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ABSTRACT: In this study, two different carbon fillers
(Thermocarb TC-300 synthetic graphite and Fortafil 243
carbon fiber) were added to Vectra A950RX liquid crystal
polymer to produce single filler composites with filler con-
centrations of up to 80 wt % (71.4 vol %) and multiple fil-
ler composites that contained varying concentrations of
both synthetic graphite and carbon fiber. The through-
plane and in-plane thermal conductivity for each formula-
tion was measured. For the single filler synthetic graphite
and carbon fiber composites, the Nielsen model was
applied to the experimental through-plane thermal con-
ductivity data. The parameters obtained from the single
filler models were then used along with a variation of the
original Nielsen model to predict the through-plane ther-

mal conductivities of the multiple filler composites. In-
plane thermal conductivity models were also developed
using a correlation involving the square root of the prod-
uct of the composite in-plane and through-plane thermal
conductivities. This model was applied to the single filler
synthetic graphite and carbon fiber composites. A varia-
tion of this model was then used to predict the in-plane
thermal conductivity for composites containing both fillers.
All the models presented in this work showed good agree-
ment with experimental data. VVC 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 110: 2914–2923, 2008
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INTRODUCTION

Most polymer resins are thermally insulating. One
emerging market for thermally conductive resins is
for bipolar plates for use in fuel cells. The bipolar
plate separates one cell from the next, with this plate
carrying hydrogen gas on one side and air (oxygen)
on the other side. Hydrogen reacts with oxygen
from the air to produce DC electricity. Byproducts of
the reaction are heat and water. Bipolar plates
require high thermal conductivity (to conduct away
the generated heat), low gas permeability, and good
dimensional stability.

Typical thermal conductivity values in W/m K for
some common materials are 0.2–0.3 for polymers,
234 for aluminum, 400 for copper, and 600 for
graphite. One approach to improve the thermal con-
ductivity of a polymer is through the addition of a
conductive filler material, such as carbon and
metal.1–14 In a polymer containing conductive fillers,
heat is transferred by two mechanisms, lattice vibra-

tions (major contributor) and electron movement.2

Typically, a single type of carbon is used in thermo-
setting resins (often a vinyl ester) to produce a ther-
mally conductive bipolar plate material with a
desired thermal conductivity of at least 20 W/m
K.15–18 Thermosetting resins cannot be remelted.
In this work, researchers performed compounding

runs followed by injection molding and thermal
conductivity testing of carbon/Vectra A950RX com-
posites. Vectra is a liquid crystal polymer thermo-
plastic that can be remelted and potentially used
again. Two different carbon fillers (synthetic graph-
ite particles and carbon fibers) were studied. Com-
posites containing varying amounts of a single type
of carbon filler were fabricated and tested. In addi-
tion, composites containing combinations of the syn-
thetic graphite particles and carbon fibers were also
investigated. The goal of this project was to deter-
mine how various amounts of the different carbon
fillers affected the composite in-plane and through-
plane thermal conductivity and to develop thermal
conductivity models for the single filler and multiple
filler systems.

MATERIALS AND EXPERIMENTAL METHODS

Materials

The matrix material used in this study was Ticona’s
(Summit, NJ) Vectra A950RX liquid crystal polymer
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(LCP). Vectra is a highly ordered thermoplastic co-
polymer consisting of 73 mol % hydroxybenzoic acid
(HBA) and 27 mol % hydroxynapthoic acid (HNA).
This LCP has the properties needed for bipolar
plates, namely high dimensional stability up to a tem-
perature of 250�C, short molding times (often 5–10 s),
exceptional dimensional reproducibility, chemical re-
sistance in acidic environments present in fuel cells,
and a low hydrogen gas permeation rate.19,20 The
properties of this polymer are shown in Table I.19

Table II shows the properties of Asbury Carbons’
(Asbury, NJ) Thermocarb TC-300, which is a syn-
thetic graphite that was previously sold by Conoco

(Houston, TX).21,22 Thermocarb TC-300 is produced
from a thermally treated, highly aromatic petroleum
feedstock and contains very few impurities. Figure 1
shows a photomicrograph of this synthetic graphite.
Fortafil 243 carbon fiber, sold by Toho Tenax

America (Rockwood, TN), was the second filler used
in this study. Fortafil 243 is a polyacrylonitrile
(PAN) based 3.2 mm chopped and pelletized carbon
fiber that is often used to improve the electrical and
thermal conductivity and the tensile strength of the
resin. Fortafil 243 was surface treated and then
formed into pellets by the manufacturer. A proprie-
tary polymer (sizing) is used as a binder for the pel-
lets that also promotes adhesion with the matrix.
Table III shows the properties of this carbon fiber.23

The concentrations (shown in wt % and the corre-
sponding vol %) for the single filler composites
tested in this research are shown in Table IV. Increas-
ing filler amount increases composite melt viscosity.
The maximum single filler amounts that could be
extruded and injection molded were 80 wt % (71.4
vol %) for synthetic graphite and 60 wt % (54.7 vol
%) for carbon fiber. Table V shows the multiple filler

TABLE I
Properties of Ticona’s Vectra A950RX19

Melting point 280�C
Tensile modulus (1 mm/min) 10.6 GPa
Tensile strength at break (5 mm/
min)

182 MPa

Tensile strain at break (5 mm/min) 3.4%
Flexural modulus at 23�C 9.1 GPa
Notched Izod impact strength at
23�C

95 kJ/m2

Density at 23�C 1.40 g/cm3

Volumetric electrical resistivity at
23�C

1015 X cm

Surface electrical resistivity 1014 X
Thermal conductivity at 23�C 0.22 W/m K (approx.)
Humidity absorption (23�C/50%RH) 0.03 wt %
Mold shrinkage-parallel 0.0%
Mold shrinkage-normal 0.7%
Coefficient of linear thermal
expansion-parallel

0.04 � 10�4/�C

Coefficient of linear thermal
expansion-normal

0.38 � 10�4/�C

TABLE II
Properties of Thermocarb TC-300 Synthetic Graphite21,22

Carbon Content, wt % 99.91
Ash, wt % <0.1
Sulfur, wt % 0.004
Density, g/cc 2.24
BET Surface Area, m2/g 1.4
Thermal Conductivity at 23�C,
W/m K

600 in ‘‘a’’ crystallographic
direction

Electrical resistivity of bulk
carbon powder at 150 psi,
23�C, parallel to pressing
axis, X-cm

0.020

Particle shape Acicular
Particle aspect ratio 1.7

Sieve analysis (lm) wt %
þ600 0.19
þ 500 0.36
þ300 5.24
þ 212 12.04
þ180 8.25
þ150 12.44
þ75 34.89
þ44 16.17
�44 10.42

Figure 1 Photomicrograph of Thermocarb TC-300 syn-
thetic graphite (Courtesy of Asbury Carbons).

TABLE III
Properties of Fortafil 243 Carbon Fiber23

Carbon content 95 wt %
Electrical resistivity 0.00167 X-cm
Thermal conductivity 20. W/m K (axial direction)
Tensile strength 3800 MPa
Tensile modulus 227 GPa
Specific gravity 1.74 g/cc
Fiber diameter 7.3 lms
Fiber shape Round
Fiber mean length 3.2 mm (entire range is 2.3 mm to

4.1mm)
Binder content 2.6 wt % proprietary polymer that

adheres pellet together and pro-
motes adhesion with nylon matrix

Bulk density 356 g/L
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formulations containing varying concentrations of
the synthetic graphite particles and carbon fibers.
Because this project focuses on producing highly
conductive composites, loading levels were chosen
so that the filler amounts would produce conductive
composites, while still allowing the composite mate-
rial to have a sufficiently low enough viscosity to be
extruded and injection molded into test specimens.

Test specimen fabrication

For this entire project, the fillers were used as they
were received. Vectra A950RX was dried in an indi-
rectly heated dehumidifying drying oven at 150�C
and then stored in moisture barrier bags.

The extruder used was an American Leistritz Ex-
truder Corp. (Somerville, NJ) model ZSE 27. This ex-
truder has a 27 mm corotating intermeshing twin
screw with 10 zones and a length/diameter ratio of

40. The screw design, which is shown elsewhere,24

was chosen to achieve a minimum amount of filler
degradation, while still allowing the fillers to be well
dispersed into the polymer. The polymer pellets
(Vectra) were introduced in Zone 1. For the compo-
sites containing single fillers, the fillers were added
into the polymer melt at Zone 5. For the composites
containing combinations of fillers, carbon fiber was
added into the polymer melt at Zone 7 and synthetic
graphite was added to the polymer melt at Zone 5.
Because of the large amounts of fillers added, to
obtain good mixing it was not possible to add the
fillers at the same zone. Schenck (Whitewater, WI)
AccuRate gravimetric feeders were used to accu-
rately control the amount of each material added to
the extruder.
After passing through the extruder, the polymer

strands (3 mm in diameter) entered a water bath
and then a pelletizer that produced nominally 3-mm
long pellets. After compounding, the pelletized com-
posite resin was dried and then stored in moisture
barrier bags before injection molding.
A Niigata (Itasca, IL) injection molding machine,

model NE85UA4, was used to produce test speci-
mens. This machine has a 40 mm diameter single
screw with a length/diameter ratio of 18. The lengths
of the feed, compression, and metering sections of
the single screw are 396, 180, and 144 mm, respec-
tively. A mold was used to produce 3.2 mm thick, 6.4
cm diameter disks (end gated). Before conducting the
thermal conductivity tests, the samples were condi-
tioned at 23�C and 50% relative humidity for 88 h.25

Filler length, aspect ratio, and orientation
test method

To determine the length and aspect ratio of the car-
bon fiber and synthetic graphite in the test

TABLE IV
Single Filler Loading Levels

Filler (wt %) Thermocarb (vol %) Fortafil (vol %)

5.0 N/A 4.1
7.5 N/A 6.1

10.0 6.5 8.2
15.0 9.9 12.4
20.0 13.5 16.8
25.0 17.2 21.2
30.0 21.1 25.5
35.0 25.2 30.2
40.0 29.3 34.9
45.0 33.8 39.7
50.0 38.5 44.6
55.0 43.3 49.6
60.0 48.4 54.7
65.0 53.7 N/A
70.0 59.3 N/A
75.0 65.2 N/A
80.0 71.4 N/A

TABLE V
Multiple Filler Loading Levels and Thermal Conductivity Data

Formulation
Thermocarb
wt % (vol %)

Fortafil
wt % (vol %)

TCA-300 through-plane
thermal conductivity
(W/m K) at 55�C

Hot disk through-plane
thermal conductivity
(W/m K) at 23�C

Hot disk in-plane
thermal conductivity
(W/m K) at 23�C

1 40 (30.1) 10 (9.7) 1.200 � 0.020 1.193 � 0.007 5.758 � 0.041
n ¼ 6 n ¼ 5 n ¼ 5

2 40 (30.5) 15 (14.7) 1.483 � 0.027 1.479 � 0.008 6.461 � 0.035
n ¼ 5 n ¼ 5 n ¼ 5

3 40 (30.8) 20 (19.8) 1.960 � 0.075 1.956 � 0.014 7.521 � 0.080
n ¼ 5 n ¼ 5 n ¼ 5

4 50 (39.4) 10 (10.1) 2.130 � 0.081 2.120 � 0.007 9.629 � 0.046
n ¼ 7 n ¼ 5 n ¼ 5

5 50 (39.9) 15 (15.4) 2.806 � 0.087 2.807 � 0.013 12.01 � 0.203
n ¼ 6 n ¼ 5 n ¼ 5

6 60 (49.6) 10 (10.7) 4.298 � 0.027 4.333 � 0.019 17.49 � 0.383
n ¼ 4 n ¼ 5 n ¼ 5

7 65 (54.4) 5 (5.4) 4.553 � 0.081 4.572 � 0.042 16.81 � 0.186
n ¼ 4 n ¼ 5 n ¼ 5
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specimens, diethylenetriamine was used to dissolve
the matrix. The fillers were then dispersed onto a
glass slide and viewed using an Olympus (Center
Valley, PA) SZH10 optical microscope with an
Optronics Engineering LX-750 video camera. Images
of the filler were collected using Scion Image version
1.62 software. The length and aspect ratio of the fill-
ers were measured using Adobe (San Jose, CA) Pho-
toshop 5.0 and the Image Processing Tool Kit
version 3.0. Additional details of this test method
are shown elsewhere.26,27

To determine the orientation of the carbon fillers,
a polished composite sample was viewed using an
optical microscope. For the through-plane thermal
conductivity samples, the center portion was cut out
of a 6.4 cm diameter, 3.2 mm thick injection molded
disk and then mounted in epoxy so that the through
the sample thickness face could be viewed. For the
in-plane thermal conductivity samples, the center
portion was cut out of an injection molded tensile
bar and the samples were cast in epoxy so that the
direction of flow induced during the injection mold-
ing process, which was also the in-plane thermal
conductivity measurement direction, would be
viewed. The samples were then polished and
viewed using an Olympus BX60 reflected light
microscope. Again, the images were collected as
described in the above paragraph. More details of
this test method are shown elsewhere.26,27

Thermal conductivity: Guarded heat flow meter
test method

The through-plane thermal conductivity of a 3.2 mm
thick, 5 cm diameter disk shaped test specimen was
measured at 55�C (as close to ambient temperature
as can be measured while still maintaining a temper-
ature gradient in the apparatus) using a Holometrix
(Burlington, MA) Model TCA-300 Thermal Conduc-
tivity Analyzer, according to the ASTM F433
guarded heat flow meter method.28 For each formu-
lation, at least four samples were tested.

Thermal conductivity: Transient plane
source technique

The Hot Disk Thermal Constants Analyzer, from
Hot Disk (Piscataway, NJ), is an emerging technol-
ogy that can measure the in-plane and through-
plane thermal conductivity of an anisotropic mate-
rial in the same test, using the transient plane source
technique.29–33 The sensor used in this test method
consisted of a 10-lm thick nickel foil embedded
between two 25.4-lm thick layers of Kapton poly-
imide film. The nickel foil was wound in a double
spiral pattern and had a radius, R of either 3.189
mm or 6.403 mm. The thermal conductivities were

measured at 23�C. Since our composites are aniso-
tropic, this test method is useful for this project.
Figure 2 shows how the sensor is positioned

between two samples of composite material. In this
experiment, the samples tested were composite disks
of diameter D ¼ 6.4 cm and thickness x ¼ 3.2 mm. To
help ensure that the assumption of an infinite sample
domain was met and that heat was not penetrating
completely through the sample in the axial direction,
two of these composite disks were stacked together
above the sensor and two more stacked below it, giv-
ing us a double thickness of sample. This stacking of
disks allowed the generation of more reproducible
data. For each formulation, typically five different
sets of four disks (so a total of 20 disks) were tested.
The sensor then had a constant electrical current

(variable by sample from 0.03 to 1.25 W) over a
short period of time (variable by sample from 2.5 to
40 s) passed through it. The generated heat dissi-
pated within the double spiral was conducted
through the Kapton insulating layer and into the
surrounding sample, causing a rise in the tempera-
ture of the sensor and the sample.
From a theoretical standpoint, the double spiral

pattern can be approximated to a series of concen-
tric, equally spaced ring sources. The characteristic
heat conduction equation, assuming radial symmetry
in the sample, is then given as29–33

qCp

� � @T
@t

¼ kin
1

r

�
@

@r

�
r
@T

@r

��
þ kthru

@2T

@z2

þ
X
rings

Qrdðr� r0ÞdðzÞ ð1Þ

where q is the density of the sample (kg/m3), Cp is
the heat capacity of the sample (J/(kg K)), T is the

Figure 2 Schematic of samples and sensor for hot disk.
The insert at the lower left shows the double spiral heat-
ing element.
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temperature of the sample (K), t is the time of the
measurement (s), kin and kthru are the in-plane and
through-plane thermal conductivities of the sample
(W/m K), d is the Dirac delta function, r0 is the ra-
dius of one of the ring sources, and Qr is the power
supplied to that ring per unit length of the ring (W/
m). The total power for each ring is proportional to
the circumference of the ring 2pr0, such that the total
power supplied for all of the rings is Q (W). This
total power Q is an input parameter to the Hot Disk
Thermal Constants Analyzer. The first term in eq.
(1) represents accumulation of thermal energy, the
second term radial (referred to as in-plane in our
experiments) heat conduction, the third term axial
(referred to as through-plane in our experiments)
heat conduction, and the final term is a heat source.

The sample can be approximated as an infinite do-
main if the experimental time is much less than the
characteristic thermal diffusion time. For an aniso-
tropic material in a cylindrical geometry, the experi-
mental time must meet the following two criteria:
t � (D/2)2/(ain) and t � x2/(athru). In these formu-
las a ¼ k/(qCp) is the thermal diffusivity of the com-
posite material.

The average transient temperature increase of the
sensor is simultaneously measured by recording the
change in electrical resistance of the nickel sensor29–33

according to

DT ¼ 1

b
Rn

Rno
� 1

8>: 9>; (2)

where: DT is the change in temperature at time t (K),
b is the temperature coefficient of resistance (TCR)
of the material (1/K), Rn is the electrical resistance
of the nickel at time t (X), and Rno is the electrical
resistance of the nickel at time 0 (X). The tempera-
ture rise in eq. (2) is correlated with the in-plane
and through-plane thermal conductivities through
the solution of eq. (1) as

DT ¼ P

p3=2R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kinkthru

p FðsÞ (3)

where F (s) is a dimensionless time dependent func-
tion of s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aint=R2

p
given by an integral of a double

series over the number of rings m

FðsÞ ¼ ½mðmþ 1Þ��2

�
Zs

0

r�2
Xm
l¼1

l
Xm
k¼1

k exp � l2 þ k2

4m2r2

8>>: 9>>;I0
lk

2m2r2

8>: 9>;
" #

dr

ð4Þ

where r is a variable of integration and l is the ring
number. A more detailed derivation of eqs. (3) and
(4) is given by He.34 Equations (1) through (4) are

used to determine the in-plane and through-plane
thermal conductivity of the composite being tested.

RESULTS

Filler length, aspect ratio, and orientation results

The length and aspect ratio of the synthetic graphite
in the injection molded composite samples was typi-
cally 50 lm and 1.68, respectively. These values are
similar to the as received material and those
obtained in prior work.27,35 For the injection molded
composites containing Fortafil 243, the length was
typically 70 lm and the corresponding fiber aspect
ratio (length/diameter) was 9. These results agree
with prior work.26,27,35,36

The synthetic graphite particles and the carbon
fibers in the in-plane thermal conductivity samples
are primarily oriented in the in-plane thermal con-
ductivity measurement direction, which was induced
by the injection molding process. The fillers in the
through-plane thermal conductivity samples are
primarily oriented transverse to the thermal conduc-
tivity measurement direction. These observations
agree with prior work and photomicrographs can be
seen elsewhere.26,27,35–38

Through-plane thermal conductivity
experimental results

Single filler formulations

The factors that affect the thermal conductivity of a
composite are the filler size, shape, concentration,
dispersion (degree of mixing), orientation, bonding
between the filler and matrix, thermal conductivity
of the constituents (filler and matrix), and the crys-
tallinity of the polymer (increasing crystallinity
improves thermal conductivity). Figures 3 and 4
show the experimental mean through-plane thermal
conductivity as a function of filler volume fraction
for composites containing Thermocarb and Fortafil
243, respectively. These formulations correspond to
those shown in Table IV. The standard deviation
was typically less than 5% of the mean.
The composites containing Thermocarb had the

largest through-plane thermal conductivity values.
At the highest filler level (80 wt % ¼ 71.4 vol % syn-
thetic graphite particles), the composite through-
plane thermal conductivity increases from 0.22 W/m
K (neat Vectra) to 10.1 W/m K. For the composites
containing Fortafil 243, the through-plane thermal
conductivity was 1.04 W/m K at the highest loading
level (60 wt % ¼ 54.7 vol %). Composites containing
synthetic graphite likely had a higher through-plane
thermal conductivity, compared with those contain-
ing carbon fiber, due to the higher thermal conduc-
tivity of the synthetic graphite particles (600 W/m
K) versus the carbon fibers (20 W/m K).
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Multiple filler formulations

The mean through-plane thermal conductivity
results, including the standard deviation and num-
ber of samples tested, for composites containing
both Thermocarb and Fortafil 243 in varying concen-
trations are shown in Table V. The through-plane
thermal conductivities range from 1.2 W/m K for
Formulation 1 (40 wt % Thermocarb and 10 wt %
Fortafil 243) to 4.6 W/m K for Formulation 7 (65 wt
% Thermocarb and 5 wt % Fortafil 243).

In-plane thermal conductivity experimental results

Single filler formulations

Figure 5 shows the mean in-plane thermal conduc-
tivity as a function of filler volume fraction for com-

posites containing only varying amounts of single
fillers. These formulations correspond to those
shown in Table IV. The standard deviation was typi-
cally less than 5% of the mean. In all cases, due to
the flow patterns induced during the injection mold-
ing process and the anisotropy of the constituents,
the composite in-plane thermal conductivity is
higher than the through-plane thermal conductivity.
Figure 5 shows that the Thermocarb TC-300 syn-

thetic graphite causes a larger increase in in-plane
thermal conductivity. The value increases from 0.99
W/m K, which is the in-plane thermal conductivity
of the polymer (anisotropic polymer so thermal con-
ductivity is different in through-plane and in-plane
directions), to 38 W/m K for composites containing
80 wt % (71.4 vol %) synthetic graphite. For the com-
posites containing Fortafil 243, the in-plane thermal
conductivity was 2.5 W/m K at the highest loading
level (60 wt % ¼ 54.7 vol %).

Multiple filler formulations

The mean in-plane thermal conductivity results,
including the standard deviation and number of
samples tested, for composites containing both Ther-
mocarb and Fortafil 243 in varying concentrations
are shown in Table V. The through-plane thermal
conductivity results from the transient plane source
method at 23�C were approximately the same as the
results obtained from the guarded heat flow meter
method at 55�C. The in-plane thermal conductivities
range from 5.8 W/m K for Formulation 1 (40 wt %
Thermocarb and 10 wt % Fortafil 243) to 17 W/m K
for Formulation 6 (60 wt % Thermocarb and 10 wt
% Fortafil 243), and Formulation 7 (65 wt % Thermo-
carb and 5 wt % Fortafil 243).

Figure 4 Experimental (squares) and theoretical (line)
through-plane thermal conductivities for Fortafil 243 car-
bon fiber/Vectra composites.

Figure 5 Experimental in-plane thermal conductivity for
thermocarb TC-300 synthetic graphite/Vectra composites
and Fortafil 243 carbon fiber/Vectra composites.

Figure 3 Experimental (squares) and theoretical (line)
through-plane thermal conductivities for thermocarb TC-
300 synthetic graphite/Vectra composites.
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Through-plane thermal conductivity
modeling results

Single filler formulations

Thermal conductivity models can be used to predict
the thermal conductivity of composites containing
conductive fillers. Nielsen’s model is the most versa-
tile for conductive short fiber/particulate composites
and accounts for constituent thermal conductivities,
concentrations of each constituent, aspect ratio, ori-
entation, and packing of the fillers.36,39–41 The fol-
lowing equations were used to predict the through-
plane thermal conductivity kthrough (W/m K) of the
conductive resins involved in this study

kthrough ¼ k1
1þ AB/ð Þ
1� Bw/ð Þ (5)

B ¼

�
k2
k1
� 1

�
�

k2
k1
þ A

� (6)

In these equations, k1 (W/m K) is the thermal con-
ductivity of the polymer, k2 (W/m K) is the thermal
conductivity of the filler, f is the filler volume frac-
tion, A is a shape and orientation factor, and B is a
factor that takes into account the relative conductiv-
ity of the two components. Finally, the w parameter,
which is related to the ‘maximum packing fraction’,
fm and the filler and polymer volume fractions, is
given by Nielsen40 as

w ffi 1þ 1� /m

/2
m

/ (7)

To quantitatively show how the model compares to
the experimental data, a standardized lack of fit
term, e was calculated using eq. (8).

e ¼

Pn
i¼1

yi � ymodelið Þ2

Pn
i¼1

y2i

(8)

In the above equation, yi is the experimental thermal
conductivity result, ymodel is the thermal conductiv-
ity result predicted by the model, and i is the sum-
mation over all of the different formulations. A
value of e ¼ 0 would indicate a perfect fit of the
experimental data with the model.

Nielsen’s model typically uses fixed data for the
parameters A and fm, which are dependent on the
filler shape, aspect ratio, and packing. Tables show-
ing these parameters are given elsewhere.36,39,40

However, these models have been shown to either

underestimate the thermal conductivity or break
down at high filler concentrations.36,39,42,43 Thus, the
theoretical through-plane thermal conductivities for
Thermocarb and Fortafil 243 composites were calcu-
lated using eqs. (5)–(7) by adjusting the values for
the shape factor A and the maximum packing frac-
tion fm. For the composites containing Thermocarb
TC-300 synthetic graphite, k2 ¼ 600 W/m K (Table II)
and for the composites containing Fortafil 243 carbon
fiber k2 ¼ 20 W/m K (Table III). In all cases, k1
¼ 0.22 W/m K (Table I). The results are given as
Thermocarb: A ¼ 8.5, fm ¼ 0.82, e ¼ 3.4 � 10�3

Fortafil 243: A ¼ 1.2, fm ¼ 0.76, e ¼ 7.1 � 10�4

For each model, the A parameter was constrained
to ensure that it was greater than zero. The A pa-
rameter values that were determined for each sys-
tem can be attributed to the packing of the filler at
high loading levels. The fm values were also con-
strained with the lower limit being the volume frac-
tion of the composite containing the most filler
(0.714 for Thermocarb and 0.547 for Fortafil) and the
upper limit being the volume fraction of a composite
that was not more than 10 wt % higher (0.85 for
Thermocarb and 0.763 for Fortafil). Figure 3 shows
how the model results compare to the experimental
data for the composites containing Thermocarb and
Figure 4 shows how the model results compare to
the experimental data for the composites containing
Fortafil. In both cases the model shows good agree-
ment with the experimental data.

Multiple filler formulations

In this study, it was also desired to model the
through-plane thermal conductivity of conductive
resins that contained more than one conductive fil-
ler. A variation of eqs. (5)–(7) were used and are
shown below.36

kthrough ¼ k1

�
1þ

Pn
i¼2

AiBi/i

�
�
1�

Pn
i¼2

Biwi/i

� (9)

Bi ¼

�
ki
k1
� 1

�
�

ki
k1
þ Ai

� (10)

wi ffi 1þ 1� /mi

/2
mi

/i (11)

In these equations, k1 (W/m K) is the thermal con-
ductivity of the polymer, ki (W/m K) is the thermal
conductivity of filler i, fi is the volume fraction of
filler i, fmi is the maximum packing fraction of filler
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i, and Ai is a shape and orientation factor for each
filler i. Since Ai and fmi are chosen depending on
the filler(s) used in a formulation, there will be a
separate B term and w term calculated for each filler.

The individual A and fm values that were
obtained for the single filler through-plane thermal
conductivity models for Thermocarb and Fortafil
(mentioned above) were used in eqs. (9)–(11) to
determine the theoretical through-plane thermal con-
ductivities for composites containing combinations
of Thermocarb and Fortafil 243. The results for these
multiple filler formulations are shown in Figure 6,
where the squares represent the experimental data
and the triangles represent the theoretical through-
plane thermal conductivities calculated using the
model, and for this multiple filler model e ¼ 0.022.
This multiple filler model shows good agreement
with the experimental data without any further opti-
mization of the A and fm parameters.

In-plane thermal conductivity modeling results

Single filler formulations

Using the in-plane and through-plane thermal con-
ductivity results shown for the Thermocarb TC-300/
Vectra A950RX composites in Figures 3 and 5, an ex-
ponential correlation between the square root of the
product of the in-plane and through-plane thermal
conductivities and the volume fraction filler was
observed. This correlation is given by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kinkthrough

q
¼ 0:425e5:272/ e ¼ 1:4� 10�3 (12)

where kin and kthrough are the in-plane and through-
plane thermal conductivity, respectively, and have
units of (W/m K) and f is the filler volume fraction.

Rearranging for kin yields the following predictive
equation

kin ¼
0:425e5:272/
� �2

kthrough
¼ 0:1806e10:544/

kthrough
(12a)

Figure 7 shows the experimental data plotted along
with the predicted results of the model. The reason
for the exponential term appearing in this model is
related to the range of filler volume fractions being
modeled.
Using the results in Figures 4 and 5, a correlation

was developed for the Vectra/Fortafil 243 carbon
fiber composites as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kinkthrough

q
¼ 0:478e2:123/ e ¼ 6:2� 10�5 (13)

Rearranging for kin yields the following predictive
equation

kin ¼ 0:2285e4:246/

kthrough
(13a)

Figure 8 shows the experimental data plotted along
with the predicted results of the model.
The above models can be combined with through-

plane thermal conductivity models from the litera-
ture to predict the in-plane thermal conductivity of a
Vectra-based single filler composite containing either
Thermocarb TC-300 synthetic graphite (up to 71 vol
%) or Fortafil 243 carbon fiber (up to 55 vol %).

Multiple filler formulations

Using the in-plane and through-plane thermal con-
ductivity results obtained from the Hot Disk and
shown in Table V, for composites containing both

Figure 6 Experimental (squares) and theoretical (trian-
gles) through-plane thermal conductivities for multiple fil-
ler formulations.

Figure 7 Square root of the product of in-plane and
through-plane thermal conductivities for Thermocarb TC-
300 synthetic graphite/Vectra composites. Data points are
squares and a model fit is given by the solid line.
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synthetic graphite and carbon fiber, an exponential
correlation between the square root of the product
of the in-plane and through-plane thermal conduc-
tivities and the volume fraction filler was observed.
This correlation is given by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kinkthrough

q
¼ 0:452e5:272/1þ2:123/2þ1:128/1/2

e ¼ 5:9� 10�3 ð14Þ

where, kin and kthrough are the in-plane and through-
plane thermal conductivity of the composite, respec-
tively, f1 is the volume fraction of synthetic graphite
and f2 is the volume fraction of carbon fiber. The
term in front of the exponent in eq. (14) was deter-
mined by averaging the terms from the single filler
models for the Thermocarb and Fortafil (shown
above), which were 0.425 [eq. (12)] and 0.478 [eq.
(13)], respectively. The first term in the exponent of
eq. (14) was determined from the single filler model
for the Thermocarb composites [eq. (12)] and the sec-
ond term in the exponent was determined from the
single filler model for the Fortafil 243 composites
[eq. (13)]. The third term in the exponent is a nonlin-
ear cross-term which accounts for interactions
between the fillers and is the one unknown parame-
ter in eq. (14), which was adjusted until the error
term (e) was as close to zero as possible.

Rearranging eq. (14) for kin yields the following
predictive equation:

kin ¼ 0:2039e10:544/1þ4:246/2þ2:257/1/2

kthrough
(14a)

Figure 9 shows the experimental data plotted along
with the predicted results of the model. This model
can be combined with through-plane thermal con-

ductivity models from the literature to predict the
in-plane thermal conductivity of Vectra-based multi-
ple filler conductive composites containing both
Thermocarb TC-300 synthetic graphite and Fortafil
243 carbon fiber.

CONCLUSIONS

In this study, two different carbon fillers (Thermo-
carb synthetic graphite and Fortafil 243 carbon fiber)
were added to Vectra A950RX LCP to produce sin-
gle filler composites with filler concentrations of up
to 80 wt % (71.4 vol %) and to produce multiple fil-
ler composites that contained both synthetic graphite
and carbon fiber at varying concentrations. The in-
plane and through-plane thermal conductivity for
each formulation was measured. For the single filler
formulations, those containing Thermocarb had
higher in-plane and through-plane thermal conduc-
tivity, when compared to those containing Fortafil.
Composites containing synthetic graphite likely had
a higher thermal conductivity, compared with those
containing carbon fiber, due to the higher thermal
conductivity of the synthetic graphite particles (600
W/m K) versus the carbon fibers (20 W/m K).
Two through-plane thermal conductivity models

and two models used to predict the in-plane thermal
conductivity were the focus of this work. The Niel-
sen model was used to determine the theoretical
through-plane thermal conductivity for the single fil-
ler Thermocarb and Fortafil formulations with the A
and fm parameters optimized for each data set. A
variation of the original Nielsen model was then
used to accommodate for the formulations contain-
ing multiple fillers using the individual A and fm

parameters that were previously determined for the
single filler models. The single and multiple filler

Figure 9 Square root of the product of in-plane and
through-plane thermal conductivities for composites con-
taining both Thermocarb TC-300 synthetic graphite and
Fortafil 243 carbon fiber in Vectra. Experimental data
points are squares and the theoretical model points are
given by triangles.

Figure 8 Square root of the product of in-plane and
through-plane thermal conductivities for Fortafil 243 car-
bon fiber/Vectra composites. Data points are squares and
a model fit is given by the solid line.
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through-plane thermal conductivity models show
good agreement with the experimental data.

The model that was used to predict the in-plane
thermal conductivity of the single filler composites
uses a correlation for the square root of the product
of the experimental in-plane and through-plane ther-
mal conductivities. A variation of this model and pa-
rameters obtained from the single filler in-plane
thermal conductivity models were then used to pre-
dict the in-plane thermal conductivity of the compo-
sites containing both fillers. The in-plane thermal
conductivity models for the single filler composites
and the multiple filler formulations show good
agreement with the experimental data.

The authors also thank the American Leistritz technical staff
for recommending an extruder screw design and Asbury
Carbons for providing the synthetic graphite.
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