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Summary

Sustainable aviation in the form of electrified propulsion is likely to lead to an increase in the
electrical components contained within a single aircraft. Moreover, the electrical resistance of copper
(Cu) conductors is associated with power losses. As a result, it is desirable to design high-conductivity
lightweight conductor materials, thus reducing the mass of components like motor windings, low-voltage
signal cables, and transmission cables for data and power to improve the overall energy efficiency. One
approach involves replacing pure Cu wiring with metalized carbon nanotube (CNT) composites. This
report evaluates a framework for manufacturing composite conductor cables, measuring their electrical
conductivity and strength, and modeling the overall conductivity and current sharing within such
composites. Processing methods and parameters were refined. Tensile testing was conducted on the
processed composite conductor cables with the use of acoustic emission and electrical resistivity to
determine the strength and the failure mechanisms while monitoring the electrical conductivity. Cu-
electroplated CNT samples from batch 5 outperformed pure Cu in conductivity and had comparable
ultimate tensile strengths. The average of measured electrical conductivities of annealed Cu/CNT samples
from batch 5 was greater than both theoretical predictions by 9.8 percent and was also greater than the
conductivity of pure annealed Cu by 4.8 percent. Tensile strengths and conductivities are expected to
improve with an additional densification step during processing. Theories explaining improved intrinsic
conductivity are discussed, with a focus on chemical and mechanical interactions at the Cu/CNT
interface. These include Cu infiltration of CNT crevices, CNT oxidation, activity at defects in CNT walls,
and the release of carbide-forming metals from CNT walls. Validating any or all these theories will
require further work replicating data, collecting and analyzing electron micrographs, and conducting
chemical analyses.

*Summer Intern in Lewis’ Educational and Research Collaborative Internship Project (LeRCIP).
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1.0 Introduction

In the pursuit of sustainable aviation, there is great research interest in technologies for the power
systems of turboelectric and 100-percent electric propulsion airplanes (Ref. 1). To achieve reductions in
aircraft weight and power losses, it is beneficial that propulsion and power systems impose minimal load
and use low electrical resistivity wires. One way to meet this demand is through the design of lighter and
more electrically conductive cables. This report describes the research and development of lightweight
Cu-metalized carbon nanotube (CNT) composite cables, which have the potential to surpass traditional
Cu cables in specific electrical conductivity and mechanical strength. Cu/CNT composites have been
identified as possessing the most promising balance of cost effectiveness and useful properties, with Al
and Ag composites presenting secondary alternatives (Ref. 2).

Currently, wiring is often utilized in larger gauges; not for achieving higher electrical conductivity,
but to accommodate the relatively weak mechanical strength of Cu (Ref. 3). A 2018 review of the state of
the art of Cu/CNT composites describes the properties required of Cu/CNT composites if they are to be a
viable candidate for replacing Cu wiring, such as mechanical durability, lightweightness, and electrical
conductivity (Ref. 4). According to Sundaram et al., achieving a significant reduction in weight compared
to Cu of the same gauge requires composites to contain at least 20 vol% CNT (Ref. 4). However,
according to the models used in this study, this only affords an estimated 46 MS/m in conductivity. This
is lower than the conductivity of pure Cu (59.8 MS/m) (Ref. 2). In general, wire resistance increases with
decreasing cross-sectional area, as shown in Figure 1 (Ref. 5). Therefore, improving upon existing Cu
cable requires the creation of cables that have a higher conductivity than Cu of the same gauge. CNTs
possess high electrical conductivity and mechanical strength for their weight, making them good
candidates for incorporation into lighter, higher performance composite materials.
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Figure 1.—Cross-sectional area and specific resistance versus
Cu-based American Wire Gauge (AWG) (Ref. 5).
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Various processing techniques yield composite geometries with significantly different electrical and
mechanical properties. Powder processes necessitate a mixing step, which makes it impossible to control
CNT alignment—a key aspect of the strength and conductivity of the wire. Another method of interest is
electroless plating (Refs. 6 to 8). This method can improve the ultimate tensile strength beyond that of
pure Cu (which ranges between 209 and 220 MPa) (Refs. 4 and 9). In one study, the electrical
conductivity of samples made using this technique was maximized at 48.5 MS/m (Ref. 7). Wang et al.
were able to produce composites with conductivity comparable to that of Cu (about 90 percent of the
International Annealed Copper Standard, IACS) at 0.5 vol% CNT loading (Ref. 8). However, none of the
samples in these studies surpassed Cu in electrical conductivity.

Compared to other application methods, electroplating has proven more promising for conductor
cable uses (Ref. 4). With this setup, it is easier to select the CNT orientation and maintain high CNT
percent volume. Cu/CNT yarn samples fabricated via electroplating also have demonstrated higher tensile
strength (Ref. 10) and current-carrying capacity (Ref. 11) than pure Cu. A study of a composite made by
electroplating Cu onto an aligned forest of CNTs resulted in a material with a lower coefficient of thermal
expansion than Cu (Ref. 12). Electroplated composites proved to have better conductivity than their
powder-processed counterparts, likely due to the better control of CNT alignment (Ref. 4). Nevertheless,
Cu/CNT composites continue to fall short of theoretical predictions and targets for conductivity.

Shortcomings in electrical conductivity of the composite originate with the incorporation of CNTs
into the otherwise very conductive Cu matrix. Not all CNTs possess the same electrical conductivity.
CNTs can form with a variety of chiralities, shown in Figure 2. Chirality in CNTs is described by the two
translational vectors n; and n; that connect the two halves of an atom in the tube wall that is split when
the tube is “sliced and unrolled” into a theoretical sheet of graphene. When the sum 2(n;)+n; is a multiple
of 3, the CNT is classified as metallic (m-CNTs) and possesses high electrical conductivity (Ref. 13).

(b)

2(7)+0=14

Figure 2.—Two example conformations of a carbon nanotube (CNT). (a) Two vectors n1 and
n2 used to define relationship between two carbon atoms in theoretical sheet of graphene.
(b) Graphene sheet is rolled such that it is to be connected at green atoms. (c) Resultant
CNT has “armchair” conformation and is metallic. (d) Graphene sheet is rolled such that
it is to be connected at blue atoms. (e) Resultant CNT has “zig-zag” conformation and
is semiconducting.
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CNTs of all other chiralities are considered semiconducting (s-CNTs). Any discrete estimate of the
conductivity of CNTs is an average of the conductivities of s-CNT and m-CNTs. A random sample of
CNTs consists of 33 percent m-CNTs, whose conductivity has been measured to be 50.7 MS/m (Ref. 2).
The remaining nanotubes are s-CNTs, with lower conductivities. A calculation estimate suggests that the
overall conductivity of CNTs is around 1.3 MS/m (Ref. 14). Thus, resistance within CNT yarn has two
origins: intrinsic resistance within each nanotube and contact resistance between adjacent nanotubes
(Ref. 13). Intertube contact resistance can be further classified as being (1) between two s-CNTs, (2)
between two m-CNTs, or (3) between an s-CNT and an m-CNT. Because it is currently very costly to sort
semiconducting and metallic CNTs, there is motivation to understand and mitigate the contact resistance
interface between the two constituents. Contact resistance effects also extend to concerns about
constituent interfaces within a composite—in this case, between CNTs and Cu.

Cu is understood to have poor affinity for CNTs because of its completely filled d orbitals in the
ground state (Ref. 4). Increased electron density on the surface of CNTs renders it hydrophobic and likely
also exacerbates electron-repulsive forces (Refs. 4, 15, and 16). Many approaches to improving the
bonding of these two materials during electroplating have been proposed. The first method is
functionalizing the CNT surface (Refs. 4 and 16). Oxygen-bearing functional groups on the CNT surface
can potentially improve the initial adsorption of Cu onto the carbon surface through electrostatic
interactions (Ref. 4). Although O atoms are electron-withdrawing, oxidation functionalization processes
such as temperature treatment, acid reflux, and ozonolysis have been shown to improve the conductivity
of uncoated CNTs (Ref. 17). Of these processes, dry ozonolysis initiated by ultraviolet (UV) radiation
was found to generate the greatest increase in electrical conductivity (~1.7 MS/m) with the least amount
of structural damage (Ref. 17). It has been proposed that reaction with an ozone molecule results in the
CNT losing an electron, creating an electron hole in the CNT, which then functions as an additional
charge carrier (Ref. 18).

In another approach to improving the Cu/CNT bond, Arai et al. added Janus Green B (JGB) to the
electroplating bath, inducing a positive zeta potential on the CNTs and facilitating the codeposition
alongside Cu ions (Ref. 19). This yielded samples with a conductivity around 50 MS/m. However, the
geometry of codeposition tends to make it less suitable for cables, because CNT orientation cannot be
controlled (Ref. 4). An alternative method involves the incorporation of carbide-forming metals into the
metal matrix (Refs. 4, 20, and 21). In this case with a Cu matrix, a metal with incomplete d orbitals (such
as Fe, Ni, Cr, Mo, Ti, Ru, or Al) is used (Refs. 4 and 20) to form a carbide on the metal surface and alloy
with the Cu matrix to create a gradient bond layer (Refs. 2 and 22).

In addition to considering the intrinsic properties and bonding of constituents, it is important to
understand and control the effects of microstructure on electrical conductivity and mechanical durability.
Chawla et al. studied the relationship between porosity and composite conductivity by controlling the
twist of uncoated carbon fibers (Ref. 23). With increasing twist, the mass of the composite became
denser, increasing conductivity. The electrical conductivity was improved because of formation of
junctions between adjacent fibers pressed together. Excessive twist led to diminished conductivity as well
as the onset of fiber breakage. It is plausible that similar behavior would take place within similarly
treated CNT yarns. Chowdhury found that an increase in the annealing temperature of codeposited
Cuw/CNT composites led to improved conductivity (Ref. 24). Annealing likely increased average grain size
and eliminated vacancies, creating a more uniform lattice through which current carriers travel. Annealing
also led to surface smoothing. This is noteworthy because surface roughness leads to more instances of
electron scattering, increasing resistivity (Ref. 25). Shuai et al. were successful in creating film
composites with Cu and super aligned CNTs whose tensile strength (287.2 MPa) surpassed that of pure
Cu, with electrical conductivities up to 46.86 MS/m (Ref. 26).
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Although the focus in the development of Cu/CNT yarns is the optimization of their electrical
conductivity while maintaining mechanical strength, thermal properties are also of interest. The
distinctive structure of CNTs lends them highly anisotropic thermal properties analogous to their
electronic properties (the anisotropy factor for thermal conductivity in CNTs is 342) (Ref. 27). CNTs
have good longitudinal thermal conductivity, making them well suited for heat transport. However, CNTs
have extremely poor radial heat conductivity (Ref. 27). This anisotropy is a motivating factor for the use
of Cu/CNT composites. CNTs can disperse the thermal load imposed on surrounding Cu conductor and
insulation material, protecting against thermal runaway. Multiwalled CNTs (MWCNTs) were found to
have slightly better heat conductivity than single-walled CNTs (SWCNTs), because their layered walls
provided more possible phonon modes (Ref. 27). Bundling of CNTs resulted in a decrease in thermal
conductivity, as adjacent nanotubes quenched the vibrational phonon modes of their neighbors. Cw/CNT
composites have been fabricated with ampacities greater than that of Cu by up to a hundredfold,
indicating improved temperature resistance of electrical properties (Refs. 26 and 28). However, electrical
conductivities measured in these studies remain below that of pure Cu (46.86 MS/m (Ref. 26) and
47 MS/m (Ref. 28)).

In the present study, theoretical models were built to study the effects of metal coating types, critical
metal thickness, composite porosity, and weight reduction on the composite wire’s electrical conductivity.
The metal coating’s porosity was anticipated to have a greater effect on the total conductivity of the
samples than the porosity of the CNT yarns. The two most promising composite systems (Ag-CNT and
Cu/CNT) were selected for experimentation. Ag-CNT samples were fabricated using Ag paste, and
Cu/CNT composites fabricated via physical vapor deposition (PVD) and electroplating. All samples were
evaluated for surface quality and electrical conductivity. Four-probe electrical-resistance (ER) monitoring
was used to measure the electrical conductivity of the processed composite wires. Batches of Cu/CNT
electroplated composites were also tested for their mechanical durability. To track mechanical failure and
changes in electrical conductivity, acoustic emission (AE) and ER monitoring techniques were used
together. AE is appropriate for testing samples such as Cu/CNT composites with a high elastic
modulus:density ratio. AE is also useful because it can be used to identify specific failure modes and
locations (Refs. 29 and 30). A more efficient method for electroplating samples was designed. Parameters
for plating, annealing, and surface preparation were refined. Results from the tensile tests with AE and
ER monitoring provided new insights into the mechanical and electrical behavior of Cw/CNT composites
in service.

Acronyms and symbols used within this report are listed in the appendix.

2.0 Experiment

The following subsections detail the fabrication of four sets of samples (painted Ag-CNT, PVD
Cu/CNT, single electroplated Cu/CNT, and multiple electroplated Cu/CNT). In addition, procedures for
conductivity and tensile strength measurements, as well as in situ AE and ER monitoring used during the
tensile tests, are described. Finally, the approach and theory supporting modeling are outlined.

2.1 Processing

Painted Ag-CNT composites were fabricated by hand-brushing CI-1031-7 conductive Ag ink
(Engineered Materials Systems, Inc.) onto either DexMat or Nanocomp Technologies, Inc., CNT yarn. In
order to obtain meaningful conductivity measurements, coated samples were cured at 149 °C for burnout
of organic paint binder. A Nanocomp CNT yarn was also coated via dipping to compare paint application
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TABLE . —MECHANICAL PROPERTIES OF MATERIALS USED TO
MAKE Cu/CNT ELECTROPLATED COMPOSITES

Constituent material Elastic modulus, | Tensile strength,
GPa MPa
Cu, cold worked (Ref. 9) 112 344
Cu, annealed (Ref. 9) 125 209
Nanocomp carbon nanotube (CNT) 172+18 2,840+£320

methods. DexMat CNT yarns were coated with Cu via PVD by Directed Vapor Technologies
International (DVTI). For each PVD Cu coating thickness, there were three samples. Among these, one
was tested as received, one was smoothed using a drawing plate, and the last was smoothed using a
drawing block. Cu-electroplated samples were fabricated in house using Nanocomp CNT yarn. The CNT
yarn was sent for analysis of strength properties. The mechanical properties of the Cu and CNT yarn
constituents used in the electroplated composites are summarized in Table 1.

Initial trials of electroplating of Cu on CNT yarns were conducted on a single CNT yarn. The initial
electroplating setup consists of a Cu anode plate and single CNT yarn. The plate lengths, widths, and
thicknesses were 152.4, 76.2, and 3.18 mm, respectively. The CNT yarn length was 154.2 mm. The anode
plate and CNT yarn were placed inside a beaker filled with a CuSO4-H>SO4 solution with deionized
water. Current was drawn from a Hewlett Packard (now Keystone Technologies) 6633 A constant-current
power supply. A current setting of 0.1-A was applied for durations of 30, 60, and 90 min to coat CNT
yarns individually with Cu coating thicknesses of 100, 200, and 300 um, respectively. The initial
electroplating trials were conducted to determine the feasibility of this processing method and compare
the resulting conductivities of the fabricated composite wires with wires manufactured via different
techniques. Next, a custom electroplating processing setup (shown in Figure 3) was designed to increase
sample throughput and apply a more uniform Cu coating on the CNT yarn. It was created by three-
dimensional printing a frame using acrylonitrile butadiene styrene (ABS), which was chosen for its
structural integrity and low chemical reactivity. The setup involved an armature onto which one long
strand of CNT yarn was wound, such that most of the length was vertical in the electroplating bath. The
setup also involved two Cu anodes: one, a shroud surrounding the yarns and another, a rod placed
between the yarns. This was to ensure a more even deposition onto the CNTs. For the electroplating setup
shown in Figure 3, current was drawn from the same power supply equipment used in the initial setup.
Additionally, the setup in Figure 3 was placed inside a beaker filled with a CuSO4-H>SOj4 solution with
deionized water. Once the electroplating processing run ended, 152.4-mm Cu-coated CNT yarn samples
were cut from that coated length and cleaned in ethanol. This electroplating setup enabled the
electroplating of Cu on 52 CNT yarns for each processing run.

The CNT yarns were cleaned in ethanol prior to electroplating. If samples were removed from the
electrolyte bath at any break in the electroplating process, they were again cleaned and ultrasonicated in
ethanol to remove any contaminant that might impede even deposition of Cu. Samples were plated in a
CuS04/H,S0; solution with deionized water. The solution was first heated and saturated with CuSOs. As
the solution cooled, CuSOj precipitate fell out. The remaining solution was decanted and used for plating.
Deposits of CuSO4appeared on the Cu metal electrodes and on the ABS rig. There was also a visible loss
of material on the inner electrode. This suggests that the plated Cu was originating from both of the
anodes and the cupric salt solution. Samples were plated for a total of 20 h. During the first 4 h, current
was slowly increased to ensure a homogeneous deposition and prevent dendritic growth. Once a base
layer had been established, a higher current was used to accelerate the process for the remainder of the
plating time. Table II describes the experimental current settings that were used throughout the
electroplating procedure.
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Figure 3.—Cu-carbon nanotube (CNT) electroplating setup, three-dimensional
printed from acrylonitrile butadiene styrene (ABS). (a) Full view. (b) Cross-
sectional view of setup strung with CNT yarn for plating. (c) Top view.

(d) Bottom view.

TABLE II..—CURRENT SETTINGS FOR ELECTROPLATING FABRICATION OF Cu/CNT COMPOSITES

Sample group Current,
(batch) A
First hour Second hour Third hour Fourth hour Remaining 16 hours
4 0.50 0.50 1.000 1.250 1.25
5 0.50 0.50 0.750 1.000 1.00
6 0.50 0.50 0.625 0.775 0.90
7,8,9,11 0.35 0.50 0.650 0.800 0.95
10 0.30 0.45 0.600 0.750 0.90

Each plating group included 52 samples. Two samples from each plating group were annealed prior
to tensile testing. Annealed samples were heated at 520 °C for 120 min. While in the furnace, samples
were supported in a vertical position by a quartz tube. Samples from batches 4, 5, and 6 were annealed
using Method 1, in which a quartz tube was first evacuated of air, then filled with Ar and sealed for the
duration of heat treatment. Annealing Method 2 was used to heat treat samples from batches 7, 8, 9, 10,
and 11. Method 2 annealing took place in an atmosphere of continuously flowing 4 percent H, (Ar
balance). This change was made to prevent oxidation of the Cu from impurities in the pure Ar cylinder. It
is also possible that these conditions enabled the reduction of any native oxide already existing on the Cu
surface. Samples annealed in the presence of H, were visibly more lustrous.
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2.2 Characterization

Micrographs providing characterization information about sample coating surfaces were obtained
using a Phenom ProX G6 Desktop scanning electron microscope (SEM). Samples were conductive and
thus were not mounted or coated for microscopy.

2.3  Testing

The strength of the materials was measured through tensile testing. These tests also included AE
and ER monitoring to locate and characterize failures, and to correlate failure types to changes in
conductivity. Figure 4 provides an illustration of the tensile testing with AE and ER monitoring setup.
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Figure 4.—Tensile test, indicating voltage
(V) and current (l) measuring devices,
acoustic emission (AE) and electrical
resistance (ER) probes, and direction
of applied stress, o.
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2.3.1 Tensile Testing

Monotonic fast fracture tensile loading was performed on the Cu electroplated composite wires using
Instron frame model 5500R-4502 with a 500 N load cell and a displacement control loading rate of
0.127 mm/min. Both ends of the sample were inserted inside slotted steel pins. Duralco™ 133 epoxy resin
(Cotronics Corp.) was injected into these slots to strongly bond the sample to the steel pins. Samples were
then cured in a furnace at 83 °C for 4 hours. Next, Miller-Stephenson, Inc., two-part epoxy was used to
affix 8- by 8-mm cardboard square tabs to the samples adjacent to the inner sides of the steel pins. AE
sensors were later clamped to these cardboard squares. Afterwards, the steel pins were inserted into
Instron tensile frame mechanical grips. The ultimate tensile stress (UTS) ocurs of the composite wire was
determined by dividing the maximum applied tensile load Finax by the calculated composite wire’s cross-
sectional area 4. (Eq. (1)). The 4. of the wire was calculated using Equation (2) from averaged
measurements of the sample diameter d., which was determined using calibrated calipers after plating.
The CNT yarns diameter (dcnt) was also computed from averaged measurements to be 100 pm using a
caliper. CNT cross-sectional area (Acnt) was assumed to be circular and calculated using Equation (2).

. _Fmax 1

¢,UTS = A4 )
PRV

A =n| — 2
) @

All sample diameters are presented in Table I1I. The samples had an average diameter of
0.732+0.031 mm with an average cross-sectional area of 0.422+0.036 mm?. The CNT volume fraction
was calculated to be in the range of 1.7 to 2 percent using Acnr/A4, . An average gauge length of 60 mm

was used in all tensile tests.

TABLE III.—DIAMETERS OF COMPOSITES MEASURED
WITH CALIPERS AFTER ELECTROPLATING

Sample Diameter, Sample Diameter,
de, de,
mm mm
4U-1 0.760 4A-1 0.738
4U-2 0.710 4A-2 0.725
S5U-1 0.777 5A-1 0.778
5U-2 0.757 5A-2 0.802
6U-1 0.758 6A-1 0.715
6U-2 0.735 6A-2 0.707
7U-1 0.730 7A-1 0.708
7U-2 0.708 TA-2 0.700
8U-1 0.735 8A-1 0.745
8U-2 0.725 8A-2 0.778
9U-1 0.765 9A-1 0.777
9U-2 0.703 9A-2 0.768
10U-1 0.705 10A-1 0.702
10U-2 0.688 10A-2 0.707
11U-1 0.705 11A-1 0.702
110-2 0.697 11A-2 0.717
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2.3.2 Electrical Resistance Monitoring

A calibrated Agilent multimeter (Model 34420A) with four probes was used to record electrical
resistance (ER) with 0.15 percent accuracy. All electrical conductivity values for the composite were
calculated from the ER measurements. These were conducted using the four-probe testing method
described by Almansour (Ref. 29). Electrical leads were cleaned prior to testing with sandpaper.
Equation (3) was used to calculate the resistivity p of the samples, where R is the measured resistance, L
is the length between the two inner ER probes along the sample, and 4. is the cross-sectional area of the
composite wire sample. Electrical conductivity « is taken as the reciprocal of the resistivity p.:

K==t 3
P AR

Testing conditions varied slightly for different groups of samples. The Ag paint and Cu PVD samples
were only tested without tension. The distance L for these tests was 15 mm. The average diameter and
cross-sectional area for the Ag paint samples were 0.659+0.491 mm and 0.509+0.609 mm?, respectively.
For the Cu PVD samples, the average diameter and cross-sectional area were 0.379+0.310 mm and
0.177+0.230 mm?, respectively. The initial Cu-electroplated CNT samples used to evaluate the effect of
surface smoothing were tested for conductivity without tension. The average ER probe spacing for these
tests was 10 mm. The conductivity of the other Cu-electroplated samples that were processed using the
setup in Figure 3 was measured during the monotonic tensile test without the application of tensile load.
The baseline conductivity of these samples was taken to be the conductivity at time ¢ = 0. The average
distance between the ER probes at the beginning of these tests was 26.30+4.47 mm. The same diameter
measurements of these samples that were used for tensile test calculations were used for conductivity
calculations (see Table III).

2.3.3 Acoustic Emission Monitoring

Acoustic emission (AE) waveforms were recorded during specimen tensile loading using a Digital
Wave Corporation four-channel fracture wave detector acquisition system and two B1025 piezoelectric
AE transducers with 300 to 3000 kHz sensitivity. The AE sensors were spaced apart by 41.71+3.85 mm.
The distance between the sensors was measured using a calibrated caliper. AE waveforms associated with
events detected in the specimen gage section were filtered and analyzed using a software from Digital
Wave Corporation. For each AE event, there is a waveform and wave energy recorded by each sensor. AE
energy measurements from both sensors were averaged. In this experiment, the AE data analysis
procedures of Maillet et al. and Gorven were adopted (Refs. 31 and 32, respectively), as their samples
most closely represented the Cu/CNT composites. The frequency fand frequency content C(f) were used
to calculate the frequency centroid FC of the emission from each event of interest, using an original
MATLAB® (The MathWorks, Inc.) script software (Eq. (4)). Signatures of specific failure mechanisms
were identified in each tensile test. It should be noted that AE only collected meaningful information
regarding the CNT; Cu is too ductile to produce strong acoustic signals as it fails. Failure of Cu was
instead tracked by changes in electrical conductivity, determined via live ER measurements taken during
the tensile test, as described above.

Smc(f)f

FC=52—
2 C)

“
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Figure 5.—Model circuit explaining nature of
current sharing within Cu/CNT composite wire.

2.4  Modeling Methods

Theoretical modeling was used alongside experimental data to study the electrical properties of
Cu/CNT composites as they relate to physical parameters. Models explored the effects of coating
material, coating thickness, CNT porosity, and Cu porosity on composite conductivity and constituent
current sharing. All conductivity models assumed that the Cu and CNT yarn behaved like two parallel
resistors within the composite, according to the methods described by Almansour for unidirectional
minicomposites (Ref. 29). A circuit schematic is provided in Figure 5.

To determine total conductivity in the composite, Equation (3) was used. The conductivities of
composites made with either Cu, Al, or Ag metal coatings, applied at thicknesses between 25 and 800 pm
were calculated. Equation (5) represents a modification of Equation (3), in which an allowance is made
for porosity X, either in the metal (Cu) or in the CNT. Equations (6) and (7) were used to calculate the
theoretical current sharing of the Cu and CNT constituents, respectively. In these equations, £,% is the
percent of current carried by the constituent and V), is volume percent of that constituent within the
composite. Finally, all theoretical # and experimental e conductivity values were compared using
Equation (8), a formula for percent change for generic properties Z. Equation (5) was also used to
quantify weight reduction based on the rule of mixtures (ROM), where p, is the constituent resistivity.
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3.0 Results and Discussion

The following subsections discuss modeling as well as results from processing and characterization of
composite wires. Tensile test data are analyzed in conjunction with AE and ER monitoring information to
provide insight on order and consequences of microstructural failures that take place over the lifetime of
the sample. Conductivity results are presented and theories concerning the improvement in the intrinsic
conductivity of the composite are addressed.

3.1 Modeling Results

Modeling was used to compare the behavior of three theoretical composites. Each composite was
assumed to include a CNT yarn with a diameter of 100 um. Resultant conductivities for Al, Cu, and Ag
coatings of increasing thicknesses are shown in Figure 6(a). This information demonstrates that a
significant improvement in conductivity can be achieved with a coating thickness of at least 200 um and
that coatings thicker than 300 pm offer minimal improvement in conductivity, as shown in Figure 6(b).
Therefore, 300 um was selected as the target coating thickness to maximize this benefit without
oversizing the wire. In each case, the conductivities asymptomatically approached that of the pure metal
as coating thicknesses increased (the conductivities of pure Al, Cu, and Ag at room temperature are 37.7,
59.8, and 62.9 MS/m, respectively) (Refs. 2 and 9). However, the conductivities of CNT samples hand
coated with Ag ink were below conductivities predicted by the model. This was due to the process and
form of Ag used. Remnants of organic binder from the ink were expected to still be in the coating.
Additionally, Ag was not sintered to form a fully densified coating. Consequently, electroplating Ag was
projected as the best approach to producing Ag/CNT composites. However, this was not attempted
because Ag plating solutions are toxic and not environmentally friendly. Moreover, as de Groh assessed,
the slight increase in conductivity provided by purer Ag would not translate into meaningful cost
reductions for power transmission cable or motor winding applications (Ref. 2). Furthermore, Ag has a
lower tensile strength than Cu, and would not have afforded any gain in mechanical properties (Ref. 9).
Thus, Cu was confirmed as the best material selection.
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Figure 6.—Calculated theoretical electrical conductivity kc of Cu/CNT, Ag/CNT, and AI/CNT composites with increasing
metal coating thickness. (a) Conductivity to 800 um thickness. (b) Closeup of conductivity to 350 um thickness.

NASA/TM-20205008006 12



70

70 C
C Cu thickness, um
60 60 - 50
= : - 100
C
S S L 200
o 90F » 90F - 300
= 0 = ~ 400
£ 40 £ a0f 200
= C = C - 600
s r Cu thickness, um s r
© 30 - 50 © 30
S C =) L
i = B
O 20 O 20F
C - 300 L
C - 400 N
10 500 10
C - 600 r
0_|I|I|I|I|||||||||||||||||||||| T N N R AU B AU SR BN A AU R B A A A
0 5 1015202530 354045 505560657075 0 5 1015202530 354045505560657075

(b)

@) CNT porosity, percent Cu porosity, percent

Figure 7.—Calculated theoretical electrical conductivity k. of CU/CNT composite (at CNT diameter dent = 100 um and
increasing Cu thickness) versus component porosity. (a) Changing CNT porosity Xcnt. (b) Changing Cu porosity Xcu.

The models also were the basis for predictions about the mechanisms of electrical conduction in the
sample. Altering the total porosity of the CNT (changing the volume percent of CNT) within the
composite resulted in no significant change to conductivity of the composite (Figure 7(a)). This
observation is supported by existing knowledge of electrical conduction in CNTs. Miao discusses how the
intrinsic conductivity of CNTs relies predominantly on the splicing of CNT bundles, which leads to a
well-integrated network of bundles within a yarn (Ref. 33). As a result, specific conductivity is not
heavily dependent on porosity within CNT yarn in Cu-coated CNT yarn, where the absolute electrical
conductivity of composite wire decreases slightly as CNT yarn porosity increases, since both the
measured volume fraction and theoretical conductivity of the CNT yarn are lower than that of the Cu
within the composite wire. Also, this decrease in conductivity can be attributed to a decrease in total
cross-sectional area, not a fundamental change in the way charge carriers move through the material.

In contrast, increasing porosity in the Cu led to directly proportional drops in the electrical
conductivity (Figure 7(b)). As shown in Figure 8, theoretical models predicted that Cu dominated the
current carrying within the composite, even at high CNT content (i.e., low CNT porosity). This suggests
that within the parallel resistor schematic framework (see Figure 5) larger differences in resistivity (and
thus resistance) between the two constituents of the composite leads to the Cu carrying current away from
the CNT yarn since electrical current in general prefers to take the least resistive path.

3.2 Influence of Processing Methods on Conductivity

Two methods for applying the Cu coating were compared: PVD and electroplating. The electroplated
samples were fabricated using the initial setup for electroplating Cu on CNT. They were created to make
a qualitative comparison of the feasibility and benefits of the two coating application techniques. As
shown in Figure 9, the conductivities of electroplated samples were superior to that of the PVD samples
for all Cu coating thicknesses. The difference between PVD and electroplated composite conductivity was
due to poor bond quality in the PVD samples. Observations with an SEM revealed exposed areas of CNT
on the PVD-coated samples. Furthermore, during manual smoothing, it was noted that the PVD samples
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Figure 8.—Calculated theoretical percent of electrical current carried by Cu Ic,% versus Cu coating thickness as
function of increasing CNT porosity Xcnt. (@) Full percent range. (b) Close up of top of plot in (a).
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Figure 9.—Measured conductivities of Cu-PVD, Cu-electroplated, and uncoated CNT samples compared with
modeled theoretical value. Coated sample geometries given as Cu coating thickness/CNT diameter in
micrometers and uncoated, as CNT diameter. All dimensions are in micrometers. DexMat and Nanocomp
Technologies, Inc., supplied CNTSs in these experiments for PVD and electroplated samples, respectively.

were much easier to pass through the drawing block than the electroplated samples of the same diameter.
Smoothing had damaged and removed sections of Cu coating on the PVD samples. It is believed that
PVD is not suited for composites of this geometry, whose surface areas are small and nonplanar. All
composite samples fell short of the theoretical prediction for conductivity in a 300-pm Cu/100-pym CNT
composite. The effects of these phenomena can be seen in Figure 10, in which the as-fabricated PVD
samples show some CNT exposure (Figure 10(d)) and the PVD-smoothed samples show large areas of
removed or cracked Cu in Figure 10(b), (¢), and (f).
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Figure 10.—SEM images of surface finish on PVD Cu/CNT composite samples. Dimensions are
given as coating thickness/CNT diameter in micrometers. (a) Rough, 100/100. (b) Plate
smoothed, 100/100. (c) Block smoothed, 100/100. (d) Rough, 200/100. (e) Plate smoothed,
200/100. (f) Block smoothed, 200/100.

33 Effect of Surface Roughness on Conductivity

Electroplated samples were difficult to smooth using manual tools. Samples became stuck in the
drawing block, indicating a Cu/CNT adhesion resistant to debonding. Micrographs were used to compare
surface coverage on rough and smoothed electroplated composites (Figure 11). No regions of exposed
CNT were observed on either the rough or the block-smoothed samples.

Smoothing also appeared to have a positive effect on composite conductivity, as shown in Figure 12.
This effect was more apparent in the samples with thicker coatings. However, the 100-pm Cu coating
could not withstand the drawing-induced stresses, which led to cracking of the Cu coating. Meanwhile,
samples with thicker Cu coatings (200- and 300-um Cu-coated CNT samples) were able to sustain
smoothing-induced stresses without total cracking. It is believed that the 300-um Cu-coated CNT sample
had the best conductivity because the increased metal volume could withstand the stresses of drawing and
it provided a lower ER. This is supported by observations of cracking in the 100-pm Cu-coated CNT
samples, presumably due to the formation of defects through the whole thickness of the coating. The
difference in conductivities with respect to Cu coating thickness can also be examined at the atomic and
subatomic particle scale: smoothing would have induced subsurface deformation in the Cu lattice,
blocking the movement of charge carriers.

It is believed that smoothing samples at elevated temperature using a wire drawing machine would
mitigate the effect of subsurface deformation on conductivity: Because most of these devices operate at
elevated temperatures (Ref. 34), the defects formed by the force of the machine could diffuse and
consolidate, relieving stress.
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Figure 11.—SEM images of surface finish on electroplated Cu/CNT composite samples. Dimensions
are given as coating thickness/CNT diameter in micrometers. (a) Rough, 100/100. (b) Rough,
200/100. (c) Rough, 300/100. (d) Block smoothed, 100/100. (e) Block smoothed, 200/100.

(f) Block smoothed, 300/100.

60
B Rough

M Block smoothed

Conductivity, MS/m
w
o

10
0 Electroplated Electroplated Theoretical
100/100 200/100 300/100
Sample

Figure 12.—Effect of surface finish on measured electrical conductivity of electroplated Cu/CNT samples.
Dimensions are given as coating thickness/CNT diameter in micrometers.
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3.4  Influence of Tensile Loading on Composite Wire Conductivity and Damage State

The ultimate tensile strengths (UTSs) of all samples are summarized in Table IV. The maximum load at
the first peak in the stress-time curve was divided by the total cross-sectional area of the composite to yield
an estimate of the composite UTS, o.urs. The UTSs of the unannealed and annealed electroplated samples
from each batch were averaged and plotted (Figure 13(a)). The UTS results from the unannealed and
annealed samples of batches 7, 8, 9, and 11 were also combined (Figure 13(b)) since they were fabricated
with the same processing parameters. Because of a difference in sample size, this was done for qualitative
appraisal of processing parameters, and the combined average cannot be used to make strict comparisons
between batches. Overall, none of the samples from batches 7, 8, 9, or 1 1—unannealed or annealed—
surpassed the tensile strength of Cu. Unannealed samples from batches 4 and 5 had tensile strengths similar
(above and below) to that of Cu. The average maximum stress applied was 189.57+18.10 MPa for the
unannealed samples and 156.90+40.51 MPa for the annealed samples. This trend is expected since
annealing allows for grain growth and defect annihilation (Ref. 26). Equation (9) was used to compute the
theoretical modulus of the composite wires, which is shown in Table I'V. The elastic modulus £ = c/¢
(where ¢ is strain) was used to relate the strength and modulus of the composite to the strength and modulus
of the constituents. It was assumed that the strain of the composite was equal to both the strain in the CNT
yarn and the Cu constituents at the onset of damage (first peak of the stress-time curve) since the
conductivity did not drop significantly and there was no AE activity prior to the first peak, which indicates
no significant damage in Cu or CNT had taken place in the composite wire yet. This isostrain condition,
along with the ROM (Eq. (9)), was used to formulate Equations (10) and (11).

E. =VenrEent +VewEcy )
ECNT
O = O
ot =~ T 0C (10)
Ecy
Ocu = L OGNt (11)
ECNT

where oent and ocy are the stresses partitioned in the CNT and Cu, respectively, at the time of the first peak
in the stress-time curve. The composite stress at the first peak along with Equations (10) and (11) was used
to partition the stresses on the CNT and Cu, as shown in Table IV. The strength of the composite wires in
Table IV at the first peak is similar (slightly below or above) to the strength of the pure Cu reported in
Table I. The stress on the partially loaded CNT at the onset of CNT damage in Table IV is an order of
magnitude lower than the reported UTS of the CNT in Table 1. This indicates that either the strength of CNT
yarn was degraded through exposure to the H>SO4 plating solution, or the CNT yarn was fully loaded
because of the undensified Cu being unable to carry a significant portion of the load due to the stiffness
mismatch. In the case where CNT yarn was fully loaded at the first peak of the stress-time curve, the stress
on the fully loaded CNT is expected to be 6./Vent, which is calculated in Table IV. However, the actual
stress on the CNT should fall between the estimates of partial and full CNT loading. The samples that
underwent tensile testing were not drawn because they could not be easily passed through the drawing
block. It is believed that once a drawing machine setup has been configured for smoothing, these samples
will demonstrate even greater strength. Compression of the Cu matrix during drawing will densify the
material, improving mechanical strength. Additionally, densification is expected to improve conductivity
within the Cu matrix as well as increase the quality of electrical contact between the Cu and CNT.
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TABLE IV.—TENSILE PROPERTIES OF UNANNEALED AND ANNEALED
Cu/CNT COMPOSITE SAMPLES

Sample Composite Copper CNT
Elastic modulus, | Tensile strength, | Tensile strength, | Tensile strength | Tensile strength
Ee, G, GCu, (partial load), (full load),
MPa GPa MPa OCNT, GCNT,
MPa GPa
(a) Unannealed.
4U-1 113.0 188.5 186.7 286.3 10.89
4U-2 113.2 220.5 218.2 3345 11.12
5U-1 113.0 207.2 205.4 314.8 12.51
5U-2 113.0 233.6 231.5 354.8 13.39
6U-1 113.0 172.0 170.4 261.2 9.880
6U-2 113.1 166.6 165.0 253.0 9.002
70-1 113.1 186.1 184.3 282.5 9.919
7U-2 113.2 183.6 181.7 278.6 9.206
8U-1 113.1 193.7 191.8 294.1 10.47
8U-2 113.1 198.9 196.9 301.8 10.45
9U-1 113.0 183.4 181.8 278.6 10.73
9U-2 113.2 110.5 109.3 167.6 5.462
10U-1 113.2 170.6 168.8 258.8 8.480
10U-2 113.3 176.7 174.8 267.9 8.365
11U-1 113.2 199.8 197.7 303.1 9.931
11U-2 113.2 189.0 186.9 286.5 9.180
(b) Annealed.
4A-1 125.9 108.7 108.0 148.3 5.921
4A-2 125.9 101.5 100.8 138.4 5.335
5A-1 125.8 176.9 175.8 241.5 10.708
SA-2 125.7 162.5 161.6 221.9 10.453
6A-1 125.9 164.9 163.7 224.8 8.429
6A-2 125.9 170.9 169.7 233.0 8.543
7A-1 1259 149.6 148.5 204.0 7.499
TA-2 126.0 147.3 146.2 200.8 7.219
8A-1 125.8 151.9 150.8 207.2 8.429
8A-2 125.8 112.3 111.6 153.3 6.799
9A-1 125.8 107.3 106.7 146.5 6.481
9A-2 125.8 64.3 63.9 87.8 3.794
10A-1 125.9 65.6 65.1 89.5 3.234
10A-2 125.9 172.7 171.4 235.5 8.633
11A-1 125.9 112.6 111.8 153.6 5.551
11A-2 1259 88.9 88.3 121.2 4.571
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Figure 13.—Average ultimate tensile strength (UTS) of unannealed and annealed
electroplated Cu/CNT composite samples. (a) Each plating batch. (b) Batches 7, 8, 9,
and 11 combined.

A representative graph from the tensile test displaying the AE and ER data is presented in Figure 14.
This plot reveals the chronology of mechanical and electrical failure. First, the stress on the composite
wire increases as the Cu and CNT deform together elastically. The nonlinearity in the stress-time curve is
attributed to some degree of delamination of Cu and CNT as the constituents debond from uneven load
sharing between the Cu and CNT. The stress continues to increase, reaching the first peak in the stress
curve, which signifies the onset of damage in the CNT. It is noted that many of the stress-time data sets
contained smaller peaks on the shoulder of the first major peak; these smaller peaks represent additional
damage formation and progression in the CNTs. After the CNT has begun to sustain damage in the first
peak, the stress will increase on both the remaining intact portion of the CNT and the Cu. The gradual
decrease in composite conductivity is caused by the ductile elastic behavior of the Cu. The stress on the
Cu and the CNT continues to increase, which leads to a point where the Cu can no longer withstand the
additional stress and begins to crack, causing a significant load drop. This is known to have originated
from the Cu because there was no associated AE signal. The stress and conductivity of the composite
drop as the Cu cracks propagate and lead to total failure of the Cu. In some experiments, a few remaining
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strands of CNT yarn were observed to still be connected, and they could not support the sample
mechanically or conduct a meaningful amount of current. It is important to note that the conductivity is
relatively unaffected by the onset of damage in the CNT, thus establishing that composites can withstand
mechanical damage and still function effectively as conductors. The slight continual drop in conductivity
leading up to total failure can also be explained by Cu’s Poisson response to tension, which causes a
gradual reduction in effective cross-sectional area of the conductor. Additionally, piezoelectricity and
piezoresistivity in both constituents may affect conductivity (Refs. 35 to 37). During electroplating, the
CNT yarn, which is wound “hand-tight” onto the electroplating armature could be experiencing
piezoelectric polarization (Ref. 37). It is possible that the plated Cu matrix would hold the CNT in tension
even after plating, keeping the piezoresistive effect of the CNTs active within the composite. During the
tensile test, the piezoresistive response of the CNT and Cu to applied tension would cause an active drop
in conductivity. Overall, the stress-time curves obtained during tensile testing reveal an increase in
toughness, marking improved durability.
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Figure 14.—Tensile test results for one unannealed Cu/CNT
sample from batch 5. (a) Measured electrical conductivity and
tensile stress evolution. (b) Acoustic emission events
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3.5 Comparison of Conductivity in Electroplated Composites and AWG Cu Wires

Currently, Cu cables are used in sizes larger than is required for adequate conductivity to compensate
for the relative mechanical weakness of Cu. Two of the samples in this study achieved conductivity
higher than that of AWG Cu of the same diameter and cross-sectional area. A comparison of the studied
samples and standard AWG Cu is presented in Figure 15. The average conductivity of the unannealed
samples was 46.32+5.67 MS/m, and the average conductivity of the annealed samples was
47.45+7.61 MS/m. It is assumed that densifying these samples using a drawing machine setup would lead
to an improvement in conductivity. The two annealed samples from batch 5 had conductivities greater
than that of Cu (Figure 15(a) and (b)). The average conductivities of samples by electroplating batch are
shown in Figure 16. It is assumed that the annealed samples had a larger average grain size, meaning
there were less grain boundaries present to interrupt the flow of charge carriers.

The differences in conductivities between batches can be correlated by variations in the annealing
atmosphere and plating conditions. Batches 4 and 6 were coated with the fastest plating procedures.
Additionally, they were annealed in Ar according to Method 1. Because the Ar was not of absolute purity,
it is likely that there was some air present in the annealing chamber during heat treatment. Samples from
batches 4 and 6 were the only two groups for which the annealed samples averaged lower electrical
conductivities than the unannealed samples. Annealing may have been detrimental to the conductivity of
these samples because the Cu coatings may have become exposed to oxidizing contaminants in the Ar
gas, which would have reacted with the Cu and promoted formation of the natural oxide layer. However,
this does not explain why samples from batch 5 annealed using Method 1 outperformed unannealed
samples from batch 5. This could be the result of batch 5 being plated under optimal conditions. The
plating current “ramp-up” period decreased successively in batches 4, 5, and 6. Increasing current too
quickly (batch 4) may have caused the initial layer of Cu to deposit too quickly, resulting in the formation
of dendrites. In contrast, increasing current too slowly resulted in a coating that was too thin. This would
match the variations in composite diameters listed in Table III. Overall, these results suggest that good
bonding and Cu microstructure have a greater effect on conductivity than Cu coating surface changes that
occur during annealing.
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Figure 15.—Comparison of measured electrical properties of Cu/CNT composite samples and American Wire Gage
(AWG) Cu. (a) Resistance. (b) Conductivity.
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Batches 7, 8, 9, and 11 were coated using the same plating procedure and annealed according to
Method 2 (a 4-percent H in Ar circulating atmosphere). The conductivities across these batches are
presented both separately and as one average in Figure 16(a) and (b), respectively (it is important to note
that quantitative comparisons cannot be made in Figure 16(b) because of differences in sample size; the
subplot is provided for qualitative perspective only). As a group, samples from batches 7, 8, 9, and 11
appear the most promising after batch 5. This correlates with the plating procedure, which was slightly
slower than batch 5 but faster than batches 6 and 10. Batch 10 was also annealed using Method 2 but was
plated using the slowest increase in current of all the samples. This resulted in a coating that was too thin,
causing samples from batch 10 to have the lower conductivities. Annealing with Method 2 consistently
led to an improvement in conductivity, suggesting that heat treatment in the presence of H reduces the
native oxide on the Cu coating surface, improving purity in the main current-carrying constituent. The
fact that all samples from batches 7, 8, 9, 10, and 11 had conductivities lower than the two samples of
batch 5 supports the proposition that optimized plating parameters are essential in achieving optimal
conductivity and good adhesion between the Cu and CNT.
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Figure 16.—Comparison of averages of measured electrical conductivities of unannealed
and annealed electroplated samples by plating batch. (a) Each batch. (b) Batches 7, 8,
9, and 11 combined.
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TABLE V.—PERCENT CHANGE IN EXPERIMENTAL CONDUCTIVITY OF
Cu/CNT COMPOSITES (UNANNEALED AND ANNEALED)
FROM THEORETICAL PREDICTIONS

Sample Unannealed average change, Annealed average change,
group percent percent
4 -12.3 -20.8
5 -5.7 9.8
6 -22.8 -30.9
7 -11.3 7.9
8 -254 -12.6
9 —8.7 -16.8
10 -34.1 -29.2
11 -23.5 -22.9

The percent changes in conductivity between the theoretical and experimental composites are shown
in Table V. The annealed samples from batch 5 outperformed the theoretical conductivities of these
composites by 9.8 percent and the conductivity of pure annealed Cu reported by the International
Annealed Copper Standard (IACS) by 4.8 percent, according to the parallel resistor model shown in
Figure 5. Because conductivity is limited by intrinsic resistivity, the only way in which the annealed
samples from group 5 could have surpassed both the predicted “parallel-resistor model” and pure
annealed Cu conductivities is if there was a chemical change that led to a change in intrinsic electrical
material properties. Given the materials and the processing parameters, it is unlikely that any new phase
was formed. Instead, the nature of the Cu/CNT interface was modified. The following theories explore
possible mechanisms for this modification, within the context of the correlated processing parameters
discussed above.

The first consideration of the Cu/CNT interface is the degree to which the Cu ions were able to
infiltrate the CNT yarn bundle. Previous studies of Pt-coated CNTs have revealed that during
electroplating metal ions can enter defects in the nanotube (Ref. 38). The ions deposit solid metal and
serve as seeds for subsequent plating. It is possible that a similar process took place in these Cw/CNT
samples. If ions could penetrate atomic-level defects in the CNT wall, it follows that they would enter the
crevices between the individual CNTs that make up a yarn. Overall this would yield a denser interface,
creating good electrical contact between the two constituents of the composite. If plating occurred too
quickly, Cu would deposit before infiltrating defects and crevices, leading to poorer coatings.

Secondly, oxygen-bearing groups on the CNT wall can potentially improve the adsorption of Cu on
the nanotube surface (Ref. 4). However, there remains the concern that even if the Cu is able to access
much of the total surface area of the CNTs, it is not well suited for chemically bonding with carbon. This
is due to the ground state electron configuration of Cu, in which the d orbital is completely full. It is
possible that the Cu is able to adhere to the CNT with the help of an intermediate alloy layer. As
mentioned in the introduction, metals such as Fe, Ni, Cr, Mo, Ti, Ru, and Al have been used as bond coats
in metal-CNT composites. Although no other metal was intentionally included during the plating process
in these experiments, it is possible that trace amounts of transition metal catalysts like Fe, Co, and Ni
were left behind after CNT fabrication, between the layers of the MWCNTs in the yarns (Refs. 16 and
39). Such metal atoms could potentially migrate towards the surface, forming a carbide layer to which Cu
could more easily bond. It was previously found by Abel et al. that carbide-forming bond layers are only
effective if applied evenly and with optimized thickness (Refs. 40 and 41). It is unlikely that any released
catalytic metals would have been present in large enough quantities to act as a full bond coat. However, it
is possible that in isolated instances, they facilitated the seeding of Cu at the defects from which they
emerged, perhaps in conjunction with the Pt-CNT mechanism described above.
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The probability of the release of trace amounts of metal catalysts is increased by the chemical
conditions of the electroplating process. As described by Park et al., oxidation of CNTs via acid reflux
leads to the formation of defects (Ref. 39). When defects occur in the wall of the CNT, they create
openings through which the trapped trace metals can move, bringing them into contact with the Cw/CNT
interface. Park et al. go further to suggest that the acids can then oxidize the escaped metals. However, in
the context of electrochemical reduction occurring at the CNT surface, oxidation may not occur to this
extent. Instead, the newly available metals may form a gradient bond layer, which on one edge forms a
carbide with the CNT and on the other edge alloys with Cu. The initiation of CNT wall defects through
acid reflux would also create more locations for Cu ions to form seeds for deposition.

Another mechanism by which trapped remnants of catalyst could be introduced into the system is
through CNT unzipping. The mechanism for this reaction, catalyzed by Cu, is described by Wang et al.
(Ref. 42). The unzipping reaction takes place in the presence of H» at temperatures between 200 and
300 °C. It is possible that such a reaction took place during annealing, which was done in a 4-percent Ha,
Ar-balance atmosphere at 500 °C. Although the temperature is higher than what has been studied, this
may have served to accelerate the diffusion of H, through the Cu to the Cu/CNT interface. Unzipped
regions of CNT yarn would have released any encapsulated metals to take part in the carbide-forming
reaction discussed above. This could have contributed to the overall improvement in constituent bonding
and sample conductivity. Further investigation of H diffusion in this system and under these conditions is
necessary to determine whether this mechanism is plausible. In addition, H could have entered the core
from the cut ends, instead of diffusing through the Cu. Overall, the effects of annealing conditions and H
dissolution on conductivity require further consideration for optimization.

The theory that acid from the electroplating solution led to the formation of defects in the CNT yarn
is supported by observations in this study of frayed CNT yarn after exposure to H,SOs. In addition to
creating seeding sites or enabling the release of helpful metal catalyst, acid reflux oxidation of the CNTs
may have improved intrinsic conductivity by forming electron holes. As mentioned in the Introduction
section, it was found that absorption of ozone during ozonolysis led to an electron transfer from the CNT
to the ozone molecule (Ref. 18). It is known that exposure of CNTs to acid leads to the formation of
epoxides and ethers in the CNT wall (Ref. 16). Although these functional groups are covalently bonded to
the carbon structure rather than absorbed to the surface, the bonds could be polar enough to induce a
permanent electron transfer from the CNT to the attached oxygen, essentially forming electron holes to
act as charge carriers.

4.0 Conclusion

Modeling was performed to compare the effectiveness of different metal coatings in metal-CNT
(carbon nanotube) composite wires for use as a lighter and stronger alternative to Cu conductors. It was
found that Cu coating was the best compromise of conductivity, cost, and facile processing. Modeling
also proved that increasing Cu porosity led directly to decreases in theoretical conductivity and
established the optimal thickness for Cu (the main current carrier in such composites). Electroplating in
acidic conditions was found to generate coatings with stronger interfacial bonds, more homogeneous
coverage, and smoother surfaces than samples coated via physical vapor deposition (PVD).
Experimentation with manual drawing tools corroborated that smoother surfaces lead to better
conductivity, because of metal-matrix densification and reduced electron scattering. It was found that a
Cu coating thickness of 200 pm is sufficient to avoid the formation of cracks in the Cu coating during the
smoothing of the composite wire surface. The electroplating process parameters were optimized, and new
samples were processed for combined conductivity and tensile testing of unannealed and annealed
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samples. Tensile tests were conducted with acoustic emission (AE) and electrical resistance (ER)
monitoring to detect the onset of damage in CNT within the composite wire and to monitor the wire
electrical conductivity, respectively. Several samples demonstrated an ultimate tensile strength (UTS)
similar to Cu. The UTS of each unannealed and annealed composite sample from batch 5 was greater than
that of annealed Cu. It is likely that all processed samples will have even higher UTS if densified through
wire drawing. Moreover, partial and full loading of the CNT yarns within the composite wires at the first
peak of the stress-time curve were considered for analysis. Next, micromechanics was used to estimate
the range of stresses on CNT yarns at the onset of CNT damage. Furthermore, live monitoring data
established that Cu/CNT composites can continue to function as effective conductors even after they have
been structurally compromised. The average measured electrical conductivities of annealed samples from
batch 5 were greater than both theoretical predictions and pure annealed Cu by 9.8 and 4.8 percent,
respectively. Theories for fundamental changes in structure and chemistry that would have led to an
increased intrinsic conductivity include improved Cu infiltration of crevices and defects in the CNT yarn,
CNT functionalization, the release and reaction of carbide-forming metals at the Cu/CNT interface, the
formation of new seeding sites for Cu deposition, and fundamental improvements to CNT conductivity
through electron-transfer chemistry. Further testing, electron microscopy, and chemical analysis of
promising sample formulations will provide more insight into microstructure details and relevant
conductivity mechanisms.

Finally, there are additional advantages of having the CNT yarn embedded in the center of the
conducting wire via electroplating. The CNT yarn has the potential of removing heat away from the
Cu/insulation interface. This would reduce the thermal aging of the insulation, increasing its performance
life. Additionally, the Cu could also see diminished I°R resistive heating as heat is transferred from the
Cu to the CNT yarn interfaces, resulting in enhanced electrical conductivity. Another advantage is that
electroplating is a well-established manufacturing process that allows for an easy technology transfer and
integration path for industry adoption with a much smaller investment cost compared to other CNT/Cu
processing technologies.
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Acronyms

ABS

AE
AWG
CNT
DVTI
ER
IACS
JGB
MWCNT
PVD
ROM
SEM
SWCNT
UTS

uv

Symbols

N~ RO
3 S

B
5

AT A O NX<™X

Subscripts

c
CNT
Cu

e
max

Appendix—Nomenclature

acrylonitrile butadiene styrene

acoustic emission

American Wire Gauge

carbon nanotube

Directed Vapor Technologies International
electrical resistance

International Annealed Copper Standard
Janus Green B

multiwalled CNT

physical vapor deposition

rule of mixtures

scanning electron microscope
single-walled CNT

ultimate tensile strength

ultraviolet

cross-sectional area

frequency content of acoustic emission
diameter

elastic modulus

force applied to sample

frequency

frequency centroid of acoustic emission
electrical current

length

translational vectors connecting two halves of atom in CNT wall

resistance

time

volume

percent porosity
generic property
strain

electrical conductivity
resistivity

tensile stress

composite (sample)
carbon nanotube
copper

experimental
maximum

theoretical

composite constituent
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