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Abstract: Switching elements are crucial components in electrical and electronic systems that undergo
severe degradation due to the electrical arc that is generated during breaking. Understanding
the behavior of the electrical arc and modifying its characteristics via proper electrode design can
significantly improve durability while also promoting optimal performance, reliability, and safety
in circuit breakers. This work evaluates the feasibility of carbon nanotube (CNT)-reinforced silver
and copper metal matrix composites (MMCs) as switching electrodes and the influence of CNT
concentration on the characteristics of the arcs generated. Accordingly, three different concentrations
per MMC were manufactured via powder metallurgy. The MMCs and reference materials were
subjected to a single break operation and the electrical arcs generated using 100 W and 200 W resistive
loads were analyzed. The proposed MMCs displayed promising results for application in low-voltage
switches. The addition of CNTs improved performance by maintaining the arc’s energy in the silver
MMCs and reducing the arc’s energy in the copper MMCs. Moreover, a CNT concentration of at
least 2 wt.% is required to prevent unstable arcs in both metallic matrices. Increased CNT content
further promotes the splitting of the electrical arc due to a more complex phase distribution, thereby
reducing the arc’s spatial energy density.

Keywords: carbon nanotubes; electrical arc; hot switching; metal matrix composites; powder
metallurgy

1. Introduction

Silver is widely used in circuit breakers and in low-voltage switches in air due to
its outstanding electrical conductivity, as well as its low tendency towards welding. It
is common practice to alloy or improve the performance of silver to further enhance its
erosion resistance during arcing and to minimize its weldability in high-current applica-
tions, thus guaranteeing proper operation of the circuit breaker. However, the lifetime
of silver switches is significantly reduced by electro-erosion, caused by ion and electron
bombardment during arcing. Zinc, copper, nickel, and palladium are frequently utilized as
an alloying element in switching applications in order to decrease electrode erosion. Other
options involve creating silver composites with metal oxide materials, such as cadmium,
zinc, tungsten, and tin oxide. These materials vary in their applicability, but are generally
utilized in low-voltage direct current (LVDC) applications such as relays, switches, and pro-
tective components [1-3]. Due to its toxicity and associated health risks [4], silver-cadmium
oxide is no longer utilized, with it predominantly being replaced by Ag/SnO,. However,
while the addition of tin oxide increases the resistivity of the material, in-operando heat
increments due to long-term use negatively impact the service life of this contact mate-
rial [5]. As previously reported by Selzner et al. [6], the transport properties of Ag/SnO,
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differ significantly between the affected area (after the first break operation) and the sur-
rounding, unaffected area. This is attributed to a heterogenous distribution of silver, pores,
and oxides within the area affected by the electrical arc. Moreover, the energy from the
arc promotes the formation of layered tin oxide structures, which negatively impact the
material’s conductivity. Furthermore, metal oxide content, particle size, and production
processes influence the performance of the silver-tin oxide contact materials [7].

Pure copper also finds applicability in switching components due to its cost-effectiveness
and good conductivity. However, copper electrodes are generally paired with silver-based
materials to reduce the likelihood of welding. The performance of copper contacts is
improved by coating them with tin, silver, etc., or by alloying them with other materials,
such as cadmium, tin, chromium, tellurium, etc. [2]. In this manner, lower amounts of
silver are required while still maintaining their switching characteristics [3].

Previous reports have studied the performance of graphite-containing silver
switches [8-12]. These studies reported improved switching performance; however, due to
the anisotropic properties of graphite, their performance is highly dependent on the relative
orientation of the graphite reinforcement phase. The advantage of graphite-containing
silver-based materials is not only that graphite reduces weldability, but also that it pre-
vents the formation of non-conductive oxides on the metal’s surface [13]. However, the
addition of graphite increases erosion in silver materials and the likelihood of arc reig-
nition [13]. Likewise, graphite-containing copper contact materials have shown weld
resistance due to arcing and have been found to have applications even for elevated switch-
ing currents [3,14]. However, copper-graphite contacts are primarily designed to operate in
moving (i.e., rotating) contacts, such as brushes [15]. These composite materials show ex-
ceptional self-lubricating capabilities, with the carbonaceous tribofilm slowing down wear
and corrosion. Furthermore, copper composites reinforced with graphene nanoplatelets
have demonstrated enhanced arc erosion resistance, as reported by Shao et al. [16].

Moreover, carbon nanotube-containing metal matrix composites (MMCs) are not only
a viable option for electrical contact materials in general [17,18], but also for use in switching
applications [5,19]. Individual carbon nanotubes (CNTs) possess exceptional mechanical
and transport properties [20-25], albeit the latter present high anisotropy. However, single
CNTs are seldom found, but rather CNT agglomerates [26,27]. Therefore, CNT composite
materials have the potential to incorporate the advantages of graphite-containing compos-
ites without this disadvantage and without incurring significant additional costs. Therefore,
the main objective of this study is to evaluate both the feasibility of CNT-containing MMCs
for switching applications and the influence that the reinforcement phase’s concentration
has on the behavior of the electrical arc generated during hot switching. Accordingly,
the characteristics of the arc generated during a single break operation will be analyzed
and discussed.

It is important to understand the characteristics of the electrical arcs produced during
hot switching, since this can provide abundant information on the circuit and on system
efficiency, as well as provide insight into the breaker’s durability. It is well-established that
LVDC switches (e.g., automotive contacts) operating under resistive loads produce arcs
with durations that do not exceed 500 ps and arc lengths below 100 pm [28,29], whereas
high inductances extend the duration (between 500 ps and 5 ms) and length (up to a few
mm) of the arc [28]. Furthermore, arc duration (i.e., type of load) and the contact material
used affect the erosion mechanism that takes place during arcing. Short arcs (i.e., resistive
load) show an anode mass loss and cathode mass gain, whereas the opposite is true for
long arcs (i.e., inductive loads) [28,30].

The mechanism behind arcing is schematically shown in Figure 1. As a load (F)
is applied between the two electrodes, the topographic features of the surfaces meet,
generating the a-spots whereby conduction takes place (Figure 1a). Upon reaching the
contact interface, the current (I) constricts and flows through the asperities in contact, which
locally heats up the asperities to reach a temperature (T) above the melting temperature
(Tm) of the metal (Figure 1b). As the electrodes separate (at a certain velocity v), the molten
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metal is drawn by the moving electrode (Figure 1c), thus forming a bridge between them.
As the electrodes continue to move apart from one another, the molten bridge is drawn out,
becomes unstable, and ruptures due to a significant local increase in the current density
(J), as shown in Figure 1d. The instability within the molten bridge is caused by the flow
of colder material from the root of the bridge towards the hotter regions and the ejection
of the bridge’s material due to temperatures exceeding the boiling temperature (T}) of
the metal [2]. The bridges” explosion establishes the arc, releasing metallic vapor into the
contact gap and considerably increasing the pressure (Figure 1le,f) [2]. As the metallic vapor
expands into lower pressure regions, the pressure between the electrodes decreases and
what is known as a pseudo arc is established, where ions conduct current. Since the opening
operation does not occur under vacuum, the continued reduction in pressure causes the
arc’s transition from a metallic phase to a gaseous phase due to the flow of atmospheric
gases into the gap. In the gaseous phase, the current is conducted by electrons rather than
by the ions.
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Figure 1. Schematic representation of arcing mechanism. The schematic illustrates when (a) contacting
surfaces approach each other and (b) two asperities come into contact, allowing current to constrict
and flow between the electrodes. Here, the temperature at the contact spot T exceeds the melting
temperature Tr, of the metals. (c,d) As the moving electrode begins to retreat at velocity v, the molten
bridge is pulled by the moving electrode, increasing the current density J. (e) The metallic bridge
ruptures due to instability, significantly increasing the pressure and forming metallic vapor between
the electrodes. The increased current density increases the temperature at the contact sites above the
boiling temperature Ty, of the metal. (f) After the metallic vapor expands and the pressure decreases,
the electrical arc is generated.

The metallic vapor generated in the arc’s explosion is the cause for material transfer. In
the initial stages of the arc’s ignition, anodic erosion occurs due to electron bombardment,
while the cathode gains mass due to particle recombination and condensation on the
cathode’s surface [30]. If the arc’s duration is sufficiently long, there is a transition period
wherein the cathode undergoes mass loss due to ion bombardment [1]. This transition
only depends on the duration and length of the arc, where the latter is the predominant
parameter governing the direction of mass transfer [28]. During the anodic to cathodic
arc transition, there is an instance where the material deposited on the cathode during
the anodic loss stage is removed, thereby leading to net zero erosion [31]. The anodic to
cathodic transition is arc length dependent, and does not depend on electrode material or
arc duration. On the other hand, the point at which net zero erosion occurs depends on the
amount of material transferred during the anode loss stage. Therefore, it is dependent on
arc duration (i.e., circuit type) and electrode material [28]. Although the current flowing
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through the electrodes does not influence the arc type, it does increase the arc’s energy,
which in turn delays net zero erosion.

Therefore, it is established that, irrespective of the current level that circulates through
the joint, for an electrical arc to generate, material melting takes place within the contact
spot [2,32]. This is because as the electrodes separate and F tends to zero, the real contact
area between the electrodes also tends to zero. The reduction in the contact area results
in a rise in the constriction resistance (R.), as stated in Equation (1) [1,2]. H and p in
Equation (1) are the contact material’s hardness and resistivity, respectively, whereas «
is the radius of the real contact area, under the assumption that it is circular (known as
the Holm radius), and 7 is a coefficient that describes the cleanliness of the contacts. The
increased constriction resistance produces an increased voltage drop between the contacts
(V¢), which in turn significantly increases the temperature at the contact spot (T;)—this
relationship is shown in Equation (2), where T is the ambient temperature. Therefore, the
increased constriction resistance due to the breaking of the circuit will cause the melting
temperature of the metals to be reached, thus generating molten bridges.

Rc:*:P T 1)

T, = \/ To> + V.2 x 107 2)

The objective of this study is to gain a deeper understanding of the arc character-
istics of established switching materials and compare them to the arc characteristics of
CNT-reinforced, silver- and copper-based metal matrix composites produced via powder
metallurgy, and to evaluate the influence of the reinforcement phase’s concentration on the
behavior of the resulting arc [33,34]. This understanding will enable the appraisal of the
proposed materials in terms of feasibility, applicability, and efficiency for LVDC circuits.
Therefore, break operations (hot switching) were conducted on different reference samples
and on the proposed MMCs. The arcs in question were generated using a purely resistive
load (standard automotive halogen lamps) while performing a single break operation. Two
different ohmic loads were evaluated—i.e., 100 and 200 W. Voltage, current, and power
curves during arcing were measured and evaluated to obtain arc duration and energy.
Furthermore, the electrical contact resistance (ECR) of the different material systems was
determined directly prior to the arc’s ignition. Moreover, high-speed videos were captured
during arcing in 200 W tests to observe the arcs’ ignition, the existence of unstable arcs, and
to qualitatively assess arc mobility. In addition, quantitative image analysis was carried out
to provide insight into the mechanisms that modify the behavior of the arc produced as a
consequence of the reinforcement phase: namely, the heterogeneity of the reinforcement
phase in the MMCs.

2. Materials and Methods
2.1. Composite Production & Materials Characterization

Silver and copper MMCs reinforced with multiwalled CNTs were produced via pow-
der metallurgy at three different concentrations, namely, 1 wt.%, 2 wt.%, and 3 wt.%. The
composition of the samples and the nomenclature used in this work are shown in Table 1.
Since the metallic matrices have relatively similar densities (10.49 and 8.95 g/cm? for silver
and copper, respectively [2]), the difference in CNT content in vol.% and wt.% is marginal.
Dendritic copper powder with a 325 mesh and 99% purity (Alfa Aesar GmbH, Berlin, Ger-
many) and silver flakes with at least 80% of the flakes below 20 um and a purity of 99.9%
(Alfa Aesar GmbH, Berlin, Germany) were used as metallic matrices. The reinforcement
phase used was chemical vapor deposition (CVD)-grown, multiwalled CNT (Graphene
Supermarket, New York, NY, USA). The nanotubes have an outer diameter distribution
between 50 and 85 nm, an as-received state length from 10 to 15 um, and a carbon purity
above 94%. To fully assess the performance of the proposed composite materials, different
reference samples were also characterized—i.e., 0 wt.% sintered silver and copper samples,
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and high-purity samples (silver rod: 99.95% purity, Alfa Aesar GmbH, Berlin, Germany
and copper rod: 99.9% purity, Goodfellow Cambridge Limited, Huntingdon, UK). The
unreinforced, sintered samples (i.e., Ag 0% and Cu 0%) were included in the analysis in
order to evaluate samples with similar hardness and mechanical properties while excluding
the influence of the reinforcement phase. Furthermore, materials commonly used in hot
switching applications were also characterized, namely: Ag/Ni90/10, Ag/SnO, 88/12,
Ag/Sn0O, 90/10, and Ag/SnO, 92/8 (Umicore N.V., Brussels, Belgium).

Table 1. Sample composition and nomenclature.

Matrix/vol.% Reinforcement/vol.% Reinforcement/wt.% Nomenclature

100 0.00 0 Ag 0%
94.77 5.23 1 Ag 1%
89.97 10.03 2 Ag 2%
85.54 14.46 3 Ag 3%

100 0.00 0 Cu 0%
95.50 4.50 1 Cu 1%
91.30 8.70 2 Cu 2%
87.39 12.61 3 Cu 3%

The metallic powder and the CNT were blended through colloidal mixing in ethylene
glycol. After evaporating the solvent, disk-shaped (8 mm diameter) green pellets were
produced by placing the mixed powders in a steel die and pressing at 990 MPa for 20-30 s.
The green pellets were densified (achieving relative densities higher than 95%) via hot
uniaxial pressing (HUP). The sintering temperature is crucial for achieving sufficient
sample density [18], particularly for electrical applications. Suarez et al. have previously
reported that the structural integrity of multiwalled CNTs is not compromised during high
temperature sintering [35]. The authors showed that, for CNT content of up to 3 wt.%,
sintering at 850 °C in vacuum improved the crystallinity of the CNT compared to their state
after dispersion, due to thermal annealing processes which alleviated defects. Moreover,
thermogravimetric analyses have demonstrated that multiwalled CNTs are more stable to
oxidation during vacuum annealing than single-walled CNTs [36], while also improving
graphitization due to the removal of metallic and metal oxide content stemming from the
manufacturing process [37]. Accordingly, HUP was carried out at a temperature of 750 °C
and a pressure of 264 MPa at high vacuum (2 x 10~® mbar) to minimize oxidation of the
samples. The copper MMCs were sintered for 2.5 h. The silver MMCs, on the other hand,
required longer isothermal holding times to achieve sufficient densities. Silver samples
sintered for 2.5 h did not surpass 90% relative density [38]. As a result of the higher
degree of internal porosity in the green pellet prior to sintering, silver samples required an
isothermal holding time of 7.5 h [39]. Further details on the preparation of the colloid and
sample production can be found in [38,39].

The hardness of the sintered MMCs and reference materials was evaluated via micro-
hardness measurements (Dura Scan 50 Micro-Hardness Tester, Struers Inc., Cleveland, OH,
USA). A load of 0.098 N (HV 91) was used to generate the imprint, holding the load for 15 s
and optically micrographing the imprint using 40 x magnification. At least 20 indentations
were carried out per sample and averaged—results are shown in Table 2.

2.2. Hot Switching Tests

The electrical arc was generated by a breaking operation (hot switching) between the
sample in question and a hard-gold-coated (AuCoy>), silver-nickel core (AgNiy 15) rivet
(Adam Bornbaum GmbH, Neuhausen, Germany). The counter electrode (rivet) has a hemi-
spherical geometry, with a radius of curvature at its tip of 4 mm and a hardness value of
1.38 & 0.01 GPa. Both electrodes were mounted on a custom testing rig and connected
to a 3000 W direct current power source (Gossen Metrawatt SSP 3000-52, Niirnberg, Ger-
many) [40]. An oscilloscope (LeCroy WaveRunner 6100A, New York, NY, USA) was used
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to acquire the voltage drop between the electrodes during breaking. The current before,
during, and after breaking was measured using the same device via a LeCroy CP031 current
probe [19]. Two ohmic loads were evaluated: 100 W and 200 W. The loads were changed by
adding or subtracting automotive 50 W halogen lamps. At least three hot switching tests
were carried out per ohmic load and sample under atmospheric conditions (i.e., 23 £1 °C
and 23 + 2% temperature and relative humidity, respectively). A new counter electrode
was used for each test. Prior to hot switching, the rivets were cleaned using isopropanol-
based contact cleaner and dried with compressed air. Furthermore, the current probe was
degaussed between measurements. Prior to electrical characterization, the MMCs and
reference samples were ground and polished, achieving a mirror-polished surface. The pol-
ished samples were micrographed via confocal laser scanning microscopy (CLSM—LEXT
OLS4100, Olympus, Tokyo, Japan), acquiring a 3 x 3 stitching at 50 x with an overlap of
20% to obtain a larger field of view with high resolution. The root mean square roughness
S; of the stitching was measured. The reference samples and MMCs achieved an S, value
between 0.3-0.6 um, whereas the counter electrode presented a roughness value of 0.3 pm.

The composite and reference samples were mounted on a moving platform and
connected to the positive terminals of the source and oscilloscope (anode), whereas the rivet
remained static and was connected to the negative terminals of the source and oscilloscope
(cathode). A normal load of 4 N was established between both electrodes, and a current
stabilization time of 10 s passed prior to breaking the circuit. Subsequently, the circuit was
opened by retreating the linear stage at a constant acceleration of 8000 mm/s? and a top
speed of 58 mm/s. Further information on the accuracy of this setup, as well as schematic
representations thereof, was previously reported by Puyol et al. and Suarez et al. [19,40].
Video footage of the arc during the break operation was recorded with a high-speed
camera (Photron, FASTCAM SA-Z, Tokyo, Japan) using a macro-lens (LAOWA, 100 mm
2.8 2:1 Ultra Macro APO, Hefei, China), a 2:1 magnification ratio, and a frame rate of
210,000 frames per second. The field of vision was 2.5 mm X 1.0 mm with a resolution of
284 x 160 pixels, resulting in a pixel size of 6.5 um.

2.3. Heterogeneity Analysis

To assess the heterogeneity of the silver and copper MMCs, a detailed analysis of the
near neighbor distance (nnd) for each sample was conducted. The micrographs acquired
with the CLSM of each sample were first binarized using Gaussian blur filtering and
thresholding operation in Image]J, and later subjected to particle analysis. This process
allowed for the identification and measurement of the centroids of each particle in each
image [41]. Using the centroid coordinates, the pairwise Euclidean distances between all
particles were then calculated. For each particle, the smallest distance from one particle
to another was recorded as its nnd. Considering the magnification and resolution of the
image acquisition, all pixelated particles having an area below 0.8 um? (corresponding to
2 pixels) were excluded from the analysis.

Based on the skewness present in the raw data, it was assumed that the particle sizes
and near neighbor distances were log-normally distributed [42]. Moreover, the coefficient
of variation (COV) was introduced to quantify the heterogeneity of the CNT distribution
based on the log-normal distribution of the nnd [43,44]. The standard deviation (cy,) of the
log-normal distribution of the nnd was calculated and used to determine the COV using
Equation (3). It is worth noting that a higher COV value corresponds to more heterogeneous
particle distributions. Furthermore, the average size and area fraction of the particles in
each sample were determined to further characterize the dispersion and distribution of the

reinforcement phase.
COV = \/e%t — 1 3)

Assessment of the proposed reinforced materials is crucial in order to fully under-
stand their viability as contact materials for LVDC relays, contactors, and other switching

3. Results and Discussions
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applications. Accordingly, the focus of this study is to carry out an in-depth analysis of the
arc’s characteristics for arcs generated by a single break operation with a resistive load of
200 W, as well as the influence that CNT concentration has on the characteristics of the arc
generated. Resistive loads of 100 W generated arcs with similar behavior and tendencies
to those generated with 200 W—further information on 100 W tests can be found in the
Supplementary Information (Figures S1 and S2 and Table S1).

3.1. ECR Prior to Arcing

The ECR before electrode separation (i.e., prior to arcing) can be directly obtained from
the current and voltage curves (using Ohm’s law). The average ECR value for each material
prior to arcing at 200 W is shown in Table 2. The reference materials exhibit varying ECR
values, ranging from approximately 2.5 m() to 6 m(), with the latter corresponding to
Ag/Ni. As expected, the resistance of Ag/SnO, increases alongside the tin oxide content.
Among the materials tested, the silver MMC exhibited the lowest ECR value despite the
addition of CNT. Similar to Ag/SnO,, the ECR tends to slightly increase with increasing
CNT content. The resistance values of copper MMCs vary considerably depending on
the content of CNT. This is because of the heterogeneous distribution of CNTs within the
copper composite (further discussed in Section 3.4) [18,38,39]. The chemical incompatibility
between copper and carbon causes CNTs to re-agglomerate during the production process.
As a result, larger CNT clusters are found on the surface of copper MMCs compared
to silver MMCs; this phenomenon is more prevalent in copper MMCs with lower CNT
concentrations. Furthermore, it is important to consider the potential heterogeneity in
material hardness caused by inhomogeneous CNT distribution, which could result in
variations in ECR values depending on the area where the measurements were taken.
However, in general, the resistance values fall within the range of the reference materials.
Therefore, based solely on the ECR, copper MMCs are a viable material that should perform
similarly to silver—nickel alloys and silver—tin oxide composites.

Table 2. ECR and hardness values of the reference and composite materials. ECR values were
calculated prior to electrode separation for 200 W tests.

Sample ECR/mQ) Hardness/MPa
Ag Rod 1.36 +£0.32 847 £ 61
Ag 0% 1.65 £ 0.36 470 £+ 49
Ag 1% 1.79 £0.53 505 + 37
Ag 2% 1.94 £ 0.27 369 £ 54
Ag 3% 213+0.73 408 £+ 61
CuRod 6.86 £2.79 1335 + 82
Cu 0% 3.59 £ 0.86 650 £ 70
Cu 1% 2.66 £ 0.06 619 £ 88
Cu 2% 2.73 £0.55 555 + 81
Cu 3% 6.80 + 0.28 512 £ 87
Ag/Ni90/10 575+ 1.14 615 + 89
Ag/Sn0, 92/8 293+ 047 728 £ 42
Ag/Sn0O, 90/10 2.63 £ 0.66 757 £ 58
Ag/Sn0O, 88/12 457 £0.92 820 + 46

According to Holm, the spreading resistance of an isotropic material—i.e., the ideal
resistance directly under the contact interface due to the spreading of the current within
the conductor—is half that of the constriction resistance [1,45], as shown in Equation (4).
Using the ECR values measured prior to arcing and the hardness values from Table 2
and Equation (1), the resistivity and the Holm radius of the contacting electrodes can be
determined. These two parameters can then be used to determine the spreading resistance
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of the materials in question via Equation (4). The Holm radius of the contact as well as the
resistivity and spreading resistance of the samples are shown in Table 3.

P
R. = — 4
=L @
Table 3. Resistivity, Holm radius and spreading resistance of the reference and MMC samples
calculated using Equations (1) and (4). Hardness and resistance values were obtained from Table 2.

The hardness of the samples was used for the calculations since the rivet is considerably harder than
the samples.

Sample Resistivity/(Om Holm Radius/pum Reiiil;ziile?i Q
Ag Rod 2.6 x 1078 9.70 0.68
Ag 0% 43 x 1078 13.02 0.83
Ag 1% 45x 1078 12.56 0.90
Ag 2% 5.7 x 1078 14.69 0.97
Ag 3% 6.0 x 1078 13.97 1.07
Cu Rod 1.1 x 1077 7.72 3.43
Cu 0% 7.9 x 1078 11.07 1.80
Cul% 6.0 x 1078 11.34 1.33
Cu 2% 6.5 x 1078 11.98 1.37
Cu 3% 1.7 x 1077 12.47 3.40
Ag/Ni90/10 1.3 x 1077 11.38 2.88
Ag/Sn0, 92/8 6.1 x 10~8 10.46 1.47
Ag/Sn0, 90/10 54 x 1078 10.26 1.32
Ag/SnO, 88/12 9.0 x 10~8 9.85 2.29

Resistivity of AuCo (rivet) between 6.2 x 1078 and 55.5 x 1078 [3,46].

The results from these numerical calculations correlate with the expectations generated
from the MMC samples and reference samples. Since the hardness of the rod samples
is higher than that of the sintered samples, the resulting Holm radius is smaller, thereby
resulting in higher resistivity and resistances, whereas in the MMCs the rise in CNT
concentration leads to a marginal rise in resistivity and spreading resistance. However,
apart from Cu 3%, the increment in spreading resistance is negligible, representing a
0.17 mQ) increment between Ag 1% and Ag 3% for similar Holm radii. Likewise, the
addition of tin oxide increases the samples’” hardness, which in turn reduces the Holm radii,
thereby leading to higher resistances.

3.2. Arc Characterization

The current and voltage curves prior to, during, and after the arc’s extinction for all the
materials tested are shown in Figure 2. Since the tests were conducted using direct current,
the power curves can be directly obtained by multiplying the contact voltage and current,
as shown in Figure 3. As the figures depict, the high purity samples, unreinforced sintered
samples, and most reference materials show reduction peaks in the current flow and spikes
in the voltage and the power curves (as indicated by the arrows in Figure 3). However,
this was not observed in the 2% and 3% reinforced samples, nor in the Ag/SnO, 88/12
sample. To determine the duration and energy of the arcs accurately and systematically,
the arc’s initiation was defined as the point when the current flow dropped by at least 20%
of the nominal value. For the 200 W tests, the nominal current was approximately 17 A,
whereas for the 100 W tests the nominal current was approximately 9 A. The durations and
energy values over which the arc was considered are highlighted by the shaded areas in
Figures 2 and 3. Table 4 shows the values for the 200 W tests, whereas the results for 100 W
are shown in Table S1.
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Figure 2. Current and voltage curves for reference and reinforced samples during 200 W hot switching
tests. The shaded region highlights the time considered for the arc’s characteristics. The arrows
highlight the tendency of the voltage curve during the arc’s duration. These plots show the most
representative curves based on the average arc duration and energy.
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Figure 3. Power curves for reference and reinforced samples during 200 W hot switching tests. The
shaded region highlights the time considered for the arc’s characteristics. The arrows point out the
power spikes that were considered within the arc duration calculations. Dashed arrows point out the
unstable arcs, whereas solid arrows highlight the main arc. These plots show the most representative
curves based on the average arc duration and energy.
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Table 4. Arc characteristics of reference and reinforced samples for tests carried out at 200 W.

Sample Arc Duration/ms Arc Energy/m]
Ag Rod 0.29 £+ 0.01 10.25 + 0.36
Ag 0% 0.30 £ 0.02 9.86 £ 2.11
Ag 1% 0.29 £+ 0.04 8.79 + 1.64
Ag 2% 0.37 £ 0.08 12.62 £+ 2.45
Ag 3% 0.36 £ 0.05 10.71 £ 2.52
CuRod 0.30 £ 0.01 8.28 +1.30
Cu 0% 0.34 +0.04 10.87 £ 0.82
Cul% 0.20 £ 0.01 6.38 £ 0.25
Cu 2% 0.23 £ 0.06 6.30 £0.76
Cu 3% 0.23 £0.05 6.19 £ 0.95
Ag/Ni90/10 0.27 £ 0.09 8.34 £ 1.68
Ag/Sn0O, 92/8 0.40 £+ 0.02 11.49 £0.78
Ag/Sn0O, 90/10 0.36 £ 0.03 9.56 +1.11
Ag/Sn0O, 88/12 0.37 £0.03 1171 +£1.13

During the ignition of the arc, the voltage curves show fluctuations that could be
attributed to the variable contact of the inter-electrode molten bridges. The heat generated
at these sites causes localized melting of the materials due to increased current constriction,
which produces inconsistent voltage values. As the voltage and current curves in Figure 2
highlight, the MMCs with higher CNT concentrations produce more stable voltage curves.
On the other hand, samples with lower CNT content possess variable voltage curves. In this
case, the voltage curve while the arc is ignited tends to increase until the nominal voltage
of 13.5 V is reached and the arc is extinguished (highlighted by the arrows in Figure 2). The
more stable voltage curves during arcing in the MMCs could therefore be associated with
fewer melting points in the contact due to the improved thermal conductivity of the contact
material. As shown in Figure 2, the voltage curve for Ag 2% still shows an increasing
trend during the arc; however, this is not the case with Cu 2%. This behavior could be
attributed to the lower melting voltage of silver (0.37 V) compared to that of copper and
gold, both of which have a melting voltage of 0.43 V [1,2]. These fluctuations could also
be linked to the sublimation of the CNTs, which in turn causes the release of adsorbed
gases and a non-conductive metal vapor (stemming from the explosion of the metallic
bridge) in the vicinity of the electrodes, thereby locally increasing the pressure between
the two surfaces [2,19]. Furthermore, the slope of the voltage curves while the main arc is
ignited can provide information on the arc’s phase. The curve’s slope transitioning from
a shallower slope to a steeper slope suggests the transition from a metallic ion phase to a
gaseous ion phase [31]. Observing Figure 2, it is clear that lower CNT content promotes a
longer gaseous arc phase. Therefore, the CNTs show the potential to minimize the ingress of
gaseous ions within the electrode gap, which can consequently reduce gaseous ion erosion.
The same behavior was observed for the 100 W tests (see Figure S1).

By observing the arc characteristics of the reference materials in Table 4, a clear distinc-
tion can be made between silver—tin oxide and silver—-nickel contact materials. However,
all values fall within the range reported by Ben Jemaa et al. for resistive loads [28,29]. The
arc duration and energy levels of silver—tin oxide reference materials remain relatively
constant regardless of the tin oxide content. In all three cases, the arc is extinguished within
400 ps, and the arc’s energy does not exceed 13 m]. However, the silver—nickel alloy, on the
other hand, presents a shorter arc duration (below 300 pus) and a lower energy input (below
10 mJ).

The results in Table 4 for silver samples do not exceed those observed for the references.
In other words, the mean duration of the arc is not greater than that of the silver—tin oxide
and silver—nickel samples. However, the arc duration tends to increase as the concentration
of the reinforcement phase increases. Nevertheless, the increase in arc duration is marginal,
typically in the range of 60 us in the 2% and 3% reinforced silver samples. In contrast, the
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copper samples exhibit the opposite behavior. As the CNT concentration increases, the
duration of the arc shortens, with a reduction of approximately 70 ps.

Regarding the energy input, the copper samples had the lowest amount of energy.
The unreinforced copper samples performed similarly to the silver and reference samples.
However, when CNTs were incorporated into the copper samples, a significant reduction
in arc energy was observed (as well as in arc duration), resulting in the lowest arc energy
among all evaluated samples. In contrast, the reinforced silver samples did not show
a reduction in arc energy and had values that matched those of the reference materials.
Therefore, the reinforcement phase has a stronger impact on the characteristics of the arc in
copper electrodes.

The hot switching tests at 100 W (Table S1) showed similar performance. The arc
duration in the reference materials did not exceed 350 ps, with a maximum mean energy
of approximately 4 m]. The silver samples exhibited slightly shorter arc durations, with a
maximum duration of approximately 230 us, corresponding to the high-purity (rod) silver
sample and the 3% sample. As with the 200 W tests, higher CNT concentrations tended
to increase arc duration in silver MMCs. The energy of the arc in the silver samples did
not exceed the values of the reference materials, which ranged from 2.3 to 3.5 mJ. Copper
samples in the 100 W tests showed moderately consistent results. The mean duration of the
arc was approximately 240 us for all samples. However, as with the 200 W tests, the lowest
arc energy was observed in the copper samples with higher CNT content. Both the 2% and
3% reinforced copper MMCs showed arc energy values below 3 m]. In both hot switching
tests (i.e., 100 W and 200 W), the samples with the highest content of CNT also presented
the highest standard deviation. However, this is due to the heterogeneous distribution of
CNTs within the metallic matrix [17,39].

The spikes in current, voltage, and power observed prior to the proper ignition of the
arc considered in this study (highlighted by the arrows in Figure 3) are not characteristic
of a break operation. Instead, they resemble the bouncing phenomenon commonly seen
in make operations. These spikes are short-lived and do not tend to decrease over time,
as is the case with bouncing. On the contrary, these signal perturbations tend to exhibit a
greater reduction in current flow (resulting in an increase in voltage and power signals)
as the tests progress. It is hypothesized that the voltage and current spikes are caused by
the extinction of smaller unstable arcs that occur during the initial stages of the breaking
operation before the main arc is established. As these signal disruptions were not observed
for all materials, it was of interest to observe the evolution of the electrical arc during break
operations using a high-speed camera to better understand these perturbations.

3.3. High-Speed Footage

The high-speed video footage correlates with the voltage and current curves recorded
during arcing (example for Cu 1% shown in Figure 4). High-speed camera videos for all
samples can be found at https://doi.org/10.5281/zenodo0.10838984 (accessed on 19 March
2024). As initially observed in Figures 2 and 3, the videos highlight that most reference
samples and unreinforced silver and copper samples show a larger tendency towards the
establishment of unstable arcs. Unstable arcs are defined as small, short-lived electrical
arcs that are established prior to the ignition of the main arc. These arcs can be identified
as the small spikes in the current, the voltage, and the power curves (see Figures 2 and 3).
Unstable arcs ignite and are extinguished in a matter of tens of us, whereas the main arcs
last for several hundred ps (see Table 4). The dashed arrows in the power curves (Figure 3)
point out the presence of unstable arcs, which were considered in the arc characteristics,
whereas the solid arrows highlight the ignition of the main arc.

Unstable arcs ignite earlier in samples with low or no CNT content. In other words, as
the CNT content increases in the MMCs, the ignition of unstable arcs takes place closer to
the ignition of the main arc. For sufficiently high CNT content (namely 3%), the ignition of
unstable arcs is avoided altogether, similar to the Ag/SnO; 88/12 sample. It is important
to report that 2% samples in particular show variable results. In other words, unstable
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arcs were observed in one out of the three tests carried out at 100 W and 200 W. Therefore,
it seems that 2% CNT content is the lower limit required to eliminate unstable arcs from
taking place, with higher concentrations not showing unstable arcs throughout all tests.
However, the 2% curves presented in Figures 2 and 3 do not include curves where unstable
arcing took place, as they were not fully representative of the general results.

20
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Figure 4. Current curve and snapshots of high-speed video at different times during breaking for Cu
1% sample.

The Cu 1% sample (exhibited in Figure 4) is a prime example of unstable arcing in
MMCs with low CNT content. These unstable arcs initially marginally reduce the nominal
current (as is the case in snapshot A). As the breaking operation progresses, the nominal
current briefly decreases more markedly (B and C) until the main arc is ignited (D). These
current reductions prior to the ignition of the main arc last a few tens of us, followed by
the extinction of the unstable arcs and the current approaching the nominal value. In
this example, the unstable arcs shown in A, B, and C last for approximately 25, 45, and
50 ps. Snapshot C depicts the extinction of this unstable arc and the corresponding plume
generated. Snapshot D exhibits the ignition of the main arc, with E, F, and G showing
snapshots at different moments in the main arc’s duration.

The reference and unreinforced samples exhibit significant arc motion and small
plumes. In particular, the Ag/Ni samples display multiple short, unstable arcs that grad-
ually become longer until the main arc is established. On the other hand, the Ag/SnO,
samples exhibit significantly steadier arcs compared to Ag/Ni. The higher mobility in
Ag/Ni samples is attributed to the higher work function of nickel (4.7-5.2 eV) compared to
that of tin (3.6—4.1 eV) [2]. The addition of CNTs to the MMCs results in a confinement-effect
of the electrical arc, reducing its mobility. It is important to note that this is a qualitative
analysis and the degree to which CNT concentrations affect arc mobility cannot be dis-
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cussed based solely on the high-speed video footage. However, the video footage confirms
that the CNT clusters on the MMCs’ surfaces hinder the arc’s mobility. This is supported
by the observation that electrical arcs on copper MMCs tend to show more mobility than
those on silver MMCs. The effectiveness of CNTs in copper MMCs for confining the arc
is not as high as in silver MMCs due to its less homogeneous CNT distribution (further
discussed in Section 3.4).

Moreover, the work function of the materials in question can impact the behavior of
the arcs. In other words, low work function will favor a steady and localized arc since
it is easier to extract an electron from said material—as is the case with Ag/SnO,. The
higher work function of copper (4.5 eV) compared to that of silver (4.2 eV to 4.5 eV) [2],
coupled with its more heterogeneous phase distribution, explains the higher mobility of
the arc in copper MMCs, with previous studies from Guo et al. reporting that CNT content
increases the work function of copper MMCs [47], thereby further increasing arc mobility.
In the proposed MMCs, the arc is more easily established between the metallic matrices
and the counter electrode rather than between the reinforcement phase and the counter
electrode. This is due to their higher electrical conductivity and to the higher work function
of the multiwalled CNTs (4.95 eV and 5.05 eV for multiwalled and single-walled CNTs [48],
respectively) used to produce the MMCs. The CNT-reinforced samples exhibit large plumes
being expelled as arcing takes place. This behavior could be caused by two mechanism:s,
which are not mutually exclusive. The first mechanism is the increased material removal
rate when adding CNTs, similarly to when adding graphite into these metallic matrices [8].
Furthermore, the large plumes observed are due to CNT sublimation, which increases
local pressure. As the high-pressure regions expand to lower-pressure regions (i.e., the
plume observed) it leads to material ejection, and it aids in arc extinction. It is worth
noting that the plumes and metallic bridge explosions appear to be more severe in copper
samples, both in the main arc and in unstable arcs. Compared to silver-based materials,
unstable arcs occur more frequently and last longer in copper samples, resulting in more
severe explosions. This is due to copper’s poorer resistance to welding and lower thermal
conductivity compared to silver.

3.4. Reinforcement Phase Distribution

Due to the complexity of the systems herein analyzed, multiple mechanisms can
explain the observed behavior of the aforementioned materials. These mechanisms are
not mutually exclusive; therefore, a combination of these mechanisms can justify the
performance of Ag 2%, Ag 3%, Cu 2%, and Cu 3%. One possible explanation for the
absence of unstable arcing in the high concentration samples is their relative softness
compared to purer samples. In softer materials, the contact area at 4 N is larger, which
increases the potential area in which an arc can be established between the electrodes due
to a larger number of asperities establishing electrical contact—this is corroborated by the
larger Holm radius presented in Table 3. However, the difference in hardness between
material types is minor, therefore it is unlikely that this is the sole cause of the lack of
unstable arcing in MMCs containing higher amounts of CNTs. Additionally, the Ag/SnO,
88/12 sample is harder than the other silver-tin oxide samples and does not exhibit unstable
arcing. It is probable that the unstable arcing occurs due to the explosion of smaller contact
bridges as the electrodes separate. The contacts experience significant localized heating due
to high currents flowing through the electrodes and the increased current density flowing
through certain metallic bridges. This causes melting and the subsequent explosion of the
bridges. This phenomenon is hindered in the reinforced sample due to the CNT content,
which increases the thermal diffusivity of the material. Improved thermal characteristics
have two benefits. Firstly, they eliminate or minimize unstable arcing in favor of a main
arc with longer duration, and, secondly, they reduce the likelihood of welding, thereby
ensuring optimal switching.

The incorporation of CNTs into silver and copper matrices results in a varied phase
distribution, depending on the concentration of the reinforcement phase. An example of
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the CNT distribution produced is shown in Figure 5, which illustrates the heterogeneity of
the CNT in the Ag 3% and Cu 3% samples. Micrographs of Ag 1%, Ag 2%, Cu 1%, and Cu
2% can be found in the Supplementary Information (Figure S3). A quantitative analysis of
the micrographs was conducted to describe the distribution of the reinforcement phase and
its heterogeneity as a function of CNT concentration, shown in Table 5. Initial calculations
revealed that the COV for the nnd was above 100%, indicating significant variability, likely
due to the presence of outliers. These outliers were eliminated from the dataset as described
in Appendix A.

Figure 5. 3 x 3 stitching at 50 x optical micrographs of (a) Ag 3% and (b) Cu 3% via CLSM.

Table 5. Particle count, average size, and area fraction for silver and copper MMC.

Sample Count Size/um? Area/% cov
Ag 1% 1374 16.48 5.05 0.49
Ag 2% 1977 20.64 9.10 0.44
Ag 3% 3018 24.32 16.36 041
Cul% 1106 9.86 243 0.53
Cu 2% 1124 14.72 3.69 0.50
Cu 3% 1367 18.05 5.51 0.47

The characteristics of the arc generated will depend heavily on the distribution, ag-
glomerate size, and area fraction of CNTs that the electrode encounters on the MMCs’
surfaces. Therefore, these parameters were determined using micrographs of the pol-
ished MMCs’ surfaces. The 3 x 3 stitching corresponds to a square area of approximately
0.45 mm?, which is a considerably larger area than the contact area and crater area. The
largest crater generated due to the arc during the break operation among the samples
herein analyzed had an approximate diameter of 240 um. Overestimating the diameter to
300 pum, this corresponds to an affected area of approximately 0.07 mm?. This estimation is
over 6 times smaller than the area used to analyze phase distribution and heterogeneity.
Furthermore, it must be considered that this estimation is the affected area, which is ex-
pected to be considerably larger than the apparent contact area between the rivet and the
MMC samples.

The parameters determined are summarized in Table 5. Logically, size and area
fraction of CNT increases as the concentration increases. This indicates that higher CNT
concentrations lead to larger and more widespread particle distribution within the matrices.
It is of particular interest to note that both the particle size and area fraction increase at a
lower rate in the copper MMCs compared to the silver MMCs. The difference between the
area fraction in the 1% samples is approximately 1/2, whereas 2% and 3% copper MMCs
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show approximately 1/3 the area fraction of the silver MMCs. This is due to the clustering
of the CNTs in the copper MMCs. As evidenced in Figures 5 and S3, the surfaces of the
copper MMCs present large CNT bundles and regions with minimal amounts of CNTs. The
micrographs of the silver samples, on the other hand, show a more homogeneous distribu-
tion without the presence of large clusters. The increasing average size and area fraction
with higher CNT concentrations indicates a more extensive and uniform coverage of the
reinforcement phase within the silver matrix, contributing to the observed improvements in
homogeneity. Therefore, the descriptive statistics correlate with the micrographs acquired
(see Figures 5 and S3). The comparison between the silver and copper MMCs at equivalent
CNT concentrations suggests that silver facilitates better dispersion and distribution of the
CNTs, although the dispersion process during manufacturing is identical [18,38,39,49].

The COV values for both copper and silver MMC samples show a decreasing trend
with increasing reinforcement phase concentrations. Specifically, the COV for the silver
and copper samples decreases from 0.49 to 0.41 and from 0.53 to 0.47 for 1% and 3% silver
and copper MMCs, respectively. This indicates that the particle distribution becomes
more homogeneous as the CNT concentration increases. Nonetheless, for equivalent
concentrations, the silver MMCs exhibit slightly lower COV values compared to the copper
MMCs. Therefore, a more uniform particle distribution within the silver matrix is achieved.
The behavior suggests that the reinforcement phase exhibits greater affinity towards silver
matrices as opposed to copper matrices. CNTs have a high affinity towards agglomeration
as a result of Van der Waals interactions (primarily -7t interactions) [26,27]. Prior to
mixing the metallic powders, large CNT agglomerates are broken down via shear mixing
and ultrasonication [38,39]; however, the mechanical stress during ultrasonication can
severely damage the structural integrity of the CNTs [49,50]. Consequently, prolonging
the dispersion process for copper MMCs could prove counterproductive, since this would
increase the reinforcement phase’s structural damage. After dispersion, and during the
manufacturing process, CNTs tend to re-agglomerate to a higher extent when using copper
metallic powder as opposed to silver, favoring re-agglomeration rather than copper-CNT
entanglement, thereby leading to larger CNT clusters in the former.

The relative nnd frequency distribution and rug plots for both the silver- and copper-
based MMCs exhibit a clear trend of increasing homogeneity with higher CNT concentra-
tions (Figure 6a,b). For both matrices, the nnd distribution becomes narrower and more
peaked as the CNT concentration increases, indicating a more uniform particle distribution.
The cumulative distribution plot, shown in Figure 6¢, further supports these observations.
The 3% samples exhibit the steepest rise, indicating the highest homogeneity, followed
by the 2% and then the 1% samples. This trend was observed irrespective of the metallic
matrix. Nonetheless, the silver MMCs exhibit slightly lower standard deviation values
compared to the copper MMCs for identical CNT concentrations. These findings demon-
strate that higher CNT concentrations enhance the homogeneity of the composites, with
silver matrices achieving better dispersion and uniformity compared to the copper matrices
under similar conditions.

The complex phase distribution of the CNTs in the MMCs promotes the splitting of the
main arc, which reduces the arc’s spatial energy density. This is favorable since a reduction
in the arc’s energy density could reduce the area affected by it, thus potentially reducing
erosion severity during switching. Furthermore, splitting the electrical arc could prevent
the formation of unstable arcs by igniting the main arc over a larger area from the initial
stages of the break operation. The CNTs dispersed throughout the surface act as bifurcating
elements, causing the electrical arc to split onto different spots on the MMCs’ surfaces. As
the electrodes separate, some smaller arcs (belonging to the main arc) may be extinguished
while others remain. Therefore, the CNT-reinforced samples exhibited longer, continuous
main arcs. Additionally, the CNT clusters on the surface minimize arc wandering, confining
the motion of the arc to a specific region on the MMC'’s surface where smaller clusters
are located.
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Figure 6. Relative frequency for the nnd of (a) silver MMCs, (b) copper MMCs, and (c) comparison of
the cumulative distribution.

The lack of unstable arcing in the MMCs with higher CNT concentrations may also
be explained by the elastic characteristics of the reinforcement phase. The CNTs exhibit
outstanding elastic restitutive behavior [51-53], which could result in a conductive bridge
between the electrodes remaining during the initial stages of the breaking operation,
specifically between the counter electrode and the elastic CNTs. Thus, the current is
constricted and continues to flow through the clusters of CNTs instead of producing the
electrical arc. Once the separation between the electrodes is sufficiently high, the main arc
is generated without the ignition of unstable arcs (as observed in samples with low or no
CNT concentrations).

4. Conclusions

CNT-reinforced silver and copper MMCs were produced via powder metallurgy.
These samples and reference silver and copper were subjected, along with well-established
reference materials, to DC hot switching tests, and the characteristics of the arcs are herein
reported. From this work, the main conclusions are the following:

1. All composite materials proposed performed similarly to the reference materials.
The copper MMCs have the shortest arc duration and lowest arc energy among the
materials herein evaluated.

2. 2wt.% CNT content is the lower limit to avoid unstable arcing. These MMCs showed
unstable arcing one-third of the time, whereas unstable arcing was not observed for
samples with 3 wt.% CNT.

3. Increased CNT content confines the arcs, thus reducing its mobility. This effect is
more significant in silver MMCs due to a more homogeneous distribution of the CNTs.
Heterogeneity on the copper MMCs’ surfaces—produced by large CNT clusters—
favors arc wandering.

4. The results shown highlight that although copper MMCs present higher resistance
values, their arcing performance is comparable to silver-based materials. Therefore,
in applications where low ECR is not crucial and atmospheric conditions allow it,
copper MMCs are a low-cost option for switching contact materials, thereby reducing
the demand for precious metals.

These results demonstrate the feasibility of CNT-based silver and copper MMCs for
LVDC switching applications based on the characteristics of the electrical arcs produced.
Future work should be carried out to evaluate the rate of material transfer and removal
during arcing, as well as crater morphology and the degree to which the CNTs endured the
electrical arc. Further evaluations of the heat generated and of dissipation are of significant
importance for an in-depth understanding of the influence of CNTs on the MMCs’ molten
pools and on the weld resistance provided.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcs8070285/s1. Figure S1: Current and voltage curves for reference
and reinforced samples during 100 W hot switching tests. The shaded region highlights the time
considered for the arc’s characteristics. The arrows highlight the tendency of the voltage curve during
the arc’s duration. These plots show the most representative curves based on the average arc duration
and energy; Figure 52: Power curves for reference and reinforced samples during 100 W hot switching
tests. The shaded region highlights the time considered for the arc’s characteristics. The arrows
point out the power spikes that were considered within the arc duration calculations. Dashed arrows
point out the unstable arcs, whereas solid arrows highlight the main arc. These plots show the most
representative curves based on the average arc duration and energy; Table S1: Arc characteristics
of reference and reinforced samples for tests carried out at 100 W; Figure S3: 3 x 3 stitching at 50
optical micrographs of (a) Ag 1%, (b) Cu 1%, (c) Ag 2%, and (d) Cu 2% obtained via CLSM.
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Appendix A

The interquartile range (IQR) method was applied to identify and remove outliers.
This involved calculating the first quartile (Q1) and third quartile (Q3) of the nnd. Outliers
were defined and removed following Equations (A1) and (A2), obtaining the lower (OLL)
and upper limit (OUL) for outliers, respectively. The removal of these outliers refined the
nnd values obtained.

OLL = Q; —15IQR (A1)

OUL = Qs + 1.5IQR (A2)
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