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Abstract

:

The rise in electrification has considerably increased the demand for high-efficiency and durable electrical contact materials. Carbon nanoparticles (CNP) are a promising coating material due to their intrinsic transport properties (thus minimizing the impact on conductivity), their proven solid lubricity (potentially improving tribological performance), and their hydrophobic wetting behavior (potentially providing atmospheric protection). In this study, carbon nanotube and nanohorn coatings are produced via electrophoretic deposition on silver-plated surfaces, followed by tribo-electrical and wetting characterization. The proposed coatings do not negatively affect the conductivity of the substrate, showing resistance values on par with the uncoated reference. Tribo-electrical characterization revealed that the coatings reduce adhesive wear during fretting tests while maintaining stable and constant electrical contact resistance. Furthermore, CNP-coated surfaces show a hydrophobic wetting behavior toward water, with graphite and carbon nanotube (CNT) coatings approaching super-hydrophobicity. Prolonged exposure to water droplets during sessile drop tests caused a reduction in contact angle (CA) measurement; however, CNT coatings’ CA reduction after five minutes was only approximately 5°. Accordingly, CNP (specifically CNT) coatings show auspicious results for their application as wear and atmospheric protective barriers in electrical contacts.
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1. Introduction


Silver is very reputed as an electrical contact material not only due to its extraordinary conductivity but also due to its chemical stability. A key component in silver’s ubiquitous use in high-reliability connectors is that it does not oxidize. The lack of oxidation is advantageous since it precludes the formation of non-conductive or semi-conducting oxide films, as is the case with other commonly used contact materials (i.e., copper, tin, aluminum, etc.). Nonetheless, prolonged atmospheric exposure causes the formation of a semi-conductive silver sulfide (tarnishing) film—reaction shown in (1) [1,2,3,4,5,6,7,8,9,10,11,12]. Many methods have been developed to hinder or prevent this reaction, primarily in the form of protective coatings; however, alkanethiols have garnered the most widespread industrial adaptation [13,14,15,16]. The use of alkanethiols (e.g., hexadecanethiol and octadecanethiol, HDT and ODT, respectively) delays the formation of silver sulfide by saturating the silver surface with sulfhydryl groups. HDT and ODT consist of long chains of unsaturated oils where sulfhydryl groups bond with carbon terminals, thus allowing HDT and ODT to bond with transition metals. Sulfhydryl passivation forms Ag-S covalent bonds, forming a dense self-assembled monolayer, thus preventing atmospheric sulfur from reacting with the silver contact material by saturating the silver surface with the sulfur from the sulfhydryl groups [16]. However, the efficacy of these self-assembled monolayers is reliant on the orientation of the free-standing HDT or ODT tail. After the sulfhydryl group bonds with silver, the tail is free to rotate, allowing it to orient itself in an upstanding orderly position or lying on the silver surface in a disordered fashion. These monolayers are more efficient at preventing silver from tarnishing when the tails are oriented in an upstanding position due to increased thiol bonds with the substrate [16].


  2 A g + S →   A g   2   S  



(1)







Carbon nanoparticles (CNP) present a viable alternative to other passivation techniques which cannot only improve on the shortcomings of these techniques but could also present added advantages. Carbon nanostructures have excellent transport properties, a characteristic of utmost importance when dealing with electrical contact material [17,18,19,20,21,22]. Furthermore, nanocarbons present the advantage of outstanding lubricating capabilities, with extensive use as solid lubricants and lubricant oil additives [23,24,25,26,27,28,29,30,31,32].



Previous work carried out by Loyd et al. delineated the lubricating capabilities of graphite, graphene, and CNT specifically for their implementation in low-voltage and low-current applications [33]. Moreover, previous studies on CNP coatings over copper substrates have shown favorable results in terms of tribological and electrical performance, as well as for atmospheric protection due to the hydrophobic tendency of the CNP [34,35,36,37]. Therefore, it is the objective of this study to evaluate the impact, drawbacks, and advantages of CNP coatings on silver substrates. The CNP chosen for this analysis are carbon nanotubes (CNT) and carbon nanohorns (CNH), nanostructures that have shown the most promising results on copper substrates with regards to their effect on the system’s conductivity, as well as wear and atmospheric protection. However, since silver is used in demanding, high-reliability applications, and considering the significant financial investment that silver contacts incur, it is crucial to comprehensively understand the impact that CNP coatings could have on this outstanding conductor, as well as the benefits that could be gained from CNP-coated silver surfaces. In order to accurately appraise the feasibility of the proposed coatings, benchmarking samples were also evaluated. Accordingly, the CNT and CNH coatings were compared with a reference sample, a tarnished sample (i.e., a silver surface with a thin silver sulfide tarnishing film), and a sample coated with graphite flakes (GF). The proposed coatings were not only compared to a clean reference sample (optimal conductivity) but also to a tarnished sample (worsened conductivity) to gain complete insight into the performance of the CNT and CNH coatings within this conductivity spectrum. Furthermore, GF-coated samples serve as an industrially accepted benchmark (due to graphite’s solid lubricity and conductivity), which will better reflect on the feasibility and applicability of the proposed coatings.



Prior to characterization, all samples were chemically cleaned. The cleaned samples were subsequently tarnished or coated. The tarnishing process is a chemical process that involves subjecting the silver surfaces to a saturated sulfur atmosphere, thus rapidly generating a silver sulfide film on the sample’s surface. The coatings were produced via electrophoretic deposition (EPD). This method was chosen due to its simplicity, ease in controlling coating thicknesses, its ability to coat geometrically complex surfaces, as well as its scalability. All surfaces were tribo-electrically characterized via load-dependent electrical contact resistance (ECR) and static ECR development during fretting wear. Furthermore, roughness, coating thickness, and assessment of the fretting marks were carried out via confocal laser scanning microscopy (CLSM). The latter were additionally characterized via scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) for extensive chemical analysis. Moreover, wetting behavior was characterized via sessile drop test using two different media: deionized water and a potassium sulfide-deionized water solution. These characterization techniques allow for an in-depth analysis of the impact on the system’s conductivity, as well as the potential wear and atmospheric protection provided by the CNP coatings in relation to the reference, tarnished, and GF-coated samples.




2. Materials and Methods


2.1. Sample Preparation


Three CNP coatings were the subject of this study (namely, GF, CNT, and CNH). The GF (Alfa Aesar GmbH, Kandel, Germany) have a median size between 7 and 10 µm a carbon purity of 99.8%. The CNT used were chemical vapor deposition-grown multi-walled CNT (Graphene Supermarket, New York, NY, USA). The as-received CNT have a length ranging from 10 to 15 µm, an outer diameter distribution between 50 and 85 nm, and a carbon purity over 94%. Furthermore, the CNH used are single-walled, dahlia-type nanostructures (Carbonium SRL, Brescia, Italy). These particles were produced without a catalyst by rapid condensation of carbon atoms, resulting in high carbon purity. Horn diameters range from 3 to 5 nm, with horn lengths from 30 to 50 nm and cluster diameters from 60 to 120 nm.



The substrates and reference material were silver-plated copper surfaces. A focused ion beam (FIB) cross-section was conducted (FEI Helios NanoLab600 Dual Beam Setup, Hillsboro, OR, USA) to determine the plating thickness. The cross-section revealed an average silver plating thickness of 4 µm, as well as a nickel interlayer between the silver and copper base material (see Figure S1). Due to the thinness of the silver plating, the samples were neither ground nor polished to avoid the removal of the plating material. Vickers hardness of the substrate was measured using a microhardness tester (Dura Scan 50, Struers Inc., Cleveland, OH, USA). A total of 35 indentations were carried out using a load of approximately 2 N and a holding time of 15 s. The imprints were optically observed using a 40× objective, resulting in an average hardness of 1.33 ± 0.04 GPa.



Accelerated corrosion (sulfidation) of the silver surfaces was carried out using the methodology proposed by Huo et al. [38]. This method consists of subjecting the silver surfaces to a saturated atmosphere of sulfur vapor. This methodology ensures a well-controlled and repeatable sulfur-rich atmosphere, which promotes and accelerates the formation of the silver sulfide tarnishing film. Therefore, an oversupply of sulfur powder (8 g) was placed in a ceramic container within a beaker. The vessel was covered with a watch glass and heated to 150 °C, thus evaporating the sulfur and saturating the atmosphere within the vessel. Thereupon the silver samples were placed inside the sulfur-rich atmosphere for 10 min. After the accelerated tarnishing process, the samples present a highly heterogeneous silver sulfide layer (see Figure S2). To ensure reproducibility, all tarnished samples used in this study were sulfurized simultaneously. Therefore, the degree to which the samples were tarnished did not significantly differ, thus guaranteeing similar behavior regardless of the sample that was used.



EPD was carried out at a constant voltage of 300 V (potentiostatic process) with an inter-electrode distance of 15 mm. Prior to the deposition process, the CNP must be dispersed in isopropyl alcohol by homogenization and ultrasound [35,36]. Triethylamine (C6H15N) was added to the colloid prior to dispersion. The use of this additive enhances the stability of the colloidal dispersion as well as providing the CNP with a superficial charge through the attachment of functional groups (i.e., positive charge, anodic deposition). The colloid, dispersion, and deposition parameters for all four sample types are detailed in Table S1 [35]. The four resulting coatings are a 10 min GF coating, a 5 min CNT coating, a 10 min CNT coating, and a 10 min CNH coating (henceforth GF10, CNT5, CNT10, and CNH10, respectively). To ensure consistent results, a fresh dispersion was prepared prior to each coating process. Consequently, the CNP’s concentration and dispersion quality of the colloid can also be considered constant. Although the use of other solvents (e.g., ethylene glycol) results in a more stable dispersion [39], isopropyl alcohol was chosen due to its lower viscosity. A solvent with lower viscosity will minimize viscous drag in the colloid, which will consequently minimize the CNP’s resistance toward electrophoresis, thus improving the deposition rate. Moreover, the lower vapor pressure of isopropyl alcohol guarantees fast and efficient drying of the coated samples after removal from the colloid.



Prior to EPD and accelerated tarnishing, the silver platelets were chemically cleaned to remove any passivating elements that were added (e.g., octadecanethiol) as a final step in the manufacturing process. The cleaning process consists of reducing the silver sulfide layer formed during passivation [40,41]. Removing any potential passivation elements on the samples’ surface ensures that maximum electrophoresis is achieved during EPD and that the accelerated tarnishing process is effective without requiring excessive exposure times. After chemical cleaning, the samples were thoroughly rinsed with deionized water, followed by ultrasonication in isopropyl alcohol for 5 min, thus removing potential residue from the cleaning process.




2.2. Characterization Techniques


The substrate, tarnished, and coated samples were micrographed via CLSM (OLS4100, Olympus, Tokyo, Japan). CLSM micrographs were acquired using 20× and 50× magnification and a laser wavelength of 405 nm. These micrographs were used to analyze the roughness of the samples (shown in Table 1) and coating thicknesses (shown in Table 2), as well as to qualitatively evaluate fretting marks on both electrodes. Furthermore, fretting marks were also micrographed via SEM (HeliosTM G4 PFIB CXe DualBeamTM Super FIB/SEM equipped with an energy dispersive X-ray spectroscopy detector EDAX Octane Elite Super, Thermo-Fisher Scientific, Eindhoven, The Netherlands) using ion conversion and electron (ICE) detector with an acceleration voltage of 5 kV. The same instrument was used to carry out chemical composition maps of the wear marks via EDS at an acceleration voltage of 15 kV. With this technique, a qualitative analysis of material transfer can be conducted. Furthermore, it can be used to determine if the wear resulting from the fretting tests was severe enough to reach the copper base material.



As the results from Table 2 show, the resulting coating thicknesses are relatively thin. Previous studies evaluating CNP-coated copper substrates using the same deposition technique produced considerably thicker coatings [35,37,42,43]. It was hypothesized that residue left behind by the chemical cleaning process might affect the conductivity of the silver samples, thus reducing the deposition rate of CNP onto their surfaces. To rule this possibility out, an as-received silver sample was coated—without prior cleaning—using the same parameters. The resulting coating thickness measured coincided with the samples that were chemically cleaned. The high roughness present in the silver samples could also play a role in the thinness of the coatings (260 nm against 10–20 nm in mirror-polished copper) since the electric field generated during EPD is concentrated at the asperities. The field’s concentration can thus disrupt and diminish the deposition rate of the CNP. However, this is unlikely to be the cause since it has been previously studied and reported that EPD has the capability to coat geometrically complex surfaces [44,45,46].



Wetting behavior was characterized by measuring the contact angle (CA) via sessile drop test using a drop shape analyzer (Krüss—DSA100B, Hamburg, Germany). A 3 µL droplet of deionized water and potassium sulfide (K2S) was placed onto the surfaces via a pipette. The volume of 3 µL suppresses gravitation distortion of the droplet’s shape and, at the same time, covers a sufficiently large area on the sample’s surface to even out topographical or chemical inhomogeneities [47,48]. The potassium sulfide solution consists of dissolving the compound in deionized water at a concentration of 3 wt.% at 23 °C (according to factory standard LK2070). Once each droplet was settled onto the sample’s surface, the CA was recorded by fitting its contour using an elliptical shape within the ADVANCE Software (version 1.14.3, Krüss, Germany). At least two droplets were measured per sample, measuring CA after 10, 30, 60, and 300 s. Measuring at different time intervals provides insight into the dynamic, time-resolved wetting performance of the surfaces in question and its reliance on the liquid media used during sessile drop test. All CA measurements were carried out at temperatures and humidity ranging from 19–20 °C and 24–26% RH, respectively.



Tribo-electrical characterization of the reference, tarnished, and CNP-coated samples was conducted using a custom testing rig [49]. Characterization was divided into two experimental methodologies: i.e., load-dependent ECR and ECR evolution during fretting test. Load-dependent ECR consisted of one loading and unloading cycle sourcing 100 mADC and measuring voltage drop between the electrodes (loading cycle: 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 N). This current level was chosen so that the measurement process does not cause microstructural modification of the contacting surfaces, thus affecting subsequent measurements (i.e., dry circuit conditions) [50]. In this loading range, a maximum Hertzian contact pressure of 230 and 623 MPa were achieved for 0.5 and 10 N, respectively. These values were determined using Hertzian contact theory for sphere-on-plane contact [51,52]. Fretting tests were carried out at a load of 1 N (maximum Hertzian contact pressure of 289 MPa), with an amplitude of 35 µm and an oscillation frequency of 8 Hz. A total of 5000 fretting cycles were conducted with periodic galvanostatic (100 mADC) ECR measurements carried out every 100 cycles (static ECR). All tribo-electrical tests were carried out using a Keithley 2400 source and a Keithley 2182a nanovoltmeter with a range of 0.1 V (Cleveland, OH, USA). In all cases, the voltage drop was recorded ten times and averaged, with each test being repeated at least three times to ensure reproducibility. Tribo-electrical characterization was conducted under ambient conditions, i.e., 21 ± 1 °C and 35 ± 5% RH. Since humidity plays an important role in the conductivity of CNT [44,53,54,55,56], all electrical measurements for each coating type were conducted on the same day. Therefore, errors in the measurements due to changes in atmospheric conditions were minimized.



The counter electrodes used for tribo-electrical characterization are silver-nickel core (AgNi0.15) and hard-gold-coated (AuCo0.2) rivets (Adam Bornbaum GmbH, Neuhausen, Germany). The hard-gold coating has an average thickness of 6.47 ± 0.18 µm. The rivets have a hemispherical head, with a mean radius of curvature at its tip of 4 mm, a root mean squared roughness of 0.26 µm (measured via CLSM), and a hardness of 1.38 ± 0.01 GPa (measured via Vickers microhardness). A new rivet was used for each measurement.





3. Results and Discussion


3.1. Load-Dependent ECR


Electrical characterization is an important component when considering coatings for electrical contacts since these layers play a pivotal role in the conductivity and overall efficiency of the connector. A key aspect that can be tailored during connector design is the contact load. Therefore, load-dependent ECR curves of the materials used provide crucial information for connector and connector housing design. The ECR curves for the reference, tarnished, and coated samples are shown in Figure 1. Immediately, it is clear that the tarnished sample stands out from the reference and coated samples. Throughout the loading range, the tarnished sample consistently shows ECR values above 20 mΩ, whereas the reference and coated samples show ECR values between 11 and 20 mΩ. It is interesting to highlight the variability in the ECR of the tarnished sample in the loading semi-cycle, whereas the ECR values are constant in the unloading semi-cycle. Between 0.5 N and 2 N, there is a sharp reduction in ECR. This is due to the puncturing of the silver sulfide tarnishing film by the counter electrode’s asperities [41,57]. However, as loads gradually increase (above 2 N), so does the ECR. The counter electrode’s geometry plays a role in this observation. As the load increases, the apparent contact diameter increases on account of the hemispherical shape of the rivets used. As the apparent contact area increases, so do the contacting sites between the counter electrode and the less-conductive (semi-conductive) tarnishing film, increasing the quasi-metallic contact [57,58]. The newly formed quasi-metallic contacts between the rivet’s lower asperities and the tarnished sample increase the predominance of the film resistance, thus playing a more crucial role in the overall electrical resistance of the system. For sufficiently high loads (from 4 N), however, the resistance of the film takes a less dominant role due to the puncturing of the film and well-established metallic contact between the counter electrode and the silver surface beneath the silver sulfide film. This results in the constant ECR measured from 4 N (in the loading semi-cycle) until the end of the measurement cycle. This behavior in the tarnished sample is solely caused by the puncturing of the tarnishing film since the sharp reduction in ECR is characteristic of this sample, with the clean silver sample not presenting this behavior. In other words, the asperities in contact with the silver sulfide film undergo additional constriction of the current, which is eased as the film is punctured by the individual asperities (between 0.5 and 2 N). The additional constriction of the current is a consequence of the higher resistivity of the tarnishing film compared with the resistivity of the bulk material. Between 2 N and 4 N, new quasi-metallic contacts are established between lower asperities and the tarnishing film, once again increasing constriction resistance’s dominance in the system. For loads above 4 N, most of the asperities have punctured the film, resulting in lower constriction resistance due to the current flowing from the counter electrode’s asperities toward the silver bulk material. Moreover, the current level used to measure ECR is sufficiently high to overcome the loss of ohmicity produced by not only the tarnishing film but also other contaminant films and the CNP coatings (current-dependent ECR curves shown in Figure S3).



The CNH coating shows the highest resistance among the coated samples, with the only exception being the GF coating at low loads. However, at 10 N, the ECR of CNH10 is only 2 mΩ higher than the reference sample at the same load. Therefore, the CNH coating does not significantly impact the electrical performance of the silver substrate. Nonetheless, the CNH coating is considerably thin (approximately 0.32 µm). Moreover, the CNH coating shows the most similarity in terms of ECR values between loading and unloading semi-cycle. This is due to the high elasticity of the coating, thus showing low electrical hysteresis. In this regard, the use of CNH coatings for electrical contacts could promote reproducible contact areas irrespective of the normal load applied while also mitigating topographic factors [48]. The high elasticity observed in CNH coatings is due to two factors: (1) the nanoparticles’ morphology and (2) the microporous network obtained by EPD. The former allows the CNT-like horns to deform inward from tip to base when undergoing compressive stress, thus enabling this nanostructure to return to its original shape after removing the compressive load (elastic restitution) [59]. This characteristic of the CNH justifies the low electrical hysteresis observed. The latter is a characteristic of the coatings obtained. The CNH coatings do not present large voids (as is the case with other CNP coatings) but rather a complex microporous network (see coating cross-section in [35]). This allows the voids to be rapidly closed during compaction with minimal CNH readjustment required, thus explaining the relatively constant ECR values measured during loading and unloading.



GF produces the thickest CNP coating; nonetheless, the resistance values are not severely impacted by the coating for loads above 1 N. Although the ECR values for the GF-coated sample are higher than the reference, the ECR coincide at 9 and 10 N. The CNT-coated samples, on the other hand, show exceptional electrical performance. The thinner CNT coating shows marginally higher ECR values than the reference sample; however, past 5 N CNT5 shows lower ECR. The thicker CNT coating outperformed the reference sample for the entire loading range, highlighting the promising potential of this coating type. The improved performance can be explained by two aspects: (1) the conductivity and (2) the elasticity of the CNT. These two aspects combined increase the real contact area between the counter electrode and the sample. The increased conductivity of the nanotubes, in conjunction with their elasticity, enables more pathways for electron motion between the two electrodes. In other words, although the apparent contact area may be the same, the highly elastic CNT coating increases the real contact area between the electrodes, thus reducing the ECR. Since CNT5 is thinner than CNT10, this phenomenon does not occur initially, thus requiring higher loads to establish an adequate electrical contact between the nanotubes and the counter electrode. Furthermore, the CNT tend to adhere to the counter electrode after loading, which also promotes lower electrical hysteresis and overall ECR (CLSM micrographs of counter electrodes post-ECR are shown in Figure S4).




3.2. ECR Evolution during Fretting Test


Tribo-electrical characterization aims to determine the effectiveness of the proposed coatings at reducing wear with negligible influence on ECR. Consequently, tracking the evolution of ECR as fretting cycles progress is of utmost importance. The results are shown in Figure 2. The plot depicts that irrespective of the sample type, all samples showed higher ECR initially and a slight reduction as fretting cycles progressed. However, this was to be expected since prior to fretting, the ECR is a combination of the film resistance (contaminant film, tarnishing film, or the coating itself), constriction resistance, and bulk material resistance. After the fretting test begins, contaminant films are constantly being broken down. Therefore, the resistance after the initial fretting cycles is primarily due to constriction resistance and the bulk material’s resistance. Particularly in the case of the coated samples, the CNP are displaced due to the fretting motion, which reduces the amount of CNP present at the contacting site, thus marginally reducing ECR [42,43]. It is noteworthy to highlight, however, that the ECR values after the first few hundred fretting cycles are highly stable for all samples. In other words, there are no abrupt fluctuations in ECR due to fretting. This could be related to the fact that silver and gold do not form oxide films (as opposed to other metals, e.g., copper). It could also be related to the generation of a stable conductive carbonaceous tribofilm, which stabilizes the interface. Figure 2 exhibits that two distinct groupings took place. Namely, the tarnished and GF-coated samples present higher ECR during fretting than the reference, CNT, and CNH-coated samples. As was the case with load-dependent ECR (Figure 1), both CNT coatings outperformed the reference sample. CNT5 initially has a slightly higher ECR than the reference sample. However, after the first one hundred fretting cycles, it quickly falls below the values observed in the reference sample. CNT10, on the other hand, has a lower ECR throughout the measurement. The CNH coating, nonetheless, also outperformed the reference sample during fretting tests with an electrical performance similar to that of CNT5, albeit this could be caused by the heterogeneous nature of the EPD coatings and should not be over-interpreted.



Post-fretting micrographs of the marks left behind on the samples and counter electrodes are shown in Figure 3. In the reference sample, a considerable amount of material was transferred from the counter electrode toward the sample (Figure 3a), whereas marginal amounts of silver were transferred toward the counter electrode (Figure 3b). Silver debris is found primarily in the perimeter of the fretting marks and, to a minor extent, within the gross slip regions in the center of the fretting mark [60]. Gold is only observed adhered onto the sample’s surface without gold debris surrounding the fretting marks. Bidirectional material transfer was expected during wear tests since the silver sample and the hard-gold counter electrode have similar hardness values (less than 10% difference—1.33 and 1.38 GPa, respectively) [60]. The tarnished sample fretting mark (Figure 3c,d) strongly contrasts the wear track observed in the reference sample. Although both fretting marks are approximately the same size, the mark on the tarnished sample does not have adhered gold. Furthermore, the counter electrode that contacted the tarnished sample shows minimal silver debris particles. The lack of material transfer can be explained by the lubricating capacity of the silver sulfide tarnishing film, albeit the lubricating capacity of the tarnishing film does not significantly reduce worn area [41]. Nonetheless, the presence of the tarnishing film strongly reduces gross slip, with both the sample and the counter electrode showing minimal wear. Furthermore, black particles observed in the counter electrode are silver sulfide particles that adhered during tribological testing.



The micrographs of the GF-coated sample (Figure 3e,f) depict that considerable gross slip took place in the central region of the fretting mark (in both the sample and the counter electrode). This is likely due to the ease of GF displacement and the detachment of the GF coating. Nonetheless, as shown in Figure 3f, large amounts of detached GF particles adhered to the counter electrode (lower-right region of the fretting mark in Figure 3e,f). Consequently, minimal amounts of GF remain within the fretting mark, therefore reducing this coating’s capacity to reduce wear. CNT and CNH-coated samples’ fretting marks (Figure 3g–i) highly contrast with GF-coated samples. These coatings do not show significant displacement or detachment. Consequently, after 5000 fretting cycles, there are regions within the fretting marks that still have CNP which provide protection from wear (regions highlighted by cyan ovals in CLSM micrographs). Consequently, the CNPs within the fretting mark protect from wear, as proven by the enclosed region in the counter electrodes (i.e., regions where partial slip or no damage took place). Moreover, traces of CNT and CNH adhered to the counter electrode, further promoting wear protection. However, the amounts of transferred CNT and CNH are negligible compared to the quantity of GF that was transferred.



A key distinction between the reference sample and the CNP-coated samples is the permutation of the dominant transfer electrode. In other words, the former shows that gold was predominantly transferred from the counter electrode toward the silver sample, whereas the latter shows that silver was predominantly transferred from the sample toward the counter electrode. Silver was not transferred in the form of debris (there are minimal amounts of silver debris present in the CNP-coated samples), but rather, silver adhered to the gold counter electrode. The material transfer observed during fretting is caused by adhesive wear, in other words, cold welding. After initial wear, contaminant films are removed from both surfaces (silver and gold). As fretting cycles progress, the elimination of the contaminant films enables the adhesion of the two metals [61]. However, the presence of carbon in the coated samples reduces the microscopic temperature of the asperities in the silver sample due to the outstanding thermal conductivity of the CNP. Furthermore, the carbon coating effectively separates the two contacting surfaces, reducing the likelihood of metal-metal contact but rather generating a contacting site constituted of metal-carbon-metal. Therefore, it is reasonable to infer that the permutation of the deposition electrode is caused by the increased temperature in the counter electrode and a consequent reduction on the silver surfaces. This hypothesis is further supported by the lack of material transfer observed in the tarnished sample (Figure 3c,d). Since the silver sulfide tarnishing film lubricates the contact site, gold adhesion did not take place in the silver sample, whereas small silver debris particles can be seen in the counter electrode’s micrographs surrounding the fretting mark.



To further analyze the mechanism behind material transfer, EDS mappings were carried out. The EDS maps are shown in Figure 4, with the corresponding secondary electron micrograph shown in Figure S5 and the sulfur EDS map of the tarnished sample shown in Figure S6. The EDS maps confirm that gold was transferred from the counter electrode towards the CNP-coated silver samples. Although EDS is a qualitative technique, it is accurate to state that the presence of the CNP coatings reduces the amount of gold transferred onto the samples due to the lack of gold signal detected within the fretting marks in spots where carbon and/or silver signals are stronger. Furthermore, the EDS maps of the tarnished sample (Figure 4b) also confirm that the lubricating capacity of the silver sulfide layer prevents the adhesion of gold. Moreover, the EDS maps prove that after 5000 fretting cycles, the base material was not reached in any of the samples analyzed. Although copper was detected within the fretting mark in the CNT5 sample (Figure 4d), the areas enclosed by the white dashed lines showcase that the plating material’s thickness throughout the samples is heterogeneous. Consequently, there are regions (unaffected by fretting wear) where the copper base material was detected via EDS. Therefore, the copper detected within the fretting mark in CNT5 cannot be attributed to a lack of wear protection from the coating but rather heterogeneity in the plating process.




3.3. Wetting Behavior


Water contact angle measurements were carried out to evaluate the wetting behavior of the reference, tarnished, and CNP-coated surfaces (Figure 5). All surfaces show a hydrophobic wetting behavior within five minutes of placing the water droplet. Nonetheless, the reference sample shows a marginally hydrophobic behavior, with stable CA values of approximately 100° within the first minute. After five minutes, however, the CA decreases to approximately 92°, thus showing borderline hydrophobicity. The tarnished sample initially shows a higher CA; however, the value quickly decreases as time passes, reaching 90° after five minutes. GF and CNT show a strong hydrophobic behavior, approaching superhydrophobic wetting behavior after prolonged droplet exposure. CNH also shows high CA values; however, its performance does not reach as high CA as GF and CNT. The slightly stronger affinity toward water from CNH can be caused by the particle’s morphology. Due to the dahlia-type nanostructures, the nanohorns have a strong strain-induced curvature, which delocalizes the high mobility π orbitals, thus increasing this nanostructure’s reactivity and consequently affecting its wetting behavior [62]. Nonetheless, CNH coatings produced via EPD generate a coating with a complex microporous network [35]. Therefore, despite the reactivity of the CNH, coating morphology prevents the penetration of the water droplet, consequently producing a surface-droplet interface that resembles a Cassie-Baxter wetting state. Based on a previous study, thicker CNH coatings do not significantly impact its wetting behavior [43]. Therefore, even for thin CNH coatings, the microporous network is quickly established and is effective at preventing droplet infiltration.



GF shows near-superhydrophobic wetting behavior; however, after five minutes, the CA decreases by approximately 10°. This reduction indicates that the water droplet is slowly infiltrating the coating, primarily due to pores on the surface of the coating. Notwithstanding, the complexity of the porous network within the coating retains the hydrophobic wetting behavior of the GF-coated surface, resembling the performance observed for the CNH-coated surface. On the other hand, both CNT coatings show, to a certain extent, stable CA values within the timeframe evaluated. After five minutes of setting the droplet onto the CNT surfaces, the CA decreases by approximately 5° as opposed to over 10° in the GF- and CNH-coated surfaces. This performance highlights the hydrophobic nature of the nanotubes, with thicker coatings showing a tendency toward marginally higher CA. Therefore, prolonging the deposition process (and thus obtaining a thicker coating) could promote super-hydrophobicity in the CNT-coated surfaces. Moreover, a smoother substrate could further increase the CA, improving hydrophobicity [63]. Additionally, Korczeniewski et al. previously reported that larger CNT agglomerate reduces CA, however, prolonging dispersion times (homogenization and ultrasound) negatively impacts the structure of the nanotubes [39,64]. The damage incurred by the CNT (in the form of dangling bonds, among other structural defects) could prove counterproductive by increasing the nanostructure’s reactivity, thus reducing its CA.



Based on the wetting behavior observed with water droplets, it was of interest to evaluate the effectiveness of the coatings with a harsher medium (i.e., potassium sulfide). As was done with deionized water, 3 µL of the potassium sulfide solution was pipetted onto the six surfaces (CA results shown in Figure 6). However, the CNP-coated surfaces did not prevent the infiltration of the solution. The droplet rapidly penetrated the coatings and dispersed over the surfaces, producing CA below 40°. The GF showed an improved performance compared to the reference and tarnished samples. After 10 s, GF showed a CA of approximately 60°. However, the CA rapidly decreased to approximately 50° after 60 S and below 40° after 5 min. Nonetheless, this is a higher CA of 10–20° after five minutes of exposure to the highly aggressive potassium sulfide solution.



Although the wetting results obtained when measuring CA with potassium sulfide do not suggest a favorable outcome, it should be noted that the solution is an extreme case used to analyze the potential protection offered by the carbon coatings. In other words, this is an accelerated method used to simulate prolonged exposure to sulfur-rich atmospheres. As previously studied, nanocarbon coatings show exceptional wetting behavior when measuring CA with other media than water (i.e., salt water) [43]. Therefore, the results from the potassium sulfide tests should be used to fully dismiss the potential use cases of carbon coatings, particularly GF.





4. Conclusions


In this work, silver-plated electrical connectors were coated with CNT and CNH. The tribo-electrical and wetting performance of these coatings was compared to reference, tarnished (corroded), and GF-coated samples. Load-dependent electrical contact resistance proves that the presence of thin CNP films does not hinder the efficiency of the connectors. CNT-coated samples showed exceptional electrical performance, with similar ECR values to that of the reference sample throughout the entirety of the loading ranges analyzed. Although CNH and GF presented slightly higher ECR values than the reference, these two coatings did not increase the resistance as significantly as the corrosion film (silver sulfide tarnishing film). Likewise, the tarnished sample showed poor electrical performance during fretting wear tests. The tarnishing film, however, protects the silver surface from severe wear, minimizing adhesive wear and gross slip. The CNP-coated surfaces reduced material transfer during fretting while maintaining consistently low ECR. However, coating displacement hinders wear protection (primarily affecting GF coatings). Certain regions of the CNT and CNH-coated samples (and counter electrode) were protected from severe fretting wear due to the presence of these nanostructures within the contacting site after 5000 fretting cycles. Moreover, the CNP-coated surfaces exhibit a hydrophobic (near-superhydrophobic in the case of GF and CNT) wetting behavior in sessile drop tests measured using deionized water, outperforming the tarnished and reference samples. Prolonged water droplet exposures tend to decrease the CA measured; however, the reduction in CA for the CNT-coated samples is significantly lower than in the other surfaces studied. Moreover, the CA measurements with potassium sulfide indicated that although CNT and CNH do not offer significant protection, GF coatings did show higher CA than the reference and tarnished samples, even after five minutes of exposure. Nonetheless, it should be reiterated that the medium used (i.e., potassium sulfide) is extremely aggressive and was chosen based on the fact that this solution would simulate prolonged exposure to sulfur-rich atmospheres.



This study features the exceptional characteristics of nanocarbon coatings and their potential benefits for the electrical contact industry. However, further studies are required to improve on the aspects presented in this work. Namely, improving wear and atmospheric protection without impacting electrical performance. The former may be improved by evaluating different EPD additives that improve coating adhesion (e.g., magnesium nitrate), thus reducing coating displacement during wear tests. The latter, on the other hand, may benefit from chemical alterations of the CNP (e.g., CNP decoration), consequently tailoring the reactivity of the nanostructures for specific atmospheric conditions.
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Figure 1. Load-dependent ECR of reference, tarnished, and coated samples. The arrows indicate the direction in which the loading and unloading semi-cycles progress. 
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Figure 2. Evolution of ECR as fretting cycles progress of reference, tarnished, and coated samples. Note: error in all ECR measurements below ±0.2 mΩ. 
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Figure 3. CLSM micrograph after 5000 fretting cycles of reference (a) sample and (b) counter electrode, tarnished (c) sample and (d) counter electrode, GF10 (e) sample and (f) counter electrode, CNT5 (g) sample and (h) counter electrode, CNT10 (i) sample and (j) counter electrode, and CNH10 (k) sample and (l) counter electrode. Cyan dashed line highlights regions in the sample where CNP remain within the fretting mark and their corresponding region in the counter electrode where only partial slip took place rather than gross slip. 






Figure 3. CLSM micrograph after 5000 fretting cycles of reference (a) sample and (b) counter electrode, tarnished (c) sample and (d) counter electrode, GF10 (e) sample and (f) counter electrode, CNT5 (g) sample and (h) counter electrode, CNT10 (i) sample and (j) counter electrode, and CNH10 (k) sample and (l) counter electrode. Cyan dashed line highlights regions in the sample where CNP remain within the fretting mark and their corresponding region in the counter electrode where only partial slip took place rather than gross slip.



[image: Carbon 10 00016 g003]







[image: Carbon 10 00016 g004] 





Figure 4. EDS elemental maps of (a) reference, (b) tarnished, (c) GF10, (d) CNT5, (e) CNT10, and (f) CNH10 samples. The left image shows an overlay of carbon (red) and gold (yellow), whereas the right image shows an overlay of silver (turquoise) and copper (orange). The regions enclosed by the dashed lines are regions unaffected by fretting wear where the copper base material was detected. 
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Figure 5. Water contact angle measurements 10 s (orange), 30 s (green), 60 s (violet), and 300 s (yellow) after placing the droplets onto the surfaces. To the left, the macrographs of a droplet on each surface and the baseline (red) are shown. The shaded regions highlight the surfaces with hydrophobic (gray) and superhydrophobic (green) wetting behavior. 
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Figure 6. Contact angle measurements 10 s (orange), 30 s (green), 60 s (violet), and 300 s (yellow) after placing a 3 µL droplet of K2S 3 wt.% solution onto the surfaces. To the left, the macrographs of a droplet on each surface and the baseline (red) are shown. Due to the hydrophilic wetting behavior, it was not possible to measure CA after 300 s in CNT5 and CNT10. Only CA after 10 s could be measured in CNH10. 
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Table 1. Root mean squared roughness of samples, measured using CLSM.






Table 1. Root mean squared roughness of samples, measured using CLSM.





	Surface
	Roughness/µm





	Reference
	0.26 ± 0.03



	Tarnished
	0.40 ± 0.04



	GF10
	1.40 ± 0.12



	CNT5
	0.91 ± 0.16



	CNT10
	0.62 ± 0.02



	CNH10
	0.51 ± 0.01










 





Table 2. Coating thicknesses measured via CLSM.






Table 2. Coating thicknesses measured via CLSM.





	Coating
	Thickness/µm





	GF10
	0.34 ± 0.10



	CNT5
	0.14 ± 0.04



	CNT10
	0.41 ± 0.05



	CNH10
	0.32 ± 0.08
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