.3. CNT structural characterization

Raman spectroscopy was carried out after arc erosion tests on the
CNT within the crater to evaluate the structural damage that the rein-
forcement phase might have sustained due to arcing. The Raman spec-
trum of CNT in unaffected areas were also obtained, as well as the
spectrum of pristine CNT as reference. The Raman spectra within and
outside of each crater for each sample type are shown in Supplementary
Figure 11 and Supplementary Figure 12.

The Raman spectrum of pristine CNT features their characteristic D-,
G-, D’, and G’-bands. The D-band, usually observed at a Raman shift of
1350 cm ™, corresponds to the A; ¢ Symmetry breathing mode [53,63].
This mode is only activated in the presence of defects in the carbon
structure. The (G+4-D’)-band is the result of the convolution of the G- and
D’-bands [53]. This convoluted peak is a prominent feature in the
Raman spectrum of CNT [64]. The G-band, observed at a Raman shift of
1581 crn’l, is associated with the Ez; phonon mode [53]. In pristine
CNT, the (G+D’)-band shows a distinct shoulder at higher wavenumbers
due to the defect-induced double resonance, leading to the D’-band
appearing between 1617 cm ™! and 1625 cm™! [53]. Like the D-band,
the D’-band is activated by crystalline defects. Increments in the D’-band
represents the transition from a monocrystalline to a polycrystalline
state [53]. The dispersive G’-band appears approximately 2700 cm™!
and arises from a second order scattering process. As an overtone of the
D-band, the G’-band indicates long-range order and fades with
increasing degradation or amorphization [65].

The G-band is a non-dispersive peak [53]; consequently, its position
does not depend on the excitation energy of the laser used for Raman
spectroscopy. Accordingly, Ferrari and Robertson proposed a way of
identifying the level of degradation in carbon by tracing the defect ratio
(Ip/Ig) and the position of the G-band [53]. A three-stage phenomeno-
logical model for the amorphization of graphitic carbon was developed,
where the first stage comprises the transition from graphite to nano-
crystalline graphite. Within this stage, the G-band’s position moves
between 1581 cm ™! to 1600 cm ™. The G-band position of the pristine
CNT and of CNT clusters outside and inside the arc erosion craters are
shown in Fig. 4a. As the plots present, there is a slight upshift in
wavenumber comparing the state of the CNT clusters outside and inside
the craters. The upshift is related to the appearance and development of
the D’-band at approximately 1620 em !, Nonetheless, the upshift is
marginal, with the Raman shift values remaining within the theoretical
range, highlighted by the shaded area. Therefore, the position of the
G-band indicates that the sp? graphitic carbon structure remains without
reaching the amorphization state (stage 3 as proposed by Ferrari and
Robertson [53]). However, the upshift suggests a slight tendency to-
wards a nanocrystalline graphitic carbon structure — which corresponds
to stage 2 in the amorphization trajectory. Moreover, comparing the



B. Alderete et al.

a)

Silver

90
1620 180
- 70
1600
& Y 5
s A o - 60 =
O X i o 3
x ¢ .1 ° A ° L
1580 P B - 50
440
1560
- 30
T T T T T T T
b) Pristine 1% out 1%in  2%out 2%in 3%out 3%in
3.0 3.0
2.5 25
2.0 A 2.0
>
© g
:D 1.54 1.5 =
®
° °
1.0 1.0
° °
°
. !
0.5 0.5
OO T T T T T T T OO
C) Pristne 1% out 1%in 2%out 2%in 3%out 3%in
2.0 2.0
1.5 4 F1.5
o |4 ! >
=, 1.0 A 10
i I >
o
° &
® )
°
0.5 0.5
)
® A}
OO T T T ¥ T T T OO
Pristine 1% out 1%in 2%out 2%in 3%out 3%in

Tribology International 212 (2025) 110890

Copper

90
1620 80
70
1600 ~ 1 | :
" M
£ 5 ! leo®
(&) L ' -
= 7/ ' 2 Q
o ) : % 3
< . ' A LN
1580 - . . . 50
K : g 40
i !
1560
30
T T T T T T T
Pristne 1% out 1%in 2%out 2%in 3%out 3%in
3.0 3.0
2.5 25
2.0 2.0
‘ >
© g
= 1.5 1 F1.5 =
®
104 + 1.0
[] + [ ] [ ] e [
0.5 0.5
00 T T T T T T T 00
Pristne 1% out 1%in 2%out 2%in 3%out 3%in
2.0 2.0
1.5 4 L 1.5
v 5
\v4 ’ >
0 Y o)
= 1.0 F1.0 "
9 . U>
| | n
|
054 0.5
| | | |
"
O O 1§ T T T T T T OO
Pristine 1% out 1%in 2%out 2%in 3%out 3%in

Fig. 4. a) Raman shift and FWHM of the G-band (xG and wG), b) defect and c) purity indeces of pristine CNT, CNT outside, and CNT inside the arc erosion crater of
silver (left) and copper (right) MMC. The shaded region in a) highlights the theoretical position of the G-band of graphitic carbon, as reported by Ferrari and
Robertson [53]. The dashed arrow emphasized the widening of the G-band (i.e., increased FWHM) after arc erosion tests, indicating the appearance of crystallo-
graphic defects in the structure of the CNT after arcing. Note: the intensity and integral intensity defect ratio inside the crater in Ag 3 % are identical (i.e., 0.3 £+ 0.1).

Raman shift of the G-band (xG) measured outside of the arc erosion
craters (unaffected region) with those of the pristine CNT demonstrates
that the manufacturing process of the MMC does not affect the sp?
graphitic structure of the CNT.

The full width at half maximum (FWHM) of the G-band (wG) is of
interest since the width of this band provides insight into the structural
integrity of the CNT. Raman spectroscopy is a harmonic oscillator sys-
tem based on the inelastic scattering of photons. Thus, considering the
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graphitic structure of the CNT as a harmonic resonator, structural de-
fects (such as a missing carbon atom) will affect the oscillation half-time
of the graphitic structure. Therefore, a narrower G-band (low energy and
longer oscillation times according to the uncertainty principle) indicates
higher crystallinity of the CNT [66]. Conversely, a wider G-band (higher
energy and shorter oscillation times) suggests that increased crystallo-
graphic defects are present in the CNT’s structure. The FWHM of the
G-band (shown in Fig. 4a) suggests increased defects in the CNT after arc
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erosion tests. This is evidenced by the broadening of the peak (high-
lighted by the dashed arrow), which could be caused by the adsorption
of oxygen atoms during arc erosion tests.

Both defect ratios (i.e., intensity and integral intensity) for the pris-
tine CNT and all MMC are shown in Fig. 4b. As previously suggested by
the position of the G-band, the defect ratios confirm that the sintering
process did not significantly affect the structural integrity of the CNT,
since all values are very close to that of the pristine state. Interestingly,
the CNT that were exposed to the electrical spark (inside the crater)
show marginal increase in their Ip/I; indices, being the highest value
observed for the silver-based MMC. The most likely degradation pro-
cesses undergone by the CNT are amorphization and oxidation, due to
the meaningful energy input [67]. Since the experiments were carried
out in an uncontrolled environment (i.e., atmospheric conditions), ox-
ygen is readily available in the vicinity of the molten pool. This
adsorption of oxygen by the CNT in the silver-based MMC is likely the
cause of the lighter contrast of superficial CNT in the SEM micrographs
from Fig. 2a and b, Supplementary Figure 9, and Supplementary
Figure 10. In both areas (within and outside of the arc erosion crater),
the CNT in silver matrices exhibit higher Ip/I; ratio than the pristine
CNT. The CNT in the copper matrices, on the other hand, exhibit similar
or even lower Ip/I ratio than the as-received CNT. This can be explained
by the fact that copper is able to intake the available oxygen. Therefore,
the CNT in the copper matrices do not undergo oxidation, with the
matrix itself being selectively oxidated. This is not only verified by the
Ip/I¢ ratio, but also due to the lack of contrast change in the SEM mi-
crographs (Fig. 2, Supplementary Figure 9, and Supplementary
Figure 10). This hypothesis is further verified by the appearance of a
peak in the Raman spectra acquired inside the crater for the copper
MMC (highlighted by the orange arrow in Supplementary Figure 12).
Based on the Raman shift of this peak (approximately 620-630 em™Y), it
is likely that CuO and/or Cu,0 are formed inside the crater [68,69]. EDS
maps focusing on large CNT clusters both inside and outside of the crater
were acquired for both metallic matrices. However, no discernible dif-
ferences were observed in the oxidative state of the CNT or surrounding
matrix. SEM micrograph and EDS map of CNT clusters inside and outside
of the arc erosion crater in the Ag 3 % and Cu 3 % samples are shown in
Supplementary Figure 13 and Supplementary Figure 14, respectively.

The integral intensity defect ratio encompasses all types of defects,
whereas the intensity defect ratio does not. Consequently, the Ap/Ag
ratio in each measurement spot is higher than the Ip/I ratio. Comparing
the integral intensity defect ratio of the pristine CNT with those of the
CNT clusters outside of the arc erosion crater shows that the sintering
process does not cause any previously unaccounted type of damage onto
the structure of the CNT, since the same trend as with the intensity
defect ratio is observed. Focusing on the defect state of the CNT outside
and inside the craters, the Ap/Ag ratio shows similar damage after arcing
irrespective of the metallic matrix. However, this is not the case for the
Ip/Ig ratio. The Ip/Ig ratio increases in silver matrices and remains
constant in copper matrices. As previously discussed, the constant in-
tensity defect ratio observed for copper matrices is due to the oxidation
of the matrix rather than the reinforcement phase. Therefore, Ip/I; is
more sensitive to oxidation than Ap/Ag.

The purity of the multi-walled CNT can be assessed by determining
the intensity and integral intensity of the G’- and D-bands (I¢-/Ip and
Ag/Ap), as proposed by DiLeo et al. [65,70,71]. The purity indices for
pristine CNT and CNT clusters outside and inside the arc erosion crater
are shown in Fig. 4c. The purity indices in the silver-based MMC do not
show any noteworthy difference between the pristine state and the state
outside the crater. In the copper-based MMC, on the other hand, a
marginal improvement in the purity indices is observed. Therefore, the
purity indices demonstrate that the manufacturing process does not
affect the purity of the reinforcement phase. On the other hand, the
purity drops markedly within the craters for all the studied composites
due to the arc’s energy input.
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4. Conclusions

Arc erosion tests operating at 200 W ohmic load were carried out on
standard switching materials, pure silver and copper, and CNT-
reinforced silver and copper MMC manufactured via powder metal-
lurgy. Morphological, topographic, and chemical characterization of the
crater resulting from a single break operation was carried out. In addi-
tion, the structural integrity of the reinforcement phase after arc erosion
tests was conducted. Moreover, thermal simulations were performed to
determine the affected volume, maximum temperature reached by the
electrode, and molten pool and material evaporation duration.

Morphological characterization revealed that silver and copper MMC
with up to 2 wt% CNT exhibit craters with similar dimensions and dis-
placed material volumes, whereas higher CNT concentrations (i.e., 3 wt
%) resulted in larger craters with higher amounts of displaced material
volumes. This, in turn, affected the roughness and load-bearing capacity
of these MMC. CNT concentrations below 3 wt% resulted in roughness
values similar to that of the reference materials, whereas samples with
CNT concentrations of 3 wt% exhibited higher roughness and a higher
proportion of material above the core load-bearing volume — particu-
larly the silver sample. Moreover, the dimensionality of the crater in the
reinforced samples tends to be more circular, highlighting the lower
mobility of the arc due to the confining effect of the reinforcement
phase.

Finite element thermal simulations proved that the temperatures
reached for the copper electrode were not sufficient to evaporate the
metallic matrix, as well as being far below the sublimation temperature
of CNT. The sintered silver samples, on the other hand, did surpass the
boiling temperature of the matrix, thus leading to material evaporation.
Irrespective of CNT content, the dimensions of the melting front
remained relatively constant throughout all samples. Moreover, CNT
contents above 1 wt% significantly reduced the duration of the molten
pool to approximately 50 % the duration of the unreinforced samples.
Nevertheless, increasing the concentration of the reinforcement phase in
silver matrices led to larger boiling fronts and longer duration of ma-
terial evaporation.

Raman spectroscopy revealed that the MMC manufacturing process
did not affect the structural integrity nor the purity of the reinforcement
phase. Although the arc’s energy input did affect crystallinity and purity
of the CNT, the damage sustained by the CNT was not enough to degrade
the CNT into amorphous carbon. In the silver MMC, the CNT exhibit
slight oxidation due to the matrix’s limited oxygen intake, in contrast to
the copper matrices, where higher Ip/I; ratios indicate more pro-
nounced CNT degradation. This confirms the reduced conductivity of
the surface-exposed CNT in the silver MMC, as observed in the FIB cross
sections.

Based on the findings herein reported, CNT concentrations of up to
2 wt% result in optimal switching performance in silver- and copper-
based MMC. Increasing the concentration of the reinforcement phase
affects both crater roughness and volume of displaced material after
switching. This may accelerate electrode erosion, as previously reported
for graphite-containing electrodes. Thermal simulations further
confirmed this behavior, showing that the silver-based MMC exhibited a
larger boiling front, despite having a consistent melting front and a
shorter molten pool duration. Nevertheless, the addition of the rein-
forcement phase (up to 2 wt%) into silver and copper matrices results in
composite materials that perform similarly to reference and standard
switching materials. Simultaneously, they incorporate the benefits of
carbon nanostructures, including low and stable contact resistance in
the closed state and stable arcing behavior during breaking. These ma-
terials also help confine the electrical arc and reduce the need for
metallic powders, thereby lowering weight and costs. Moreover, the
proposed MMC can be manufactured in a straightforward, easily scal-
able, cost-effective, and standard method, with the capability of pro-
ducing near-net-shape electrodes. The results presented in this work,
along with the previously discussed benefits of the reinforcement phase,
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underscore the potential of CNT-reinforced silver and copper metal
matrix composites. In particular, the exceptional performance of the
copper-based MMC demonstrates the effectiveness of CNT in enhancing
the switching performance of this low-cost, highly conductive metal —
enabling it to perform comparably to silver-based alloys and composites.
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