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Abstract: In this work, a novel binary hybrid woven
carbon nanotube (CNT) tape/copper wire carbon fiber rein-
forced epoxy resin composite is prepared. The mode I
interlaminar fracture toughness (Gyc) is employed to criti-
cally evaluate the delamination performance. A compar-
ison of the Gjc value with that of the carbon fiber
reinforced composite confirms that incorporating CNT tapes
and copper wires into the composite increases the value by
263%. In the transverse and through-thickness direction,
the conductivity of the laminate increases to 458 and
193 S/m, which is increased by 196 and 675%, respectively.
The thermal conductivity along the thickness direction is
increased to 2.27 W/m K, an increase of 134%. The volume
fraction of CNT tapes and copper wire are as low as approxi-
mately 0.87 and 0.47 vol%, respectively. 3D woven composites
have potential applications in high-performance structures
and lightning striking protection such as aircraft, ships, and
engines, which benefits by the innovative through-thickness
implantation of composites using CNT tape and copper wire.
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1 Introduction

Carbon fiber reinforced polymer (CFRP) composites are
increasingly utilized in high-performance structures such
as aircraft, ships, and engines, owing to their lightweight
and superior in-plane mechanical properties [1]. However,
the conventional stacking structure of CFRP composites
lacks reinforcements in the thickness direction, leading
to weaker interlaminar performance and susceptibility to
delamination when subjected to out-of-plane loads [2].
Over the past few decades, various methods have been
proposed to improve the interlaminar performance of
the composites, which could be classified into two cate-
gories: (i) interlaminar reinforcement through interlaced
lay-up [3-5] and toughened nanoparticles [6] and (ii) through-
thickness reinforcement, including z-pin [7], stitching [8],
and 3D weaving [9]. Carbon nanotube (CNT) film, a two-
dimensional self-supporting structure formed by a CNT
entangled network of CNTs, is a remarkable material with
outstanding mechanical and multifunctional properties. It is
considered a vital representative in the field of new flexible
continuous reinforcements [10,11].

Currently, the most commonly used method for mod-
ifying CFRP with CNT is the interleaving technique. In this
method, the CNT film is simply placed between the carbon
fiber prepregs, resulting in improved thermoelectric per-
formance both interlaminar and in-plane of the composite
[12]. Thostenson et al. [13] demonstrated that electrophoretic
deposition of CNTs on carbon fiber fabric before epoxy resin
injection can increase the interlaminar shear strength and
interlaminar fracture toughness. Zhang et al. [14] developed
a spraying technique to deposit CNTs on carbon fiber pre-
pregs, which improved the mode I fracture toughness of
carbon fiber laminates increased by about 50% even with
alow CNT fraction (0.047 wt%). Liu et al. [15] observed a 74%
increase in the Gic of composites by inserting buckypaper
into the mid-plane of CFRP using the pressure filtration
method. Lewis and Wardle [16] improved the interlaminar
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shear strength of the composite by 15% by inserting an
oriented CNT film made of a roller-pressed vertical CNT
array between fabrics.

The Falzon Research Group [17] aminated the highly
oriented CNTs film, and the Gic of the composite was
increased by 13% by using the short amino chain CNTSs
film of ethylenediamine. Xu et al. [18] increased the inter-
laminar shear strength of the composites by 20% by depos-
iting CNT films synthesized on carbon fiber fabrics. At the
same time, Ou et al. [19] used the same deposition method
to increase the Gyc of CNT film interlayer reinforced com-
posites by 60%. However, the methods mentioned above
have limitations in terms of CNT films integration with
carbon fibers in the thickness direction, where effective
connections between CNTs and carbon fibers are lacking.
In addition, the CNT film cannot effectively reinforce the Z-
direction for mode I opening crack propagation. It is well
documented [20] that the 3D fiber weaving method can be
applied in Z-direction reinforced polymer to improve the
interlaminar properties of the composite. Integrating CNT
films with carbon fibers through 3D weaving is a promising
approach, but most researchers have overlooked it due to
the challenge of introducing CNT film along the through-
thickness direction of the fabric.

CNTs exhibit outstanding electrical and thermal con-
ductivity, with the pristine CNT film displaying an in-plane
electrical conductivity of 1.5 x 10*~1 x 10° $/m [21] and in-
plane thermal conductivity ranging from 10-100 W/m K
[22]. Researchers have demonstrated that incorporating
CNTs into composite structures can enhance the thick-
ness-direction conductivity significantly. For example, Bha-
nushali and Bradford [23] inserted an aligned CNT film into
the middle of the glass fiber composite and reported a 1.3 x
1073 S/m increase in thickness-direction conductivity. Wang
et al. [24] achieved a similar outcome by laying the CNT
film on each layer of the carbon fiber prepreg, which
increased the Z-direction conductivity of the composite
from 4 to 21 S/m. Gaztelumendi et al. [25] increased the Z-
direction conductivity of the composite by 30% by adding
CNT to the resin and inserting buckypaper into the CFRP.
Xu et al. [18] laid the continuous CNT film on the carbon
fiber fabric, resulting in a 150% increase in the conduc-
tivity of the composite in the thickness direction. Currently,
CNTs are mainly used to enhance the thermal conductivity
of composites by either mixing them with the resin or
depositing them on the carbon fiber fabric. This approach
has resulted in a 10-35% improvement in the Z-direction
thermal conductivity of the prepared composites [26—29].
However, the conventional CNT interlayer reinforced compo-
site is not well-suited to meet the urgent demands of aircraft,
engines, and electrical systems for lightning protection,

DE GRUYTER

thermal management, and electromagnetic compatibility
despite the outstanding multifunctional capabilities of
CNTs in the composite structure.

This work introduces a novel method of weaving com-
posite laminates using CNT films. Narrow strips of CNT film
are arranged along the thickness direction to reinforce all
interlaminar regions between adjacent layers and estab-
lish electrical and thermal conduction pathways. To fully
utilize the composite’s weaving space by designing the
weaving pattern, the flexible copper wire is further woven
between the adjacent narrow CNT tapes. By combining
CNT tape and copper wire, binary-reinforced woven com-
posites are produced, which enhance the interlaminar
mechanical properties and thickness direction electrical
and thermal conductivities of carbon fiber composites.
This approach represents a promising avenue for the design
and development of new composites with three-dimensional
reinforced structures and integrated functions.

2 Experimental method

2.1 Materials

A unidirectional (UD) MH-I-300 carbon fiber fabric was
supplied by Shanghai Miaohan Co., China. The areal den-
sity of the fabric is 300 + Sg/mz, and the thickness of a
single layer is 0.16 mm. The diameter of copper wire is
0.3mm. CNT film synthesized by FCCVD method was pro-
vided from Suzhou Institute of Nanotechnology and Nano-
bionics, Chinese Academy of Sciences. The as-received CNT
film was made up of entangled multiwall CNTs with a
thickness of approximately 20 pm. In this work, the CNT
films were all treated by using m-chloroperoxybenzoic
acid (m-CPBA) before it is woven with CFRP. The details
of the chemical treatment process were described in our
previous studies [30,31]. The mechanical properties of CNT
film and copper wire are shown in Table 1. CNT films pos-
sess superior tensile strength and modulus, while copper
wires have higher ductility.

2.2 Fabrication of 3D woven composites

The CNT film treated with m-CPBA was cut into several
strips with a size of 8 mm x 400 mm. 20 plies of UD carbon
fabric were stacked, and a 13 um PTFE film was placed in
the mid-plane of the fabrics to serve as the starting points
for delamination of the double cantilever beam (DCB) test.
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Table 1: Mechanical properties of CNT film and copper wire
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Density (g/cm®)

Tensile strength (MPa)

Tensile modulus (GPa) Fracture strain (%)

CNT film?
Copper wire

1.38+0.2
8.94 £ 0.1

281+ 34
220+ 5

11.7+£03
331+0.2

104 £1.3
23.2+32

CNT film has been treated with m-CPBA and E51 epoxy resin.

The weaving process was carried out by the following
steps: (i) The CNT tape was pasted on the tail of the special
blade with the same width as the tape. (ii) The CNT tape
was woven along the thickness direction on the stacked UD
carbon fiber fabrics. Moreover, alignment between the
gaps of each layer of fiber bundle in multilayer carbon
fiber UD fabric by placing a series of fixing sheet. (iii)
Using two grippers to clamp the two ends of the multi-layer
carbon fiber and UD fabric separately. The CNT tapes have
been stitched along the gaps between carbon fibers by
using the special blade. We should be very careful to
ensure that the CNT tapes pass through the area between
the fiber tows to minimize possible damage to the carbon
fibers during the weaving process. (iv) The above steps
should be repeated to weave of the remaining CNT tapes
and the interval between the adjacent CNT. (v) The copper
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CNT film

Basic

Carbon fiber

Carbon fiber

threads were woven on both sides of the CNT tapes by
using sewing needle, and the spacing between adjacent
copper threads was 10 mm. The weaving patterns of CNT
tapes, copper wires, CNT tapes/copper wires 3D woven
composites are shown in Figure 1. The volume content of
CNT is 0.87 vol%, and that of copper is 0.47 vol%.

The E51 epoxy resin and curing agent BC12 were prepared
in the mass ratio of 100:84. The prepregs were obtained by
vacuum-assisted resin infusion method, as shown in Figure 2.
The infusion temperature was maintained at 40°C. At this
temperature, the viscosity of the resin mixture is 0.25Pas.
The prepregs were cured by hot-pressing after 10 min resin
infusion. This includes first heating from room temperature to
80°C and holding for 30 min, then increasing the temperature
to 120°C with a pressure of 0.5 MPa and holding for 180 min,
with a heating slope controlled at 1°C/min.
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Figure 1: Schematic illustration of stitching patterns about 3D CNT strips, copper threads, and CNT strips/copper threads woven composites.
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2.3 Characterization methods
2.3.1 Interlaminar properties test method

Mode I interlaminar fracture toughness was measured based
on the DCB test according to ASTM D5528. Aluminum loading
blocks were bonded to the upper and lower sides at one end
of the specimens such that the initial crack length, a,, was set
to 50 mm with reference to the inserted thin PTFE film. The
DCB specimens were tested at a crosshead speed of 1 mm/min
using Instron 3344 with a 2kN loading cell. The test fracture
data were recorded in the form of load—displacement curves
and load-displacement values under different crack lengths.
The mode I energy release rate can be expressed by equation
(1) as follows:

3PS
=€ 1
Gy 2b(a + [4]) x F, (4]
2
p=1—i§]—3ﬁ, )
10\a 2| a?

where P is the load, § is the opening displacement, a is the
total interlaminar crack length, b is the width of the DCB
specimen, 4 is the g-axis intercept of the fitted straight line
of a-C" and C = §/P. F is the large displacement correction
coefficient, which can be calculated by equation (2), t is the
distance from the center of the loading blocks to the mid-
layer of the laminates. The initiation Gy values refer to the
critical load and displacement associated with the first
deviation (deviation point) from the linear response in
the corresponding curve.

The bridging traction law of the mode I opening crack
in the Z-direction reinforcement is measured by the brid-
ging traction load test. The sample consists of two parts of
composite laminates, and the middle layer is separated by

Vacuum bag
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PTFE film, as shown in Figure 3b. The sample size is 30 mm
x 25 mm, including 2 x 8 Z-direction reinforcement array
made of CNT tape, copper wire, or CNT tape/copper wire.
The sample was tested by Instron 3344 using a 2 kN loading
cell. The crack of the sample opens at a tensile rate of
1 mm/min until all Z-direction reinforcements fail.

2.3.2 Conductivity tests

The conductivity of composites was tested by a TH2512 DC
resistance tester. The copper foil was pasted on the oppo-
site sides of the composite with silver glue to ensure a good
connection between the electrode and the sample. The X-,
Y- and Z-directions of the composites were tested, and the
corresponding conductivities were calculated.

The thermal diffusivities a of the composites were
measured at 25°C using a Netzsch LFA-467 MicroFlash laser
flash analyzer according to ASTM E1461. Cylindrical speci-
mens in the X- and Y-directions with a diameter of 12.7 mm
and a thickness of 4 mm were made by the transposition
method [32]. Thermal conductivity A can be calculated by
equation (3) as follows:

A= aGep, 3)

where Cp is the specific heat of the composite, which is
measured by Netzsch STA449F5 in a nitrogen atmosphere.
pc is the bulk density of the composite measured by ME104
balance according to Archimedes law. Infrared thermal
imager FOTRIC 226-3 was used to monitor the heat transfer
process of the composites. A ceramic heater with a power
of 2 W was pasted on the surface of the sample. The sample
was heated uniformly at 25°C. The internal heat conduction
behavior of the composite was analyzed by observing the
temperature change at the cross-section of the sample.
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Figure 2: Schematic illustration of vacuum-assisted resin infusion method.
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Figure 3: Geometric specifications of experimental specimens: (a) for the DCB test and (b) for the bridging traction load test.

3 Result and discussion

3.1 Interlaminar properties of 3D woven
composite

During mode I crack propagation, the load—displacement
curves of control samples, CNT-CFRP, Cop—CFRP, and CNT/
Copper—CFRP are presented in Figure 4a. The load—displa-
cement curves of all four samples can be divided into two
regions: linear and nonlinear region. After the crack con-
tacts the first vertical mark past the pre-crack tip, the load
and displacement values that correspond to the initial
value of Gic are recorded. In comparison to the control
sample, the crack initiation of all three woven composites
occurs under higher displacement and load levels. The
maximum load of the control sample is 51N, and the max-
imum loads of CNT-CFRP and Cop—CFRP are increased to
82 and 94N, respectively. The maximum load of hybrid
woven CNT/Cop—CFRP was further increased to 127 N.
Loads of the three woven composites are consistently
greater than that of the control sample during the entire
DCB test, indicating the significant role of CNT tape and
copper wire in interlaminar reinforcement during crack
propagation.

In the nonlinear region of the load—displacement curves,
the behavior of crack propagation differs for the control
sample and the three woven composites, the decline process
for the control sample is smooth when the load value reaches
its maximum value of 51N, indicating a stable mid-plane
crack propagation. The corresponding initiation and propaga-
tion Gy values of control samples are 133 and 323 J/m?, respec-
tively, as shown in Figure 4d and Table 2. For Cop—CERP, a
sawtooth shape in the nonlinear region appears, where the
loading value suddenly drops to 82 N as it reaches the peak of

94 N. The serrated load—displacement curve indicates that the
crack propagation in Cop—CFRP exhibits obvious stick-slip
behavior, characterized by periodic propagation and stop.
The crack propagated rapidly after copper wire failure,
leading to a sudden drop in load. The load then rises, indi-
cating that the crack tip is captured by the next row of copper
wires. The initiation and propagation Gy values of Cop—-CFRP
are increased to 328 and 711 J/m? respectively. The enhance-
ment of mode I interlaminar fracture toughness of CNT-CFRP
is comparable to that of Cop—CFRP. Li et al. [33] enhanced Gyc
of laminated composites by 62.5% after CNT belt stitching.
Compared with the control sample, the propagation G;c value
of CNT-CFRP increased by 101% in this work.

In addition, the load drop in the load-displacement
curve of CNT-CFRP decreased from 12N of Cop—CFRP to
7N due to the CNT tape spacing of only 2 mm. When the
last row of CNT tapes failed, the crack tip was timely cap-
tured by the next row of CNT tapes before rapid propaga-
tion. This capture behavior shortens the crack propagation
length and reduces the load drop accordingly. The initia-
tion and propagation Gy values of CNT/Cop—CFRP are increased
to 483 and 1,173 J/m? respectively. Lombetti and Skordos [34]
improved the mode I interlaminar fracture toughness of the
composites by approximately 200% through copper tufting.
However, the weight of copper tufts was 1,000 g/m?* [35). Com-
pared with the control sample, the propagation Gic of CNT/
Cop—CFRP with only 168 g/m® of the copper wire increased by
263%, which benefits from the ultralow density of CNT tape.
Interestingly, the load—displacement curve of CNT/Cop—CFRP
appears to have the most obvious sawtooth profile. The load
drop of each crack sudden propagation in CNT/Cop—CFRPde-
creases by 24 N.

The crack resistance curves, also known as R-curves, of
the control samples and three types of woven composites,
CNT-CFRP, Cop—-CFRP, and CNT/Cop-CFRP, are shown in
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Figure 4: (a) Representative load-displacement curves of the DCB tests, (b) R-curves, (c) displacement-crack length curves, and (d) mode I initiation
and propagation fracture toughness values of the control and 3D woven composites, respectively.

Figure 4b. The increase in fracture toughness of the control
sample was attributed to the fiber bridging effect caused by
the in-plane carbon fibers, which is well documented in the
DCB testing and leads to an increase in mode I fracture
toughness. In the process of crack propagation, when the
number of bridging fibers per unit crack area is equal, the
steady-state fracture toughness can eventually be mea-
sured, which is denoted as the propagation Gy value. Com-
pared with the control sample, the initiation and propagation
Gyc of the three types of woven composites are significantly
improved, indicating that CNT tape and copper wire improve
the delamination resistance of the composites. The Gyc values
of CNT-CFRP and Cop—CFRP are consistently similar during

crack propagation, indicating that CNT tape and copper wire
have an equivalent interlaminar reinforcement effect.
The Gy values of CNT-CFRP are more stable compared
to Cop—CFRP. The highest G;c value is observed in CNT/
Cop—CERP due to the combined toughening effect of the
CNT tape and copper wire.

The relationship between the displacement and crack
length of the four composites is illustrated in Figure 4c. The
slope of the fitting line represents the resistance to crack
propagation. The slopes for the control samples, CNT-CFRP,
and Cop—CFRP are 3.41, 2.37, and 2.64, respectively. The
introduction of CNT tape and copper wire enhances the
delamination resistance and improves mode I interlaminar

Table 2: Interlaminar properties of control laminate and 3D woven composites

Maximum load (N) Slope Initiation Gy (j/mz) Amplification (%) Propagation Gjc (]/mz) Amplification (%)
Control 51 3.4 133 — 323 —
CNT-CFRP 82 2.37 271 104 649 101
Cop-CFRP 94 2.64 328 146 m 120
CNT/Cop-CFRP 127 2.03 483 263 1,173 263
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Figure 5: The cross view of the crack of (a) control sample and (b) CNT/Cop-CFRP.

fracture toughness. The slope of CNT/Cop—CFRP further
decreases to 2.03 due to the combined effect of CNT tape
and copper wire, which is consistent with the R-curve
results in Figure 4b.

Figure 5 displays the crack morphologies in the com-
posite section of the control sample and CNT/Cop—CFRP.
The crack in the control sample appears as a smooth
straight line, while the CNT/Cop—CFRP shows a zigzag
crack. The z-filament obstructs the crack, causing it to
deflect. The tortuous crack propagation in CNT/Cop—CFRP
significantly improves the surface energy, resulting in
much higher Gyc values of CNT/Cop—CFRP than those of
the control sample throughout the entire crack propaga-
tion process (Figure 4b).

To further investigate the failure modes of copper wire
and CNT tape during DCB testing, the failure morphologies

(@)

Laminate Break at corner

of these z-filaments after crack propagation were observed
by SEM. Figure 6 illustrates the failure modes of the copper
wire during the crack opening. Two modes of failure were
observed in copper wire: pullout failure at the corner and
fracture failure in the mid-plane. As the crack opening
displacement increased, the copper wire bridged the trac-
tion load, resulting in a significantly higher maximum load
for Cop—CFRP than for the control sample. The oblique
fracture of the copper wire depicted in Figure 6e reflects
the characteristics of metal shear failure. As the two lami-
nates were further separated, the copper wire was bonded
from the surrounding laminate and pulled out of the lami-
nate, resulting in corresponding holes in the laminate on
the other side (Figure 6f). The other part of the copper wire
without debonding will undergo a series of behaviors:
elastic deformation, plastic deformation, necking, and

|

Tensile fracture

Shear fracture

Figure 6: Schematic illustration (a-c) of the failure modes of the copper wire during the crack opening and corresponding SEM failure morphol-

ogies (d-f).
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finally fracture under tensile load. Figure 6d clearly shows
the typical necking and tensile fracture surfaces of copper
wires broken in the mid-plane. Both failure modes absorb the
energy during crack propagation and effectively improve the
interlaminar fracture toughness. However, copper wire is a
point-reinforced z-filament. Copper wire fitfully provides a
bridging traction load, which results in the stick-slip behavior
of crack propagation in CFRP, as shown in Figure 4a.

The failure mode of CNT tape differs from that of
copper wire as it experiences only mid-plane fracture
failure, as depicted in Figure 7a. The contact area between
a single CNT tape and the laminate is notably larger,
approximately 32 mm? compared to that between copper
wire and the laminate, which is only 3.77 mm?. Moreover,
due to the good compatibility between nanotubes and resin
in CNT tapes, CNT tapes fracture without debonding during
crack propagation [36]. Figure 7e shows the clear boundary
between random CNTs and oriented CNTs, which indicates
that the CNT tape has the slip and orientation of CNTs
under stress induction. With the further increase in the
opening displacement, the CNTs are pulled out, resulting
in the tensile breakage of the CNT tape. Figure 7d shows the
characteristic tensile fracture surface of the CNT tape.
Some pullout CNTs are observed on the fracture surface
(Figure 7f). As the CNT tape provides bridging traction load,
the CNTs are oriented, slid, and pulled out in turn among
the CNT tape. These behaviors require more energy for
crack propagation, resulting in an increase in the Gy value of
CNT-CFRP. Although the enhancement in mode I interlaminar

(a) (b)
Laminate CNT
\‘ pull-out
Aligned
LN CNT

Pl
CNT film
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fracture toughness by CNT tape is similar to that by copper
wire, CNT tape as linear reinforced z-filament can continuously
provide traction load during crack propagation. Compared to
Cop—CFRP, CNT-CFRP exhibits more stable Gy values during
the DCB test, as depicted in Figure 4b.

Figure 8 shows the mode I crack bridging traction
load—crack opening displacement curves for three types
of 3D woven composites: CNT-CFRP, Cop—CFRP, and CNT/
Cop—CFRP. Initially, the CNT tape in the through-thickness
direction of CNT-CFRP deforms elastically before reaching
the maximum load of 177 N. Beyond this point, the crack
traction load drops rapidly; this is due to the slippage and
orientation of the CNTs, which leads to their pull out from
the fracture surface leading to the fracture of the CNT tape
in the through-thickness direction. In the mode I interla-
minar fracture toughness test for Cop—CFRP, two fracture
modes of copper wire have been identified: the initial
shear fracture near the outer surface of the composite
and the following tensile fracture at the delamination
plane, as shown in Figure 6. The maximum traction load
for Cop—CFRP is 215N, and after shear fracture of some
copper wires near the outer surface occurs, there is a sharp
decrease in the traction load to 75 N. However, due to the
friction generated during the pullout of the copper wires,
the traction load decreases only slightly to 68N as the
opening displacement increases from 1.08 to 1.16 mm. With
a further increase in opening displacement, the traction
load decreases rapidly because unbroken copper wires frac-
ture at the delamination plane. For CNT/Cop—CFRP, as the

©

Random
orientation

Figure 7: Schematic illustration (a-c) of the failure mode of CNT tape during the crack opening and the corresponding SEM failure morphologies (d-f).
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Figure 8: Mode I crack bridging traction load-crack opening displace-
ment curves for the different through-thickness reinforcements.

CNT tape and copper wire provide the traction load together,
the maximum peak load of CNT/Cop—CFRP is greatly increased
to 369 N in comparison with 177 N of CNT-CFRP and 215N of
Cop—CFRP, and this accounts in part for the experimentally
measured highest toughening effect by CNT/Cop-CFRP in
DCB test. The maximum load of CNT/Cop—CFRP is slightly
less than the sum of that of Cop—CFRP and CNT-CFRP, which
is in accordance with the relationship of propagation Gic
values in Figure 4d. CNT tape and copper wire are difficult
to display the superposition enhancement on providing
bridging traction load because of the different tensile mod-
ulus and fracture strain of copper wire and CNT tape.
Beyond the maximum point, the traction load decreases
due to the fracture of CNT tape in the Z-direction. When
the opening displacement further increases to 0.82mm,
the shear fracture of copper wires near the outer surface
occurs. This leads to the rapid decrease in the traction load
from 352 to 187 N. When the copper wires break near the
outer surface, they are gradually pulled out of the composite
with further increased opening displacement leading to
improved fracture toughness. Hence, when the opening dis-
placement increases from 0.91 to 1.1 mm, the traction load
drops only slightly from 189 to 172 N. Finally, the occurrence
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of tensile fracture of copper wires at the delamination plane
brings about a sharp decrease in the traction load as the
opening displacement passes 1.1 mm.

3.2 Electrical and thermal conductivities

Table 3 presents the volume electrical conductivity values
in three directions, namely, the fiber direction (X-direc-
tion), transverse direction (Y-direction), and through-thick-
ness direction (Z-direction). The X-direction conductivity
remained unchanged for all three 3D woven composites,
as the CNT tapes and copper wires did not provide a con-
tinuous pathway for current flow in this direction. On the
contrary, the X-direction electrical conductivity marginally
decreased due to the misalignment or breakage of carbon
fibers caused by the 3D weaving process. However, the Y-
and Z-direction electrical conductivity of the two 3D woven
composite laminates, i.e., CNT-CFRP and Cop-CFRP, signif-
icantly improved compared to the control specimen. The
trend of the conductivity of the two 3D woven composites,
i.e.,, CNT-CFRP and Cop-CFRP corresponds to the conduc-
tivity reported for the CNT tape (4.2 x 10* $/m) and copper wire
(5.6 x 107 S/m). In contrast with CNT-CFRP and Cop—CEFRP, the
highest electrical conductivity in the transverse (458 S/m) and
through-thickness direction (193 S/m) was achieved for CNT/
Cop—CFRP with the volume fraction of copper wire as low as
approximately 0.47 vol%. Actually, this percentage of copper
wire can, if wished, still be increased, leading to more
improvement in the transverse and through-thickness direc-
tion electrical conductivity of the two fabricated composites,
i.e., Cop—CFRP and CNT/Cop—CFRP. The literature [37]
showed that through-thickness electrical conductivity of
74 S/m CFRP is sufficient to provide resistance to lightning
strikes. The fabricated composite viz Cop—CFRP signifi-
cantly exceeds this threshold value even with a very
low volume content of 0.47 vol% of copper wires. Therefore,
this approach presents opportunities to eliminate the need
for the sacrificial metal layers commonly employed for light-
ning strike protection of aircraft, although UD carbon fiber

Table 3: Electrical and thermal conductivities of control laminate and 3D woven composites

Electrical conductivity (S/m)

Thermal conductivity (W/m K)

X-direction Y-direction Z-direction X-direction Y-direction Z-direction
Control 3,139 + 106 155 +13 249+ 27 7.26 £ 0.7 0.96 + 0.1 0.97 £ 0.1
CNT-CFRP 2,807 + 83 251+ 27 48.7+4.2 8.31+0.5 1.02 £ 0.1 1.09 £ 0.1
Cop-CFRP 3,105 + 112 381+ 21 154 £ 12 8.75+ 0.6 1.11+£0.2 1.64 + 0.1
CNT/Cop-CFRP 2,067 + 75 458 + 39 193+ 1 712+ 0.5 131 0.1 227 +0.2
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fabric was used in this study. It is worth noting that the
weight of copper wires in the composite is only 168 g/m?
which is smaller than the weight of 195 g/m? of common
copper meshes used for lightning strike protection.
Achieving high values of thermal conductivity in struc-
tural composites is a primary goal in thermal management
applications, particularly in the through-thickness direc-
tion. In this research, a novel weaving method was devel-
oped to provide a direct conductive pathway along the
through-thickness direction for achieving high thermal con-
ductivity. Incorporating CNT tapes and copper wires, which
have inherently high thermal conductivity, increased the
through-thickness thermal conductivity of CFRP. The Y-

(@)

Control sample

30 °C 32 34 36
I

10s

30 °C 32
10s

Heat transfer along Z axis

(b)
30°C 32

CNT-CFRP

DE GRUYTER

and Z-direction thermal conductivity of carbon fiber/epoxy
laminates incorporating CNT tapes and copper wires at a
combined loading of 1.34 vol% was significantly higher (Y-
direction: 37%, Z-direction: 134%) than what can be achieved
by using CNT tapes (Y-direction: 6%, Z-direction: 12%) or
copper wires (Y-direction: 16%, Z-direction: 69%) alone, as
shown in Table 1. Copper wire was found to be more effec-
tive than CNT tape in increasing the through-thickness
thermal conductivity of carbon fiber/epoxy laminates. The
researchers did not include a sample with higher amounts
of copper wire, as their focus was to demonstrate the idea of
increased through-thickness electrical conductivity using
copper wire and its effectiveness. However, it can be

Cop-CFRP
34 36

CNT-CFRP

34

Copper
\OT\ 7

V4

In the air

Heat transfer along Y axis

Figure 9: Heat transfer process through the thickness of control sample, CNT-CFRP, and Cop-CFRP.
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expected that increasing the amount of copper wire will
result in a considerable improvement in the through-thick-
ness thermal conductivity.

In order to investigate the heat transfer process in 3D
woven composites using CNT tape and copper wire, we
analyzed the dynamic heat transfer of control samples,
CNT-CFRP, and Cop-CFRP. Figure 9a illustrates the dynamic
heat transfer process of the three composite types along
the Z-direction. For the control sample, heat gradually dif-
fuses upwards over time, and the temperature field
becomes uniform at 200s. The bright high-temperature
zone observed between layers is caused by the heat transfer
of weft-knitted polyester fiber. In CNT-CFRP, a clear, bright
zone passing through the Z-direction is observed at 30,
indicating that the CNT tape has established a conductive
pathway through the thickness direction of the composite.
More significantly, the bright high-temperature area of
Cop—CFRP is considerably larger than that of the other
two samples at 10s. The brightness and width of the high-
temperature zone are significantly improved compared to
CNT-CFRP, indicating that copper wire has higher heat
transfer efficiency. The dark spot in the section represents
a part of the copper wire exposed on the surface, which
rapidly exchanges heat with the air, keeping the area at
room temperature. When the temperature field is stable
(200s), the maximum temperature of the Cop-CERP is
65°C, which is lower than the steady-state temperature of
70°C of the other two samples. These results partly explain
why the Cop—CFRP and CNT/Cop—CFRP with copper wire
have better Z-direction thermal conductivity.

Figure 9b shows the dynamic heat transfer process
along the Y-direction. Due to the barrier of carbon fiber
bundles, CNT tapes, and copper wires are difficult to form a
continuous conduction path in the Y-direction. The reinfor-
cement only radiates heat to the surrounding laminate,
resulting in the enhancement of thermal conductivity in
the Y-direction being weaker than that in the Z-direction.

4 Conclusion

Inspired by weaving techniques, this study proposed a
novel method of weaving composite laminates using CNT
tapes arranged in the thickness direction to strengthen
interlaminar regions between adjacent layers and estab-
lish electrical and thermal conduction pathways. To fully
utilize the weaving space of the composite, copper wires
were also woven between adjacent CNT tapes to create a
novel 3D woven carbon fiber composite with super inter-
layer performance, CNT/Cop—CFRP. A substantial increase

A novel 3D woven carbon fiber composite with super interlayer performance

-—_ 1"

in mode I fracture toughness by 263% was observed com-
pared to the control specimen due to the existence of the
CNT film and copper wire, which increased the surface
energy of crack propagation. Zigzag cracks in the CNT/
Cop—CFRP resulted in a series of behaviors, such as elastic
and plastic deformation, shear fracture at the corner, ten-
sile fracture at the mid-plane in the copper wire, as well as
orientation, slippage, and pull-out of CNT tapes. These
behaviors significantly improved the mode I interlaminar
fracture toughness of the laminates by providing bridging
traction load and absorbing energy. Furthermore, the
through-thickness electrical and thermal conductivity of
CNT/Cop—CFRP increased by 675 and 134%, respectively,
from the control specimen, from 24.9 S/m and 0.97 W/m K
to 193 S/m and 2.27 W/m K, with a low volume fraction of
copper wire of approximately 0.47 vol%. 3D woven com-
posites has potential applications in high-performance
structures and lightning striking protection such as air-
craft, ships, and engines, owing to their superior interla-
minar mechanical properties, and electrical and thermal
conductivities. However, 3D woven carbon fiber compo-
site materials can only be manually manufactured due to
the special weaving method of CNT tapes. The CNT yarn
and mechanized weaving methods will be attempted in
future work to meet the needs of industrial scale.

Conflict of interest: The authors state no conflict of interest.

Data availability statement: The data presented in this
study are available on request from the corresponding
author.
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