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Abstract

:

The substitution of traditional copper power transmission cables with lightweight copper–carbon nanotube (Cu–CNT) composite fibers is critical for reducing the weight, fuel consumption, and CO2 emissions of automobiles and aircrafts. Such a replacement will also allow for lowering the transmission power loss in copper cables resulting in a decrease in coal and gas consumption, and ultimately diminishing the carbon footprint. In this work, we created a lightweight Cu–CNT composite fiber through a multistep scalable process, including spinning, densification, functionalization, and double-layer copper deposition. The characterization and testing of the fabricated fiber included surface morphology, electrical conductivity, mechanical strength, crystallinity, and ampacity (current density). The electrical conductivity of the resultant composite fiber was measured to be 0.5 × 106 S/m with an ampacity of 0.18 × 105 A/cm2. The copper-coated CNT fibers were 16 times lighter and 2.7 times stronger than copper wire, as they revealed a gravimetric density of 0.4 g/cm3 and a mechanical strength of 0.68 GPa, suggesting a great potential in future applications as lightweight power transmission cables.
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1. Introduction


There is a growing demand for lightweight conductors for size and weight reduction in applications such as portable electronics, electric vehicles, and power transmission cables. Copper is the most widely used and highly conductive metal (5.96 × 107 S/m at 27 °C) in modern electricity and an electronics-driven society [1,2]. The versatile properties of copper, such as its strength, ductility, workability, high ampacity, and superior heat transfer, make it a material of choice in various electrical and thermal transport applications. However, besides being a much heavier metal (density = 8.96 g/cm3), the electrical resistance of copper conducting cables also suffers from power losses [3]. Hence, lighter cable alternatives are needed to meet increased power demands—which also meet the goal of weight reduction, thus improving the overall efficiency and lowering the environmental impacts in multiple applications [4].



Recent advances in nanotechnology led to the development of new materials such as carbon nanotubes (CNT), which appear to be an excellent alternative to copper due to their outstanding mechanical, thermal, and electrical properties, along with demonstrated remarkable ampacity, electrochemical stability, and low density [5,6,7]. CNT in the fiber form can be a potential candidate for high-strength, lightweight, and highly conductive (electrically and thermally) cables. CNT fibers can be made via two primary approaches: (a) dry spinning from a CNT array or an aerogel, and (b) wet spinning from a CNT solution [8]. Compared to individual CNTs, the macro-assemblage of CNTs into consolidated fibers, films, sheets, etc. exhibits inferior electrical and mechanical properties due to weak van der Waals interactions and electron scattering between the CNT bundles. Loose CNT bundles lead to high contact resistance between the tubes, resulting in poor mechanical and electrical properties [8]. The inferior properties can be improved during CNT synthesis by controlling the morphological features such as CNT length, diameter, wall number, and alignment. Post-treatments [9,10,11], such as mechanical/solvent densification, annealing, etc., are also employed for property enhancement. However, the electrical conductivity of CNT assemblages remains about two orders below the copper conductivity. Hence combining CNT with metals such as copper appears to be an effective strategy.



Cu–CNT composite fibers are a promising alternative to conventional copper conductors due to their high electrical conductivity and low gravimetric density. A scalable fabrication approach is to form a core–shell structure by coating spun CNT fibers with copper. One reason that hinders the Cu–CNT composite from achieving superior performance is the weak interactions of the nanotubes with copper due to their inherent chemical inertness, resulting in poor wettability and inferior bonding capability with metals [12]. Recent works on Cu–CNT composites reported various pre-treatment methods to promote the affinity between CNT and copper, such as densification [13], purification [14], and the introduction of functional groups and metals [15,16,17,18].



In a published study, Zou et al. [19] reported nickel as a buffer layer in the Cu–CNT composites to increase the interfacial interactions. Milowska et al. [20], using first-principles calculations, showed that a Cu–M–CNT bimetal combination (M=Ni, Cr, Al) could result in composites with a conductance exceeding that of a pure Cu–CNT system and an ampacity reaching 1011 A/cm2. While it was predicted that the Cu–Ni–CNT system would possess a conductance improvement of 200%, the Cu–Cr–CNT system proved to have better conductance over a wide temperature range. Further, the Cu–Al–CNT system exhibited better conductance than the Cr system at low voltages. Rodrigues et al. explored Cu–CNT-coated aluminum systems [21] as emerging lightweight and high-performance conductors, which can address the technical losses when transmitting and distributing electrical energy. However, the practical use of aluminum is restricted due to its low melting point, inferior current carrying capacity, and low oxidation resistance.



In another study, Chen et al. [22] introduced a thiol group on CNT to increase the Cu–CNT interactions, which resulted in the enhancement of the mechanical strength and conductivity of the composite. The positive effect of the thiol group was also demonstrated by Dhaneshvar et al. [2], who fabricated a Cu–CNT composite with improved interfacial affinity by introducing thiol groups at the interface. The composite resulted in a high tensile strength of 1 GPa (five times that of commercial Cu wire) and an ampacity of 1.04 × 105 A/cm2.



Han et al. [23] fabricated a Cu–CNT composite wire with high strength (1.01 ± 0.13 GPa) and high electrical conductivity (2.6 ± 0.3 × 107 S/m). This was accomplished by PVD coating the CNT fibers with a dense and continuous copper film (2 µm) followed by rolling treatment. The treatment is believed to have eliminated the defects between the Cu grains and CNT bundles and strengthened the composite. Sundaram et al. [24] demonstrated a core–shell Cu–CNT composite with a 45 vol% of CNTs and a resistivity two orders lower than the pristine MWCNT wires. The author claimed a scalable fabrication of several cm-long CNT–Cu wires and reported for the first time such a high-volume fraction of CNT along with the complete filling of copper in the fiber core. However, the length of the sample was limited by the size of the electrodeposition setup.



Herein, we present our work, where an improved interfacial affinity between CNT fiber and Cu was achieved by surface modification of the fiber via oxygen plasma functionalization, followed by decoration with palladium. Moreover, the involved processes were scalable, including spinning, post-processing, functionalization, and double-layer copper deposition. This allowed for any length of the Cu–CNT composite fibers (in meters) to be fabricated until the supply of fiber was exhausted on the bobbin, which offers a promising method for a roll-to-roll scaled production of lightweight conducting cables for future applications.



The composite fabrication process can be briefly summarized as follows. First, the CNT fibers spun from high purity vertically aligned with a CNT array, synthesized in our laboratory, were subjected to high-temperature solvent densification to obtain mechanically strong and highly conductive assemblages. Next, the optimized fiber was treated with atmospheric pressure oxygen plasma to improve its hydrophilicity and enhance its interaction with copper. Further, the functionalized CNT fiber underwent an electroless decoration of palladium. The latter enabled the electrodeposition of a dense copper layer on the CNT fiber. The obtained Cu–CNT composite was ultra-light and mechanically strong with promising electrical conductivity and ampacity, proving to have great potential for future lightweight wire and cable applications. Details of the procedure to fabricate the composite fiber and the conducted characterization are described below.




2. Materials and Methods


2.1. Materials


The following chemicals were employed: SnCl2·2H2O (stannous (II) chloride dihydrate, 98.2% Fischer Scientific, Cincinnati, OH, USA), PdCl2 (palladium (II) chloride, 99% Sigma-Aldrich), H2SO4 (thirty-six normality, 18 M Sulfuric acid, 95–98%, Fischer scientific), and CuSO4·5H2O (copper (II) sulfate pentahydrate, Fisher Scientific). All the chemicals were used as received. The gases for the CVD (chemical vapor deposition) process were H2, C2H4, and Ar, all of UHP (ultra-high pure) grade, purchased from Wright Brothers.




2.2. Experimental Methods


2.2.1. Dry Spinning and Densification of CNT Fiber


The CNT fiber was obtained by a dry spinning process from vertically grown CNT arrays and synthesized in-house via a chemical vapor deposition (CVD) process (Figure 1a). Oxidized silicon wafers were used as substrates with a buffer layer of Al2O3 and iron-cobalt catalyst film. The substrate was cut into (3.3 × 3.0 cm) pieces and loaded in the CVD reactor (ET 3000 model by CVD Equipment Corporation).



The synthesis process was conducted in a gas mixture of H2, C2H4, and Ar at 750 °C and atmospheric pressure. The process resulted in a vertically aligned CNT array with an average height of 300–500 µm [27,28]. The CNT array was drawn into a web by carefully pulling the array with tweezers. The spinning process was accomplished by simultaneously twisting and pulling the drawn CNT, and the spun fiber was accumulated onto a bobbin (Figure 1b). Thus, the process continued until the entire array was spun into fiber and collected on the bobbin. More details are presented in our previous publications [5,29].



The spun CNT fiber was subjected to post-treatment, which included solvent densification. Initially, this process was completed by immersing the fiber with the bobbin in acetone for 15 min, followed by air drying. However, such an approach had a major disadvantage of non-uniform densification. Therefore, a novel densification method was adopted (Figure 2).



First, the fiber from the source/feed bobbin was passed through an acrylic die hole. The stretched fiber was then fed into a hot solvent bath of multiple Teflon rods for guiding and compressing. Further, the fiber was stretched out of the bath where the solvent dried off. Finally, the densified fiber was collected onto the second bobbin. The collecting bobbin rotated on a spindle, which exerted a force on the feed bobbin, thus pulling the fiber through the hot solvent bath. The pulling speed was optimized, so the fiber did not experience any damage or breakage in the hot solvent. Pooling with the optimized speed of 0.04 m/min secured a 25 s dwelling time in the solvent. This unique densification setup and related approach allowed the fiber to undergo simultaneous hot/wet stretching and compression in N-methyl pyrrolidone (NMP) solvent. The latter is a highly polar and non-volatile substance that has been proven to enhance densification in CNT [30]. The effectiveness of NMP as a densifying solvent was demonstrated and published elsewhere [31]. The elevated temperature of 150 ± 50 °C decreased the solvent’s viscosity [32], resulting in better infiltration and promoted sufficient drying of the fiber before being collected into the bobbin.




2.2.2. Continuous Oxygen Plasma Functionalization of CNT Fiber


As carbon-based materials are known to be naturally hydrophobic [33], the CNT fibers was functionalized by atmospheric-pressure helium/oxygen plasma to increase its wettability for the subsequent metal coating process. The CNT fiber wound on a feed bobbin was threaded through a tubular plasma head and then collected on a motorized collecting bobbin (Figure 3). The latter was driven by a motor applying a constant pulling speed of 17.4 cm/min on the CNT fiber through the plasma head, resulting in its uniform functionalization. The plasma settings were 100 W RF power, 0.30 L/min oxygen, and 15 L/min helium flow rates. Fibers as long as 25 m were functionalized in this manner.




2.2.3. Palladium Decoration on CNT Fiber


The oxygen-plasma-functionalized CNT fibers were decorated with palladium via electroless deposition, which involved dipping the entire fiber in Sn and Pd solutions (0.22 M stannous (II) chloride dihydrate (SnCl2·2H2O) and 0.01 M palladium (II) chloride (PdCl2 + 0.36 M H2SO4)) to enable the following reactions [35].


Sn2+ → Sn4+ + 2e−










Pd2+ + 2e− → Pd0











A 10-s rinse in a deionized (DI) water bath was applied after dipping in Sn and Pd. The resultant CNT fiber decorated with Pd was air-dried in an oven at 40–50 °C for 10–20 min. A simple schematic of the electroless Pd decoration process is shown in Figure S1 of the Supplementary Information (SI). The mechanism of electroless deposition is detailed in SI, Section S1.2, and Figure S2 [36]. The formed network of Pd clusters on the surface of the CNT fiber enabled the following electrodeposition of copper.




2.2.4. Continuous Electrodeposition of Copper on CNT Fiber


Copper electrodeposition was accomplished by a bobbin-to-bobbin continuous process similar to the CNT plasma functionalization (Section 2.2.3). Palladium-decorated CNT fiber was pulled from the feed bobbin onto a motorized collector bobbin through a 1 M CuSO4 electrolyte bath, where a glass rod was used to keep the fiber inside the bath. A copper electrode (99.9% pure) immersed inside the electrolyte bath was used as an anode, whereas the fiber acted as the cathode powered by a copper negative electrode. Finally, the coated fiber passed over a floating copper foil kept in front of the collector bobbin. The schematic of the continuous copper deposition setup is shown in Figure 4.



Initially, copper was electrodeposited on fibers moving at 0.174 m/min and applying a 7 V deposition voltage. However, non-uniform copper deposition across the diameter of the fiber was observed. A further improvement was achieved by introducing an initial copper seeding step at a pulling speed of 0.25 m/min, followed by the copper deposition step at a pulling speed of 0.174 m/min. The deposition voltage was maintained at 7 V for both the seeding and deposition steps. The double electrodeposition process ensured a dense and uniform copper coating on the CNT fiber.




2.2.5. Annealing of Cu–CNT Composite


The Cu–CNT composite was annealed at 450 °C to improve the morphology, uniformity, strength, and electrical conductivity. Annealing was conducted for one hour in an atmosphere of argon and hydrogen (95%:5%), respectively.




2.2.6. Characterization and Measurements


Tensile test: The tensile strength of the fibers was obtained by using a Micro Instron testing Machine, Model 5948. Each tested fiber was supported on rectangular paper specimen holders with a gauge length of 23.5 mm and fixed within pneumatic grips during testing. A strain rate of 1 mm/min was applied to obtain a stress–strain curve. Morphology and diameter measurements of the fiber were performed using a field emission scanning electron microscope (FESEM) FEI SCIOS with a dual beam. The cross-section of the densified fiber was achieved using a microtome after embedding the CNT fiber in an epoxy resin. Details of the microtome and sample preparation are given in Supplementary Information (SI) Section S3 and Figure S7 [37]. However, microtome cutting could not be employed for the copper-coated CNT cross-section as it caused debonding between copper and CNT. Hence, focused ion beam (FIB) was employed to obtain the cross-sectional view of the Cu–CNT composite and evaluate the thickness of the copper shell on the fiber. A rough cut was performed using a 30 kV and 30 nA Ga ion beam, followed by a cleaning step with the same voltage beam and a 5 nA current to obtain a clearcut cross-section. The electrical resistance of the fiber was tested using the four-probe method. The setup for this measurement consisted of a nanovoltmeter (Keithley 2182A) and a precision current source (Keithley 6220) connected to a fiber holder with four probes. A LabView program generated a plot displaying the current vs. voltage over a set range after acquiring inputs from the nanovoltmeter when current was passed through the fiber. The electrical resistance was calculated from the slope of the graph. The resistivity and further conductivity were computed based on the obtained resistance, diameter, and length of the fiber.



Current Density Measurements: The current density of the fibers was measured with a custom-built two-probe setup. The testing apparatus was constructed using vacuum-rated KF/QF flanges, pipes, and fittings. The samples were cut to lengths of 1.5–2.5 cm to fit onto copper mounting blocks and were attached by a silver paste. A roughing pump and a turbo pump were used to pump the system, thus achieving a vacuum less than 0.2 mTorr. A LabVIEW program controlled a Keithley 220 (current source) and a Keithley 182 (nanovoltmeter). A simplified block diagram of the setup is given in Figure 5. The test setup with a mounted sample after the burnout test is given in Figure S4 of the Supplementary Information. The detailed methodology of this testing is also presented in Section S2.1 of SI.






3. Results and Discussion


3.1. Characterization of CNT Fiber


CNT fibers of diameter 75 ± 5 µm and 95 ± 5 µm were prepared by drawing and spinning the fiber from two and three arrays, respectively. An array consisted of billions of vertically aligned CNTs per square centimeter (~1010 CNT/cm2) [27]. Each rectangular array in this work had dimensions of 3.3 cm wide × 3.0 cm long, as shown in the schematic of Table 1. The length of the CNTs within the spinnable arrays ranged between 300 and 500 µm. The average diameter of the multiwalled nanotubes was about 10–15 nm, and the spacing between them was about 70 to 100 nm. Table 1 details the CNT fibers prepared for Cu–CNT composite fabrication.



Table 1 illustrates the effect of the post-treatment on the pristine fiber. There was a 40% decrease in the diameter of the densified fiber compared to the pristine fiber. This was because the as-spun pristine fiber contained about 50% air pockets. Subjecting the pristine fiber to a densification process is a frequently used strategy, which helps to reduce the air pockets and increase the density. This resulted in an increase in both the mechanical and electrical conductivity properties [38].



The SEM images of the pristine fiber, shown in Figure 6a,c display loose bundles of nanotubes with visible air pockets. In contrast, the densified fiber in Figure 6b,d appears highly aligned and densely packed. Figure 6e,f give the cross-sectional image of densified CNT (D2). These images were obtained by cutting D2 with a microtome (Figure S7b,c). The higher magnification cross-sectional image in Figure 6f appears to be solvent-densified, with aligned CNT bundles and a lesser porosity.



The tensile strength of pristine 90 µm and 70 µm CNT fiber were 85 and 228 MPa, respectively (Figure 6g). The relatively low mechanical strength could be attributed to the fiber being a macro-scale assembly of millions of nanotubes held together by weak van der Waals forces. Unlike strong covalent sp2 hybridized bonds observed in the basic CNT hexagonal lattice structure, the weak van der Waals forces resulted in a low degree of contact bonding between the tubes, which made the pristine fibers mechanically frail. In contrast, the densified fiber showed more than a 200% increase in the mechanical strength (Figure 6g) and 170% (Figure 6h) increase in the conductivity after the densification process. This increase could be attributed to the better alignment of CNT bundles [26], resulting in a higher packing density. Similar densification attempts from our group earlier also reported an increase in the density by two times with a tenfold decrease in the porosity [29]. The lower strength of the higher-diameter fiber could be due to a comparatively greater non-uniformity in the spun fiber with respect to the fiber alignment and diameter along the fiber length, and also because of the incomplete densification within the entire cross-section of the fiber with the enlarged diameter.




3.2. Characterization of the Coated CNT Fiber


3.2.1. Effect of Plasma Functionalization


The densified CNT fiber of 45 ± 5 µm proved superior among the characterized fibers with respect to the mechanical strength and electrical conductivity. It hence was used as the core for Cu–CNT core–shell composite fiber. The densified fiber was further functionalized by atmospheric pressure He/O2 plasma to introduce oxygen groups such as hydroxyl (-OH), carbonyl (-C=O-), and carboxyl (-C=O-O-) groups. This procedure increased the oxygen content from 9.1% in the pristine fiber to 27.5% in the functionalized fiber. The data were obtained from the XPS analysis conducted in our earlier work after the functionalization of the same type of CNT fiber [34]. Furthermore, oxygen plasma functionalization effectively enhances the hydrophilicity of CNT and other nano carbons, as demonstrated in our recent publications [39,40]. The imposed hydrophilicity facilitated better interactions of CNT with the coated metal particles, thus improving their adhesion for fabricating high-performance composites.




3.2.2. Morphological Characterization of the Metal-Coated CNT Fiber


The SEM image of palladium-decorated CNT is displayed in Figure 7a. This figure confirms the uniform coating of palladium nanoparticles on the oxygen plasma functionalized CNT fiber surface. The palladium particles, which acted as catalyst sites for the nucleation and growth of copper metal, ensured a uniform layer of copper deposited over it, as can be seen in Figure 7b after the copper seeding process. This first layer of copper appeared to be a thin film over the palladium particles. The surface feature of the CNT substrate with Pd determined the grain structure of the first layer of copper. However, during the formation of the second layer over time, as the coating thickened, the grain structure was determined mainly by the bath composition, electrodeposition parameters, and dwell time.



Figure 7c reveals the morphology of the second layer of copper over the first seeding. The second layer of copper appeared dense and uniform. The pre-addition of Pd and seed Cu layers helped prevent excess or insufficient deposition of the second layer of copper. The copper layer had a comparatively coarse surface and large faceted crystallites. However, after annealing at a temperature of 450 °C, the morphology of the copper-coated CNT had a smooth and uniform surface with a larger crystallite size (Figure 7d). The EDS of the Pd-coated Cu–CNT, is given in Figure S3. Figure 7e,f provides the cross-sectional view of the Cu–CNT composite obtained by FIB. The average copper thickness was measured to be slightly less than 1 µm, and the polycrystalline copper was observed to be tightly bound with the CNT fiber.




3.2.3. X-ray Diffraction of Cu–CNT Composite


X-ray Diffraction (XRD) study confirmed the crystal orientation of the composite. Figure 8 compares the X-ray diffraction pattern of a copper-coated CNT fiber with an uncoated one. From the XRD patterns of pristine CNT, the most pronounced peak was observed at 2θ = 26 degrees, representing the reflection of graphite arising due to the tubular structure of the carbon atoms in the sample with (002) plane orientation [41], which appeared weak in the Cu–CNT fiber due to copper cladding. The strong diffraction peaks of copper probably covered the weak signals of CNTs, resulting in the reduced intensity [42].



The XRD pattern of the Cu–CNT fiber unraveled the characteristic peaks of (111), (200), and (220) at 2θ = 43°, 50°, and 74.1°, respectively, revealing the face-centered cubic (FCC) crystal structure of copper. We also observed that the peak intensity of (111), the closest packed peak in the FCC structure [43], was dominant compared to other peaks. This indicates texturing of the copper layer with growth in the (111) direction during the electroplating process. The crystallite size was calculated using the Scherrer equation given by Dp = (0.94 λ)/(βcosθ), where Dp is the average crystallite size, λ is the wavelength of the X-ray, β is the line full width at half maximum (FWHM) intensity of the diffraction profile, and θ is the Braggs angle [44]. The crystallite size of the copper in the (111) orientation was calculated to be 15 nm, and for CNT, it was 2 nm along the (002) orientation. Copper grown via electroplating shows certain imperfections, confirmed by a high porosity, polycrystallinity, and small grain size [44]. The CNT crystallite size is in agreement with the literature data for dry-spun multi-walled CNTs synthesized by the CVD process [45,46].




3.2.4. Mechanical and Electrical Properties


From Figure 9a, it can be found that the pristine CNT had a tensile strength of 228 MPa, whereas post-treated CNT fiber D2(CNT) showed a tensile strength of 757 MPa. However, the tensile strength of a typical copper wire is comparatively low: 210 MPa [47]. The Cu–CNT composite revealed a higher mechanical strength (681 MPa, Figure 9a) than commercial copper wire, owing to the high tensile strength of the core CNT fiber.



This greater mechanical strength could be attributed to the fiber post-treatment and better Cu–CNT interaction accomplished by the CNT fiber functionalization and Pd-based electroless deposition. On the other hand, the annealed Cu–CNT composite showed a decreased tensile strength (665 MPa) compared to the unannealed composite, indicating the annealing process had rendered the composite more brittle and, in some cases, partly oxidized.



The electrical conductivity of the fiber was measured by the four-probe method. The extended length of the fiber used was 5 mm, and it provided a more accurate measurement as the current and voltage terminals were separated to avoid contact resistance. Figure 9b,c illustrate the comparison of the I–V plot and electrical conductivity values between the tested samples. The post-treated CNT (D2(CNT)) fiber revealed a 170% increase in the electrical conductivity as compared to pristine fiber P2 (CNT). This proved that the core was highly aligned and densely packed, thus facilitating good conductivity. The electrical conductivity of the fiber, double-coated with copper (Pd–Cu (2) CNT) fiber, drastically increased by an order. After annealing, the sample Ann-Pd–Cu (2) CNT showed a further increase in the conductivity by 66% due to the surface smoothening and replacement of the coarse grain structure by a smooth and uniform microstructure.




3.2.5. Current Density Measurements


Ampacity or current density can be defined as the maximum current a wire can carry divided by its cross-section [48]. Figure 10a gives the comparative ampacity values between the tested samples.



Copper is a commonly used reference or standard with a current density between 97,000 A/cm2 [49] and 106 A/cm2 [48]. In this work, a silver-clad copper wire (60 μm diameter) was tested as a reference point. It was found to have a maximum current density of 25,700 A/cm2. The uncoated CNT sample (post-treated) exhibited superior current density value yielding an average maximum current density of 20,700 A/cm2 compared to copper-coated CNT composites. The Cu–CNT and Pd–Cu–CNT samples had an average maximum current density of 11,500 ± 3540 A/cm2 and 18,300 ± 4870 A/cm2, respectively. The CNT fiber revealed superior value due to its strong C-C covalent bond within the tubes, tight packing, and good alignment compared to copper. In addition, the electrical conductivity of CNTs tends to increase with a rising temperature, which may explain this trend [50].



The composite samples with electroless palladium decoration (Pd–Cu–CNT) outperformed those without Pd decoration (Cu–CNT). This confirmed the positive effect of palladium coating, which activated the CNT surface for more uniform Cu coating and stronger bonding between the copper and CNT.



However, the ampacity of the core–shell copper–CNT composite appeared lower than expected, which could be attributed to the following reason. Copper is highly conductive with a denser structure and fewer imperfections, which helps the flow of electrons in the direction of the electric field, suppressing the effect of Joule heating. However, the copper in the core–shell composite had a higher resistance and lower conductivity and current density, resulting in more pronounced Joule heating leading to a poor thermal exchange with the surrounding environment [2].



The burnout sample after the current density measurement was observed by SEM (Figure 10b). It revealed no remaining copper coating, which EDS confirmed (Figure S5). The copper coating likely sublimed or evaporated from the surface of the composite fiber due to the intense Joule heating and vacuum environment [51,52]. The Joule effect in the samples is further discussed in the SI, Section S2.4.






4. Conclusions and Future Perspective


This work presents a scalable method for fabricating a lightweight copper–CNT core–shell fiber composite with a mechanical strength three times greater than commercial copper, along with good electrical conductivity and ampacity. The positive effect of atmospheric oxygen plasma functionalization and the palladium decoration of the CNT fiber on the following electrochemical deposition of copper and its improved morphology and adhesion to the CNT fiber was demonstrated. Furthermore, a reliable experimental setup for measuring the current density was designed and fabricated, which allowed the ampacity characterization of different composite fibers. From a future perspective, incorporating copper within the CNT fiber core, rather than cladding it on the outside as a shell, would enhance the electrical properties and yield longer-life composites, as the copper sublimation/evaporation rate could be reduced. In addition, such an internal loading could replace any internal voids or porosity in the composite with copper, which will offer a better use of the composite’s volume, also leading to increased ampacity.
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Figure 1. Schematic of CNT array synthesis and CNT fiber spinning process. (a) Growth of vertically aligned CNT array on a catalyst-sputtered substrate by CVD process. (b) Spinning of CNT fiber from the vertically aligned CNT array by pulling and twisting. Reproduced with permission from [25,26]. 
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Figure 2. Densification setup. (a) Supply bobbin. (b) Acrylic die hole. (c) Solvent bath. (d) Hot plate. (e) Thermometer. (f) Teflon rods. (g) CNT fiber. (h) Collecting bobbin. 
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Figure 3. Schematic of continuous oxygen functionalization process by tubular plasma head setup. (Reproduced with permission from [34]). 
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Figure 4. Schematic for continuous copper electrodeposition on CNT fiber. 
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Figure 5. Simplified block diagram of current density testing setup. 
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Figure 6. Characterization of CNT fiber. (a–d) SEM images of pristine and densified fiber at different magnifications. (e) Cross-sectional SEM image of densified CNT fiber at (e) low magnification and (f) high magnification. (g) Mechanical stress–strain plots of CNT fibers. (h) I–V plots of CNT fibers obtained with four-probe measurements. 
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Figure 7. Morphology (SEM images) of metal-coated CNT fiber with higher magnification images in the inset. (a) Pd–CNT fiber. (b) Pd–CNT–Cu (1st coated layer). (c) Pd–CNT–Cu (2nd coated layer). (d) Annealed Pd–CNT–Cu fiber. (e) FIB of Cu–CNT fiber at low and (f) high magnification showing the thickness of the coated copper shell. 
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Figure 8. XRD of pristine CNT and Cu–CNT composite. 
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Figure 9. Mechanical (a), electrical (b), and (c) property comparison between pristine CNT, densified CNT, copper-coated CNT, and annealed copper-coated CNT fibers. 
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Figure 10. (a) Comparison of the average current density for various samples. (b) SEM image of the burnout sample. (Inset high magnification image). 
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Table 1. Types of CNT Fibers Prepared for Cu–CNT Composite Fabrication.
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	Number of Arrays
	Schematic
	Type of Fiber
	Diameter, µm





	Two
	[image: Carbon 09 00043 i001]
	Pristine (P2)



Densified (D2)
	75 ± 5



45 ± 5



	Three
	[image: Carbon 09 00043 i002]
	Pristine (P3)



Densified (D3)
	95± 5



55 ± 5
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