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ABSTRACT: Thermal transport of laminated composite materials in their through-
the-thickness direction is known to be significantly lower than in the in-plane
laminate directions. This article presents the results of a study on the thermal con-
ductivity of a nanoreinforced laminated composite (NRLC) comprising a carbon
nanotube (CNT) array polymeric nanocomposite layer that is interspersed between
the interfaces of the composite laminae. This NRLC is known to exhibit higher
interlaminar shear properties than laminated composite materials without the
array. The in-plane and through-the-thickness thermal conductivities of the NRLC
and the corresponding laminated composite without the array were measured and
compared to determine the effect of the array. In addition, a unit cell model was used
to determine the thermal conductivity of the nanocomposite layer. It was observed
that the array increases the thermal conductivity in the in-plane directions and does
not significantly affect it in the through-the-thickness direction of the laminated
composite.

KEY WORDS: nanocomposite, laminate, carbon nanotube, interphase, thermal
conductivity.

INTRODUCTION

EAT TRANSPORT IN carbon fiber reinforced polymer composite materials is good in
the fiber direction, but poor in the transverse direction to the fiber. This is due to the
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relatively high axial thermal conductivity of the carbon fibers and the relatively low ther-
mal conductivity of the polymeric matrix. Usually, carbon fibers are arranged in a two-
dimensional, unidirectional, noncrimp, weave, or braid reinforcement. This arrangement
leads to a much higher thermal conductivity in the plane of the laminate. There are thus
two approaches to develop laminated composite materials with superior thermal conduc-
tivity in the transverse direction to the laminate: (1) arrange a higher percentage of carbon
fibers in the transverse direction to the laminate; or (2) increase the thermal conductivity of
the matrix. The former approach leads not only to a more isotropic thermal response of
laminated composites as shown in recent studies [1,2] but also to a lower fiber volume
fraction in the in-plane directions that in turn reduces the in-plane mechanical properties.
The alternative approach is to substitute the matrix by a polymer nanocomposite matrix
that provides a higher thermal conductivity in the transverse direction to the laminate.
Nanocomposites [3—6] are usually formed by dispersing nanoparticles, such as platelets
like clay [7-9], carbon nanotubes (CNTs) [10—12], fibers like nanofibers [13], particulates
like silica [3,4], or expanded graphite [14], in a polymeric matrix. A significant improve-
ment of the thermal properties of the polymer matrix can be achieved with metallic par-
ticles or carbon nanostructures like carbon black, expanded graphite, carbon nanofibers,
or CNTs at concentrations in the range 1—5% in volume [3,15]. A CNT is an excellent
nanofiller due to its high mechanical, electrical, and thermal properties [10,11] and may be
used for increasing heat transport in the resulting nanocomposites.

An individual CNT, which may be thought of as a rolled-up structure of a graphene
sheet, exhibits exceptional physical properties due to its carbon defect-free structure.
Indeed, molecular dynamics simulation studies have predicted thermal conductivities rang-
ing between 3000 and 6600 W/m/K for individual single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs) [16—18]. However, experi-
mental determination of their thermal conductivity shows values ranging from 300 to
3500 W/m/K [19—23]. This wide variation in the reported values may be attributed to
the inherent difficulty in measuring temperatures at very small scales as required by
some experimental methods.

While individual nanotubes have superior axial thermal properties, the practical appli-
cation of the nanotubes in composites necessitates their use in the form of bundles, which
in effect reduces the efficacy of thermal transport as compared to an individual nanotube
due to various factors. Among them are: (1) the presence of multiple junctions (and hence
scattering centers) between the tubes; (2) the interface between a nanotube and the matrix
in which it is embedded; (3) defects in the nanotubes that are introduced during their
growth. In fact, it has been shown that the thermal conductivity can decrease to 35W/
m/K in the case of a SWCNT ‘mat’ formed by a tangled bundle [18]. This degradation in
the thermal property can be mitigated by the utilization of aligned nanotubes in the form
of an array. It has been shown that when CNTs are aligned, the thermal conductivity is
increased in the direction of alignment and reduced in the perpendicular direction, thereby
resulting in anisotropy [24]. This effect can be exploited by orienting the nanotubes in the
direction of the preferred heat transport.

The thermal response of the nanotubes is governed by phonons rather than by electrons
[17] and the outer walls of the CNTs contribute more than the inner walls to thermal
transport [19]. It is also known that the acoustic phonon states are the ones that contribute
the most to the thermal conductivity. It is thus expected that the longer the CNTs, the
higher the number of defects, which enhances phonon scattering and reduces their ther-
mal transport capability [25]. This would definitely be the case for centimeter-long
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MWCNT arrays. In-plane heat transport mechanisms involve junctions formed between
neighboring bundles, and heat follows a tortuous path along the bundles and across the
junctions. The effect of incorporating CNTs on the thermal properties of the resulting
nanocomposites is described in the next sections.

It has been shown that the thermal conductivity in nanocomposites varies with the
concentration of CNTs, increasing by 60% over that of pure epoxy for 5% CNT concen-
tration [26]. It has also been shown that the thermal conductivity increases even further,
87%, for 0.99% silane-modified MWCNT content in a polymethylmethacrylate (PMMA)
matrix [27]. The increase in thermal conductivity with increasing CNT concentration is
nearly linear, unlike electrical conductivity, where a sharp percolation threshold is
observed [28,29]. It has also been shown that the thermal conductivity decreases for con-
centrations higher than 10% [30]. This may be attributed to the increase in physical inter-
actions between the nanoparticles and to rheological constraints, which restrict the
dispersion of the CNTs in the matrix resulting in the formation of agglomerates. The
interfacial thermal resistance between the polymer matrix and the CNTs as well as their
structure, defects, aggregation, twist, and degree of alignment affect the thermal conduc-
tivity of the nanocomposite. The nanotube/matrix interfacial thermal contact resistance
can arise from poor mechanical or chemical adherence at the interface and result in reduc-
tion of thermal conductivity.

The thermal conductivity of the nanocomposites is strongly dependent on the direction,
aspect ratio, and volume fraction of the MWCNT phase. Experimental results show that
the thermal conductivity in the axial direction of MWCNTs varies between 0.13 and
0.3W/m/K for aspect ratios of 0 and 1200, respectively, and it increases by about
280%, from 0.16 to 0.61 W/m/K, for a volume fraction increase from 0.1 to 0.6 [31].
For this same range, it increases by more than 115%, from 0.13 to 0.28 W/m/K, in the
transverse direction, and by less than 1% for a randomly oriented phase (about 0.12 W/m/
K) [31]. Experimentally measured values confirm numerical results based on the asymp-
totic expansion homogenization (AEH) technique [32,33]. In nanocomposites with a ran-
domly dispersed nanotube loading, long nanotubes are mostly not aligned and the concept
of length efficiency could be considered in a theoretical model to predict the thermal
conductivity of the composite. Modeling results have shown that length efficiency plays
a fundamental role in the thermal conductivity of these nanocomposites, and thus the
interfacial thermal resistance plays a smaller role [34].

Recent studies indicate that a vertically aligned MWCNT array embedded in a com-
posite can provide direct channels for transmitting heat and more effectively increase the
thermal conductivity of the composite [35]. It is well known that uniform dispersion of the
nanotube phase within the polymeric matrix and improved nanotube/matrix wetting and
adhesion are critical issues in the processing of nanocomposites [5]. The thermal conduc-
tivity of the nanocomposite could be increased due to the enhanced wettability and the
formation of a network structure within the polymeric matrix by surface modification of
the CNT arrays.

Nanocomposites can also constitute the matrix of laminated composites and improve
the matrix-dominated mechanical and thermal properties of the resulting hierarchical
composites. The thermal conductivity of laminated composites can be calculated from
the thermal conductivities of the composite phases, that is, fiber and matrix.
Homogenization techniques including the rule of mixtures, parallel and series models,
and other empirical methods can be used with the thermal/electrical analogy to predict
the thermal conductivity of composites. A good agreement between experimental and
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finite element results has been shown for a set of composite materials over a wide range of
fiber volume fractions [36]. Potential sources for discrepancy between the predicted and
experimental results could reside in the fact that the heat flow was assumed to be one-
dimensional and the thermal resistance between the fiber and the matrix assumed to be
zero. It has also been shown that the in-plane thermal conductivity varies linearly with the
fiber volume fraction [37].

A laminated composite material with higher thermal conductivity and with more efficient
heat dissipation in all directions is needed for high-performance applications. This article
focuses on the conductive heat transport of the CNT array nanoreinforced laminated com-
posite (NRLC) and that of the corresponding laminated composite without the array. Their
thermal conductivities in all directions were determined experimentally and the effect of the
array height was considered for the NRLC. The thermal conductivity of the array nano-
composite layer was derived and calculated from the previous experimental results.

NANOREINFORCED LAMINATED COMPOSITE

The NRLC constitutes a novel structural concept comprising a MWCNT array poly-
meric nanocomposite layer that is interspersed between the plies of a laminated composite
consisting of a microscale fiber reinforcement and a polymeric matrix [38]. The NRLC
exhibits higher interlaminar shear properties than laminated composites without the arrays
and does not require dispersion of the nanotubes into the polymeric matrix, thus simpli-
fying its processing and allowing high nanoparticle contents [38]. The MWCNT consists of
an average structure of approximately 10 walls with an outer diameter of 15nm and an
inner diameter of 4—5nm. In this study, the MWCNT array height can vary between
100 pm and 1mm. A thermosetting polymer matrix, diglycidyl ether of bisphenol-A
(DGEBA) epoxy, and a two-dimensional plain woven fabric reinforcement [39—41], con-
stitute the other phases of the NRLC. A schematic illustration of the fabrication steps of
the NRLC is shown in Figure 1 [38,42].

In fiber reinforced polymeric composites, the fiber—matrix interphase plays a funda-
mental role in the in-plane transverse to the fiber and interlaminar stiffnesses and
strengths. The physical and mechanical properties of the interphase are unique and

2 2 Polymer 2 3
Polymer Array Laminate
infusion bonding assembly
Fabric —— ——

1 g 1
Array-fabric ply

Array-fabric laminate

Wafer (NRLC)
Watfer removal Array /

— AT
Array

1 1 2

Figure 1. Schematic illustration of fabrication steps of nanoreinforced laminated composite (NRLC) [38].
Note: ‘1’ and ‘2’ represent the direction of the carbon tows while ‘3’ represents the transverse direction to the
laminate and the initial direction of the MWCNT array.
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different from those of the fiber or the matrix [43—45]. The properties of the fiber—matrix
interphase are not a decisive factor in determining the interlaminar fracture toughness in
composites [41,43]. However, this is not the case in the NRLC because the pure matrix
region is no longer present, creating thus a new interphase with the potential for excep-
tional bonding/interlocking capabilities.

An environmental scanning electron microscope (ESEM) image of the cross-section of a
NRLC sample is shown in Figure 2. It shows the microscale reinforcement layers consist-
ing of fiber tows aligned in the warp and fill directions (1- and 2-directions, respectively)
and the MWCNT array polymeric nanocomposite layer. The initial array thickness
decreases during the consolidation stage of the curing process of the composite. The
NRLC fabrication process plays a crucial role in determining the interphase features, in
particular, the final nanocomposite layer height. A study on the thermal conductivities of
the NRLC and the laminated composite without the array is presented in the next section.

THERMAL CONDUCTIVITY
Formulation and Experimental Setup

The thermal conductivity of the composites was experimentally determined by a one-

dimensional §teady=state' method similar to that of ASTM Standard D5470) [46].
The governing equation of the conductive heat transport or transfer is given by:
divg =0, )]

where ¢ is the heat flux. The Fourier law is given by:

q = —k - grad(T), (2)
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Figure 2. ESEM images of the cross-section of NRLC and its phases: (a) MWCNT array polymeric nanocom-
posite layer bonded to the warp and fill tows; (b) closed-up image of nanocomposite layer [38]. Note: The
phases are: 362 g/m? 6k warpl/fill Toray T300-40D carbon plain woven fabric; Toolfusion™ 1A-1B epoxy; and
500 um-tall MWCNT array.
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where T is the temperature and & is the thermal conductivity. By applying Equation (2) to
the composite sample shown in Figure 3 and integrating the flux over its constant cross-
sectional area A, the equation of heat transport in the z- or 3-direction becomes:

dr

=kA— 3
0 =ka . 3
where Q is the entering heat flow. The thermal conductivity can then be calculated by:
Ot
k=—r——, 4
AT, — 1) @

where T, is the upper surface temperature, 77, the lower surface temperature, and ¢ is the
thickness of sample. The heat flow is measured directly by calculating the power that goes
into a strain gage that serves as the heat source for the composite sample. The thermal
gradient is determined by measuring the temperature with thermocouples placed at dif-
ferent locations throughout the composite sample. A similar experimental technique like
the guarded heat flow method that could prevent radiation and convective heat losses was
not used since these effects are negligible for the considered temperature range (less than
100°C). Measurements were done along the in-plane (1- or 2-) directions and out-of-plane
(through-the-thickness, or transverse, or 3-) direction of the composite samples. Since a
unidirectional heat flux is imposed, the only non-zero terms of the conductivity tensor lie
in its diagonal and are the ones being calculated.

The power source that provides heat to the sample is an alternate current/direct current
(AC/DC) adapter with a maximum current capacity of 500 mA. The input parameters of
the adapter are: 120V of alternating current; 12 W of power; and 60 Hz of frequency. The
output parameter is 12V of DC. A linear taper potentiometer is used to vary the incoming
voltage from the power adapter. The potentiometer has a resistance of 1 MQ with a tol-
erance of £20% and the rated power is 0.5 W. A USB 6008 voltage data acquisition reader
unit is used to monitor and record the voltage. The unit has eight analog channels with a
resolution of 12 bits and an input impedance of 144 k2. The minimum voltage it can read
is 1V with an accuracy of 37.5mV and the maximum voltage is 10 V with an accuracy of
138 mV. LabView SignalExpress™ 3.0 is used to record the voltage readings.

A strain gage is used as the heat source for the composite sample. The strain gage has a
grid resistance of 120 Q2 with a tolerance of 4+0.5%. The current on the strain gage is
measured using an ammeter. It has a 5% digit resolution to measure DC voltage from
1 uV per count to 1000 V. It can measure currents from 1nA to 10 A. The strain gage is

(@) Strain gage Compolsite Thermocouple
heater sample (b) Heater|[ (c) =~ Sample

Power Current Sample Heater /
source reader _ Thermocouple
| = reader b i -

" . i
Potentiometer Voltage Heat sink Heat sink

reader .
Cooling system

Figure 3. (a) Schematic illustration of the experimental setup for thermal conductivity measurements; (b and
c) schematic illustration of composite sample, heater, heat sink, and thermocouple configuration plus corre-
sponding system of coordinates for through-the-thickness and in-plane direction measurements, respectively.
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bonded to the composite sample using an Arctic silver (Ag) paste adhesive with a thermal
conductivity of about 8 W/m/K. To ensure steady state measurements, the composite
sample is bonded to a copper block that is kept at a constant temperature. The bonding
between them is similarly achieved using the Arctic Ag adhesive. The copper block is
maintained at a constant temperature by placing it on a metal container that is cooled
by circulating water in a 6000 cm® tank. This ensures that heat conduction takes place only
in one direction.

In order to ensure zero stability in the strain gage, a maximum excitation voltage is
recommended by its manufacturer depending on the type of gage and resistance. In the
case of the EA125AD (120 2) gage for example, a maximum power density in the range of
0.31—0.78 mW/mm? is recommended for moderate measurement accuracy in a material
with a thermal conductivity range like that of the composite samples. This power density
corresponds to about 0.44—1.12V for a current of 7mA. Higher voltages would cause a
drift due to the differential expansion of the strain gage constituent materials, Constantan
alloy in the circuit and polyimide in the backing, which have dissimilar coefficients of
thermal expansion.

The temperature is monitored with three temperature sensors (thermocouples) attached
to the composite sample and one attached to the copper block. The thermocouples are a
type K (Chromega®/Alomega®) unsheathed fine gage. The maximum service temperature
of the thermocouples is 593°C and the response time for the 0.125 mm diameter wire in still
air is 1.0s. An epoxy adhesive, OB 101-2 from Omega, is used to bond the thermocouples
to the sample. The thermal conductivity of the epoxy adhesive is 1.04 W/m/K and the
electrical insulation bulk resistivity is 10'°> Q cm. The adhesive cures at room temperature
and it is rated for continuous use until 105°C. The exact location of the thermocouples in
the sample is determined using a microscope. A USB-TC reader is used to record the
temperature readings. The reader has eight channel inputs with a 24-bit resolution. The
differential input voltage range is £0.080 V and the impedance is 5 GQ2. For a temperature
range 0—1372°C, the maximum error is +0.691°C, while the typical error is +0.345°C.
Tracer DAQ™ software is used to record the temperature and time and can export the
results into an Excel™ file. The temperature and voltage can thus be recorded at every
instant of time.

The strain gage is kept at a specific voltage by the voltage controller that is connected to
the strain gage. Since the voltage is directly proportional to the temperature, a change in
voltage would trigger a change in temperature. Therefore, the voltage is set to a constant
value to enable recording steady state temperature measurements. A DC voltage output
from the adapter is kept constant by using the potentiometer. One set of wires from the
potentiometer is connected to the voltage reader, which in turn is connected to a port of
the computer. The other set of wires provides the necessary power input to the strain gage.
The voltage is set to a certain value and readings are recorded at every instant of time until
it reaches a steady state value. The sample is then allowed to cool to room temperature.
The time taken to reach the initial temperature is also noted. Two more readings at the
same voltage are recorded. This is done to check the repeatability and accuracy of the
measurements. Next, the voltage is set to another value and a similar procedure is fol-
lowed. Measurements are taken for three different voltage values.

The experimental factors that affect the thermal conductivity measurements include loss
due to convection and radiation, and random and systematic errors due to a variety of
factors. In order to minimize convection and radiation losses, the experiments are per-
formed in still air, and the samples are enclosed in a cup and covered with rubber pads on
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their sides. The convection loss is minimal. The radiative heat loss is much smaller than the
convective heat loss and can thus be neglected. Random errors are caused by fluctuations
in voltage and current. These errors are minimized by using an adapter and a potentiom-
eter to regulate the power applied at the strain gage heater. Systematic errors are caused by
human misinterpretations and can be minimized by taking repeated readings and averag-
ing them out. In this experimental study, a source of systematic error is due to incorrect
measurement of the thermocouple location using the microscope. There are other sources
of error including: interface thermal resistance between the strain gage and the composite
sample, and between the composite sample and the copper block; unaccountable causes in
the manufacturing process and handling technique; typical error in the USB-TC
(£0.345°C) or £0.8°C when the temperature is higher than 35°C; and error in the voltage
reader of around 7.23mV. The deviation of the thermal conductivity is calculated using
Equation (3).

Experimental Results

The measured thermal conductivities at room temperature of the laminated composite
(16-ply 6k Toray T300-40D carbon plain woven fabric with 11tows per 25.4mm in the
warp and fill directions and Toolfusion epoxy matrix) with a volume fraction of 65% is
given in Table 1. The measured thermal conductivities at room temperature of the NRLC
with the same fiber, matrix, and MWCNT arrays of two different heights are presented in
Table 2. The thermal conductivities are average values for samples containing many woven
fabric cells. The total random and systematic error is estimated to be 3.91% for the lam-
inated composite and NRLC samples.

Table 1. Measured thermal conductivities of the composite laminate.

Parameter Value
Number of woven fabric layers, n 16
Thickness of laminate, hy,; (mm) 4.2
Thermal conductivity of laminate in fill direction, k. (W/m/K) 3.42
Thermal conductivity of laminate in warp direction, k. (W/m/K) 3.42*
Thermal conductivity of laminate in transverse direction, k. (W/m/K) 0.77

*Estimate based on the fact that the woven fabric is balanced (same tow density in the warp and
fill directions).

Table 2. Measured thermal conductivities of the NRLC.

Parameter Value Value
Number of woven fabric layers, n 3 7
Number of nanocomposite layers, nnano 2 6
Thickness of MWCNT array before consolidation, Agay (um) 100 500
Thickness of laminate, hy,; (mm) 0.733 1.750
Thermal conductivity of laminate in fill direction, k. (W/m/K) 10.40 13.97
Thermal conductivity of laminate in warp direction, k. (W/m/K) 10.40* 13.97*
Thermal conductivity of laminate in transverse direction, ki (W/m/K) 1.1 1.18

*Estimate based on the fact that the woven fabric reinforcement is balanced.
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The thermal conductivity values of the composite laminate are similar to those previ-
ously measured of similar carbon/epoxy plain woven fabric laminated composites [47—49].
It is observed from Table 1 that the thermal anisotropy ratio between the in-plane and
transverse thermal conductivities is approximately 4.44 (fiber volume fraction of 65%),
which is similar to those previously determined for similar composite materials: approx-
imately 4 (fiber volume fraction of 49%) [47] and 4.8 (fiber volume fraction of 55—62%),
respectively [49].

The NRLC samples have a MWCNT volume fraction between 18% and 22% and the
MWCNT array height in Table 2 corresponds to the initial value before fabrication of the
NRLC sample. During fabrication, that height is reduced due to the consolidation pres-
sure and the alignment of the nanotubes in the resulting nanocomposite layer is signifi-
cantly affected. Comparing the thermal conductivities of the laminate and the NRLC from
Tables 1 and 2, it is observed that the thermal conductivity of the NRLC increases in the
transverse direction (between 43% and 53% depending on the MWCNT array height) and
significantly increases in the in-plane directions (between 204% and 308% depending on
the MWCNT array height). These changes are attributed to the presence of a high per-
centage of nanotubes that are originally aligned in the through-the-thickness direction but
become aligned in the warp or fill directions during the consolidation stage. The increase
of the thermal conductivity in the transverse direction can be attributed to the fraction of
nanotubes that remain aligned in the through-the-thickness direction. The modeling effort
to determine the thermal conductivity of the nanocomposite layer is presented in the next
section.

Model Formulation

The thermal—electrical analogy is the most common method used to compute the ther-
mal conductivity of woven fabric laminated composite materials [36,37,50,51]. This anal-
ogy is established based upon the similarity between the partial differential equations that
govern the thermal potential (temperature), 7, and the electrical potential (electromotive
force), E, fields [37,50]. By using this analogy, the woven fabric laminated composite is
transformed into an electrical circuit where the resistance can then be computed. The
circuit model is characterized by the selection of a unit cell, which encloses the smallest
periodic repeated volume in the laminate [36]. The material is considered to be homoge-
neous, and this assumption could certainly bring errors in the model due to resin-rich areas
and nesting in the woven fabric composites [49].

COMPOSITE PHASES

The thermal conductivities of the composite phases that need to be defined are the
conductivities in the axial and transverse directions of the fiber (k/, and kj, respectively)
and that of the isotropic matrix (k,,).

TOWS

Once the tow volume fraction is known, the thermal conductivity of the tows in the axial
and transverse directions can be predicted by various models, including the series and
parallel models, or by empirical methods. Knowing the properties of the fibers,
the tow’s axial thermal conductivity, k,,, can be calculated from the rule of mixtures or
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parallel model:
k[a == Vf[kfa + (1 - Vﬁ)km. (5)

The tow’s transverse thermal conductivity, &, can be calculated by the series model:

1 Vﬁ (1 — Vﬁ)
—_— =4 , 6
kn kft km ( )

or by the semi-empirical Clayton model [52]:

) 2 ki
oo (1) kst — () (1)

m

2 )

2

ktt = km

@)

or by the Pilling model [53]:

(1= va) + (14 ve) (k)
(1= v) (ks /Kim) + (1 +ve)
where vy is the fiber volume fraction of the tow.

The thermal conductivity of the tow in a direction forming an angle 6; with the axial
direction can be calculated by the transformation:

ktl = km

®)

ki = ki sin®6; + ki, cos’;, 9)

where i=1, 2.

LAMINA

A composite lamina is a periodic material, and therefore, a representative volume ele-
ment (RVE) can be considered in a model to predict its properties (Figure 4). The model is
characterized by the selection of a unit cell, which encloses the smallest periodic repeated

Lamina

Matrix
impregnated-

s
warp yam 9r

Matrix impregnated-fill yarn agl2 9
1

Figure 4. (a) Idealized unit cell of the plain-woven fabric composite lamina; (b) RVE of plain woven
fabric [36].
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volume in the laminate [36]. The lamina properties can now be calculated from the tow
properties.

Assuming a balanced reinforcement (same tow density in the warp and fill directions),
the transverse or through-the-thickness effective thermal conductivity of the lamina, k,, is
given by [36]:

1 g/a
Y (I LTy (P W R L
ky, h h ) ks h h ) k>
ey / gy -
o g/a =2
o ) (1t @Jr(“)
L h h )k A
where
oy 132¢1 + 28¢2 + 20¢3 + 12¢4 (11)
T 39¢; +9¢s +Tes +8ca+ 17
and
_24C1+8C2+8C3~|—12C4+4 (12)

o 39¢1 +9¢r + 7e3 +8c4 + 1 ’

where k; and k, are the thermal conductivities of the tow with the respective mean fiber
inclination angles 6, and 6,; g is the tow gap between two neighboring tows; a is the tow
width between two neighboring tows; /4, is the thickness of the matrix layer; % is the
thickness of the lamina; and o and B are geometrical parameters that depend on c;,
which are introduced to facilitate the analysis of various woven fabrics [36]. In the case
of a plain woven fabric, for example, ¢;=0, and thus « =0 and 8 = 4.

The in-plane effective thermal conductivity of the lamina in the warp direction, k,, is
given by [37]:
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where k,; and kj; are the thermal conductivities of the impregnated tows taking into
account the mean fiber inclination angle, which are computed from:

ki = kg c08°0; + kyy sind; (i =1, 2), (14)
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and

ki =ky (i=1,2). (15)

The in-plane effective thermal conductivity of the lamina in the fill direction, ky, is given
by inverting the subscripts fand w in Equation (13):
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The fiber volume fraction of the lamina, vy is calculated by [36]:

h}ﬂ
(1 - 7)

VE= V- 17)
()

a,

COMPOSITE LAMINATE

An equivalent thermal circuit will be used to determine the properties of the composite
laminate using the properties of each lamina. The composite laminate is to be formed with
laminae consisting of a woven fabric reinforcement and a matrix material. The thermal
conductivity of the composite laminate in the transverse direction can be determined by
calculating the total resistance of the analog circuit (Figure 5) [50,51].

Lot
1 1
htot h
tot
q 2 5
3 3
' 1
| : i i
n n
q
Transverse heat transfer In-plane heat transfer

Figure 5. Schematic illustration of the heat flow in a composite laminate composed of several laminae.
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The total resistance can be calculated by:

htot hl h2 h3 hn
T kAo kndy | kpdy kA kinAy,

(18)

where k. is the transverse thermal conductivity of the laminate, 4, and 4, are the total
height and area, respectively, k,; is the transverse thermal conductivity of each lamina, 4, is
the thickness of each lamina, and 4; is the cross-sectional area perpendicular to the heat
flow of each lamina. The cross- sectlonal area is the same for every lamina, and thus the
transverse thermal conductivity for the composite laminate is given by:

htol - (19)
n J
Zj:l kzj

ktc =

If the laminae are identical, the transverse thermal conductivity of the laminate will be
equal to the thermal conductivity of the lamina.

Considering the same analogy to determine the thermal conductivity of the laminate in
the warp direction, the resistance of the composite laminate can be calculated by:

1 1 1 1 1 1
_ _ e, 20
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where k. is the thermal conductivity of the laminate in the warp direction, L, is the total
length of the laminate, k,,; is the thermal conductivity in the warp direction of each lamina,
L; is the length of each lamina, and A4; is the cross-sectional area perpendicular to the heat
flow of each lamina. In this case, the cross-sectional area will vary for each lamina.
However, the length of each lamina will be identical to the length of the laminate. Thus:

kwcAtot - kwlAl + kaA2 + k1f1’3A3 +--+ kwnAn- (21)

This expression can be simplified even further by noticing that the area is the product of
the thickness by the width. However, the width of each lamina is the same. Therefore, the
thermal conductivity of the composite laminate in the warp direction can be computed by:

" (kyih;
Kye = L 22
Z < hiot > 2)

J=1

The thermal conductivity of the laminate in the fill direction can be calculated in a
similar manner.

Model Results

The thermal conductivities of the fiber and the matrix at room temperature are given in
Table 3. The geometrical parameters of the 6k warp/fill Toray T300-40D (11 tows per
25.4mm in the warp and fill directions) carbon plain-woven fabric are given in Table 4.
The geometrical parameters and predicted thermal conductivities of the tow, lamina, and
laminate are given in Tables 5—7, respectively. The values of the geometrical parameters
were determined from optical micrographs, and the fiber volume fraction of the tow was
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Table 3. Thermal conductivities of fiber and matrix [36].

Parameter Value
Thermal conductivity of fiber in axial direction, ks, (W/m/K) 8.40
Thermal conductivity of fiber in transverse direction, k; (W/m/K) 0.84
Thermal conductivity of matrix, k,, (W/m/K) 0.19

Table 4. Geometrical parameters of 6k warp/fill Toray T300-40D
plain woven fabric.

Fabric parameter Value

Gap between 2tows in fill direction, gs (m) 0.000145
Gap between 2tows in warp direction, g,, (m) 0.000404
Width of fill tow, a; (m) 0.001978
Width of warp tow, a,, (m) 0.001748
Thickness of matrix, h,, (m) 0.000080
Thickness of fill tow, hy (m) 0.000244
Thickness of warp tow, h,, (m) 0.000244
Thickness of lamina, h (m) 0.000568
Mean inclination angle of gy, gw, 61 (rad) 0.29380

Mean inclination angle of other, 6, (rad) 0.103823

Table 5. Tow fiber volume fraction and predicted thermal conduc-
tivities of tow.

Parameter Value
Fiber volume fraction of tow, v 0.92

Thermal conductivity of tow in axial direction, ki, (W/m/K) 7.743
Thermal conductivity of tow in transverse direction, k; (W/m/K)* 0.738

*Calculated by Clayton’s model.

Table 6. Predicted thermal conductivities and geometrical param-
eters of plain woven fabric composite lamina.

Parameter Value
k1 (W/m/K) 1.325
ko (W/m/K) 0.813
kw1 (W/m/K) 7.156
kwz (W/m/K) 7.668
kit = Ko (W/m/K) 0.738
a 0

B 4

Fiber volume fraction, vs (%) 64.0
Thermal conductivity of lamina in fill direction, k; (W/m/K) 2.841
Thermal conductivity of lamina in warp direction, k,, (W/m/K) 2.821

Thermal conductivity of lamina in transverse direction, k; (W/m/K) 0.522
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Table 7. Predicted thermal conductivities of plain woven fabric
composite laminate.

Parameter Value
Thermal conductivity of laminate in fill direction, k. (W/m/K) 2.841
Thermal conductivity of laminate in warp direction, k. (W/m/K) 2.821
Thermal conductivity of laminate in transverse direction, ki (W/m/K) 0.522

determined so that the fiber volume fraction of the composite lamina matched the exper-
imentally measured value.

The standard deviations for the gap between the 2 tows in the warp direction, g,,, and
the mean inclination angle of the gaps, 6;, are 18% and 10%, respectively. The other
parameters in Table 4 exhibit a standard deviation of less than 5%. These deviations
will affect the prediction of the thermal conductivity of the composite lamina in all direc-
tions by at most 3%.

If the thermal conductivity of the tow in the transverse direction, k,, was calculated
through the series model instead of the Clayton’s model, the predicted in-plane and trans-
verse thermal conductivities of the composite lamina would vary by 1% and 5.4%, respec-
tively. Using the Pilling’s model, those predicted thermal conductivities would vary by
0.3% and 1.5%, respectively.

The predicted values for the composite lamina and laminate in Tables 6 and 7 corre-
spond to a fiber volume fraction of approximately 64% in the composite. The predicted
values in Table 7 can be compared with the measured values in Table 1. The values differ
by 17% and 32% for the in-plane and through-the-thickness thermal conductivities,
respectively. These differences are attributed to the inability of the model to capture the
thermal response of the composite sample, mainly in the through-the-thickness direction.
Previous studies on unidirectional composites have addressed the difficulty in predicting
their thermal conductivity when there is a significant difference in the values of the thermal
conductivity of the composite phases [54]. In the case of composites with woven fabric
reinforcements, previous studies found differences of up to 15% between experimental and
predicted thermal conductivity values [49,55]. The model that was considered here [36] and
similar ones [32] are based on a unit cell that does not consider nesting [49]. Studies
with more detailed models like the Fabric Geometry Model [56] that do not consider
a unit cell but the temperature-dependent thermal conductivity of the composite
phases and the variation of the temperature field throughout the composite instead,
determined differences of about 5% and 12% for the in-plane and transverse thermal
conductivities, respectively [55]. Among the effects that may also play a role in the differ-
ence between the experimental and predicted thermal conductivities in this study are pores
or cracks, local effects at fiber cross-overs, fibers that are twisted and not parallel in the
tows, and the presence of an interfacial resistance between the fiber and the matrix
[49,57,58].

The NRLC includes CNT array polymeric nanocomposite layers and their
thermal conductivity cannot be measured independently since their configuration would
be different outside the composite laminate. The thermal conductivity of this nanocom-
posite layer can, however, be calculated using the previous model and the experimental
measurements.
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Thermal Conductivity of Nanocomposite Layer

Rearranging Equation (19):

hlolktkmano
b}
nnanohnanokt + nhkmano

ktc = (23)

where knano 18 the thermal conductivity of the nanocomposite layer in the transverse

direction. It is thus given by:

MnanofnanokiKie
k nano — 5 7 77 * 24
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For the thermal conductivity in the warp and fill directions, rearranging Equation (22):

k nhky, + RnanoMmanokymano
we — h
tot

(25)

Thus, the thermal conductivity of the nanocomposite layer in the warp direction is:

kwnano - htotkwc’ —_ nhkw . (26)

Hnanolnano

The predicted thermal conductivities of the nanocomposite layer for the different
NRLCs are given in Table 8.

An accurate value of the nanocomposite layer thickness after consolidation is critical to
be able to calculate its thermal conductivity values. However, this thickness varies signif-
icantly throughout the sample and its value can only be estimated from ESEM images. A
set of minimum and maximum thickness values were considered (line 4 in Table 8) to
determine the lower and upper bounds of the thermal conductivity values of the nano-
composite layer (lines 6—8 of Table 8). From the values of Table 8, it is observed that the
transverse thermal conductivity of the nanocomposite layer is 10—18% higher than that of
the carbon fabric composite lamina itself depending on the array thickness. In the warp or
fill directions, however, the thermal conductivity of the nanocomposite layer is predicted
to be in the approximate range of 202—344 W/m/K, or two orders of magnitude higher
than that of the composite laminate without the nanocomposite layer. These thermal
conductivity values are very high and cannot be confirmed by experiments at this time.

Table 8. Predicted thermal conductivities of nanocomposite layer of NRLC.

Parameter Value Value
Number of layers of woven fabric, n 3 7
Number of nanocomposite layers, nnano 2 6
Thickness of MWCNT array before consolidation, Agray (um) 100 500
Thickness range of nanocomposite layer, Apano (M) 23-40 23-50
Thickness of laminate, hiot (M) 0.733 1.750
Thermal conductivity of nanocomposite layer (fill direction), kiano (W/m/K) 202—-344 278-341
Thermal conductivity of nanocomposite layer (warp direction), kynano (W/m/K) 202-344* 278-341*
Thermal conductivity of nanocomposite layer (tow direction), kinano (W/m/K) 0.91 0.85

*Estimate based on the fact that the woven fabric is balanced.
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Thermal conductivity measurements were conducted on the CNT arrays themselves, with-
out the polymer, and reported elsewhere [59].

SUMMARY AND CONCLUSIONS

The conductive heat transport in a laminated composite reinforced with a CNT array
nanocomposite layer and the corresponding laminated composite without the array was
investigated with a combined experimental and analytical study. The in-plane and
through-the-thickness or transverse thermal conductivities of the composites were deter-
mined experimentally. The thermal conductivity of the nanocomposite layer was derived
from a model and calculated using the experimental results. It was determined that the
nanocomposite layer slightly increases the thermal conductivity of the laminated compos-
ite in the transverse direction and significantly increases its thermal conductivity in the
in-plane directions. This was attributed to the in-plane alignment of most nanotubes
within the nanocomposite layer during the composite fabrication. The in-plane thermal
conductivity of the nanocomposite layer was estimated to be two orders of magnitude
higher than that of the laminated composite, thus making it ideal for heat transport in that
direction. Further studies are needed on the functionalization of highly dense and aligned
CNT arrays and their integration into laminated composites to potentially achieve at least
one order of magnitude higher thermal conductivity in the transverse direction of the
laminate.
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