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ABSTRACT: In this study, two different carbons (syn-
thetic graphite particles and carbon fiber) were added to
nylon 6,6, and the resulting composites were tested for
thermal conductivity. The first goal of this work was to
compare through-plane thermal conductivity results from
the guarded-heat-flow method and the transient-plane-
source method. The results showed that both test methods
gave similar through-plane thermal conductivity results for
composites containing 10-40 wt % synthetic graphite and
for composites containing 5-40 wt % carbon fiber. The ad-
vantages of using the transient-plane-source method were
that the in-plane thermal conductivity was also measured
and the experimental time was shorter than that of the

guarded-heat-flow method. The second goal of this work
was to develop and use a detailed finite-element analysis to
model heat transfer within a carbon-filled nylon 6,6 compos-
ite sample for the transient-plane-source method and com-
pare these results to actual experimental results. The results
showed that the finite-element model compared well with
the actual experimental data. The finite-element model
could be used in the future as a design tool to predict the
dynamic thermal response of different composite materials
for many applications. © 2005 Wiley Periodicals, Inc. J Appl
Polym Sci 99: 2144-2151, 2006
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INTRODUCTION

Most polymer resins are thermally insulating. Increas-
ing the thermal conductivity of these resins opens
large, new markets. The advantages of conductive
resins, in comparison with metals (typically used),
include improved corrosion resistance, lighter weight,
and the ability to adapt the conductivity properties to
suit the application needs. For example, a thermally
conductive resin is ideally suited for heat-sink appli-
cations, such as lighting ballasts and transformer
housings.

Typical thermal conductivity values for some com-
mon materials are 0.2-0.3 W/m K for polymers, 234
W/m K for aluminum, 400 W/m K for copper, and
600 W/m K for graphite. One approach to improving
the thermal conductivity of a polymer is the addition
of a conductive filler material, such as carbon or metal.
Conductive resins with a thermal conductivity of ap-
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proximately 1-30 W/m K can be used in heat-sink
applications.'

A significant amount of work has been conducted in
which the amounts of single conductive fillers have
been varied in a composite material.>® For example,
ceramic fibers and particles (boron nitride, aluminum
nitride, and aluminum oxide), metal fibers and parti-
cles (aluminum, steel, iron, copper, and silver), and
nickel-coated glass fibers have been used."*'*™'* Me-
tallic fillers have several disadvantages, in comparison
with carbon, which include higher density and greater
susceptibility to oxidation. Various types of carbons
are used as effective conductive fillers. For example,
synthetic graphite particles and carbon fibers are often
added to polymers to increase the composite thermal
conductivity."”*131°

In this project, researchers performed compounding
runs followed by the injection molding of carbon-
filled nylon 6,6 test specimens. Material characteriza-
tion tests included thermal conductivity and optical
microscopy to determine the aspect ratio and orienta-
tion angle of the conductive fillers. The two carbon
fillers investigated were Thermocarb TC-300 specialty
graphite from Conoco (recently purchased by Asbury
Carbon, Asbury, NJ) and ThermalGraph DKD X pitch-
based carbon fiber from BP/Amoco (recently pur-
chased by Cytec, Greenville, TX). Eleven nylon 6,6
based formulations were produced and tested that
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TABLE 1
Single-Filler Loading Levels

Filler Filler concentrations

Thermocarb TC-300
specialty graphite wt %: 10.0, 15.0, 20.0, 30.0, 40.0

vol %: 5.4, 82,11.3,17.9, 25.3

wt %: 5.0, 10.0, 15.0, 20.0, 30.0, 40.0

vol %: 2.7, 5.6, 8.6, 11.7, 18.5, 26.1

ThermalGraph DKD X

contained various amounts of these carbon fillers.
There were two goals for this project. The first goal
was to compare the through-plane thermal conductiv-
ity results from the guarded-heat-flow method and the
transient-plane-source method. The second goal was
to compare the unsteady-state thermal response of a
carbon-filled composite as measured by the transient-
plane-source method with a detailed finite-element
analysis of heat transfer within the composite sample.

EXPERIMENTAL
Materials

The matrix used was Zytel 101 NC010 (DuPont, Wil-
mington, DE), an unmodified semicrystalline nylon
6,6 polymer. The fillers used were a pitch-based milled
(200-um-long) carbon fiber, ThermalGraph DKD X,
from BP/Amoco (now Cytec) and Thermocarb TC-300
specialty graphite, a milled high-quality synthetic
graphite available from Asbury Carbon. The proper-
ties of these polymer and carbon fillers are discussed
elsewhere.'*™"

The thermal conductivity was measured for com-
posites containing various amounts of carbon in nylon
6,6. The concentrations (shown as weight percentages
and corresponding volume percentages) for these sin-
gle-filler composites are shown in Table I.

Test specimen fabrication

For this entire project, the fillers were used as re-
ceived. Zytel 101 NCO010 was dried in an indirectly
heated, dehumidifying drying oven and then stored in
moisture-barrier bags.

The extruder used was an American Leistritz Ex-
truder Corp. model ZSE 27 extruder (Somerville, NJ).
This extruder had a 27-mm, corotating, intermeshing
twin screw with 10 zones and a length /diameter ratio
of 40. The screw design was chosen to obtain the
maximum possible conductivity and is described in
detail elsewhere.?’ Hence, a minimum amount of filler
degradation was desired, with the good dispersion of
the fillers in the polymer maintained. The Zytel poly-
mer pellets were introduced in zone 1. A side stuffer
was located at zone 5 and was used to introduce the
synthetic graphite particles into the polymer melt. An-

2145

other side stuffer was located at zone 7 and was used
to introduce the carbon fiber into the polymer melt.
Three Schenck AccuRate gravimetric feeders (White-
water, WI) were used to accurately 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 composite
resin was dried again and then stored in moisture-
barrier bags before injection molding.

A Niigata model NES85UA, injection-molding ma-
chine (Tokyo, Japan) was used to produce test speci-
mens. This machine had 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 were 396, 180, and 144 mm, respectively.

A four-cavity mold was used to produce 63.5-mm-
diameter disks (3.18 mm thick), which were the ther-
mal conductivity test specimens. The thermal conduc-
tivity of all the formulations was determined.

Through-plane thermal conductivity test method

The through-plane thermal conductivity of a 3.18-mm-
thick, 5-cm-diameter, disc-shaped test specimen was
measured at 55°C with a Holometrix model TCA-300
thermal conductivity analyzer (Bedford, MA), which
uses the ASTM F 433 guarded-heat-flow method.”!
The nylon 6,6 based samples were all tested dry as
molded. For each formulation, at least four samples
were tested.

Transient-plane-source thermal conductivity test
method

A Mathis Instruments hot-disk thermal constant ana-
lyzer (Piscataway, NJ), a new instrument, was used to
measure the in-plane and through-plane thermal con-
ductivity with the transient-plane-source technique.
For this test method, a nickel heating element was
wound in a double-spiral pattern (diameter = 7 mm)
and enclosed between two thin, electrically insulating
Kapton sheets to form a sensor. The sensor was placed
between two 63.5-mm-diameter composite disks to be
tested. The sensor was then heated by a constant elec-
trical current over a short period of time (typically 7 s).
The generated heat dissipated within the double spiral
was conducted through the Kapton insulating layer
and into the surrounding sample, causing a rise in the
temperature of the sensor and the sample. The average
transient temperature increase of the sensor was si-
multaneously measured by the recording of the
change in the electrical resistance,”*>* from which the
through-plane and in-plane thermal conductivities
were obtained. The nylon 6,6 based samples were all
tested dry as molded and at 23°C. For each formula-
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TABLE 1I

Comparison of Thermal Conductivity Results*®

MILLER ET AL.

TCA 300 through-

Hot-disk through-
plane thermal
conductivity (W/m K)

Hot-disk in-plane
thermal conductivity
(W/m K)

Formulation plane thermal
(wt %) conductivity (W/m K)

Synthetic graphite

particles

10 0.386 = 0.008, n = 4

15 0.466 = 0.023, n = 4

20 0.566 * 0.044, n = 5

30 0.819 = 0.056, n = 12

40 1.077 = 0.103, n = 7
Carbon fiber

5 0.327 £ 0.002, n = 4

10 0.349 £ 0.013,n = 5

15 0.387 = 0.006, n = 4

20 0.481 = 0.020, n = 8

30 0.675 £ 0.043, n = 4

40 0.950 = 0.106, n = 6

0.391 £ 0.015,n =5
0.483 £ 0.022,n =5
0.599 £ 0.013,n =5
0.956 = 0.040, n = 10
1219 = 0.057, n =5

0.302 = 0.025, n =5
0.333 = 0.036, n = 5
0.369 = 0.016, n =5
0.447 = 0.015, n = 10
0.679 £0.013,n =5
1.034 = 0.046, n = 5

1.701 = 0.092, n =5
1.792 = 0.028, n = 5
2563 £ 0120, n =5
3.179 + 0.117, n = 10
4949 = 0114, n =5

2309 £ 0257, n =5
2.557 = 0.086, n = 5
3.639 £ 0125, n =5
4.352 £ 0.133, n = 10
5.039 £ 0.236,n =5
6.733 £ 0.126,n = 5

tion, five different sets (one set of two disks with the
sensor between them) of samples were tested. The
results are listed in Table Il and are described later.

Filler length and aspect ratio test method

To determine the length of the carbon fiber and syn-
thetic graphite in the test specimens, solvent digestion
was used. A 0.2-g sample cut from the center of a
thermal conductivity specimen was dissolved at 23°C
with formic acid to remove the nylon 6,6. The fillers
were then dispersed onto a glass slide and viewed
with an Olympus SZH10 optical microscope (Melville,
NY) with an Optronics Engineering LX-750 video
camera (Goleta, CA). The images (at a magnification of
60X) were collected with Scion Image software (ver-
sion 1.62). The images were then processed with
Adobe Photoshop (version 5.0) and the Image Process-
ing Tool Kit (version 3.0). The length and aspect ratio
(length/diameter) of each filler were measured. For
each formulation, 1000-6000 particles/fibers were
measured.”

Filler orientation test method

To determine the orientation of the carbon fillers, a
polished composite sample was viewed with an opti-
cal microscope. One square (13 mm X 13 mm) was cut
from the center of each through-plane thermal con-
ductivity sample. These samples were cast in two-part
epoxy plugs so that the 3.18-mm face (through the
sample thickness) could be viewed. The samples were
then polished and viewed with an Olympus BX60
reflected light microscope at a magnification of 200X.
Again, the images were collected with Scion Image
software (version 1.62). The images were then pro-
cessed with Adobe Photoshop (version 5.0) and the

Image Processing Tool Kit (version 3.0). For each for-
mulation, the orientation was typically determined by
the viewing of 1000-6000 particles/fibers. Additional
test method details are discussed elsewhere.”®

RESULTS
Filler length and aspect ratio results

The length and aspect ratio of the as-received syn-
thetic graphite particles (Thermocarb TC-300 specialty
graphite) were 68.3 um and 1.80, respectively. The
length and aspect ratio of the synthetic graphite par-
ticles in the composite specimens were typically 62-70
um, and 1.67-1.69, respectively.ZO'ZS_29 Hence, the
length and aspect ratio of the synthetic graphite par-
ticles in the composite specimens remained similar to
those of the as-received material. This result was likely
due to the relatively small length and aspect ratio of
the as-received Thermocarb TC-300 specialty graphite.

Before processing, the mean length of the carbon
fibers was 167.5 um with an aspect ratio (length/
diameter) of 16.75. This compared well with the re-
ported vendor literature value of a 200-um mean car-
bon fiber 1ength.17 For all the carbon fiber/nylon 6,6
composites, the length varied from 90 to 100 um, and
the aspect ratio varied from 9 to 10. For example, in
the 20 wt % carbon fiber/nylon 6,6 composites, the
length and aspect ratio of the carbon fiber were 97 um
and 9.7, respectively.?>* % Overall, processing re-
duced the carbon fiber length and aspect ratio to ap-
proximately half of the as-received values. These
length results were comparable to those reported by
Bigg,” who showed that carbon fiber/nylon 6,6 com-
posites had fiber lengths of approximately 130 um
after extrusion and injection molding.
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Filler orientation results

As discussed previously, the filler orientation angle
was measured by optical microscopy. All the angles
were between 0 and 90°. An angle of 0° signified that
the fibers were aligned parallel to the thermal conduc-
tivity measurement direction. An angle of 90° meant
that the fibers were perpendicular to the thermal con-
ductivity measurement direction.

The mean orientation angle varied from 58 to 62° for
all the composites containing Thermocarb TC-300 spe-
cialty graphite.?>*>® For the sample containing 30 wt
% Thermocarb TC-300 specialty graphite, the mean
orientation angle was 58° with a standard deviation of
25° (3784 particles measured). A photomicrograph of a
composite containing this filler is shown elsewhere.?!
The orientation angle was closer to 90°, and this indi-
cated that the particles were primarily oriented trans-
versely to the through-plane thermal conductivity
measurement direction.

For all the carbon fiber/nylon 6,6 composites, the
mean orientation angles varied from 63 to 72°.202>28
A photomicrograph of a composite containing this
filler is shown elsewhere.'® Hence, the orientation an-
gle was closer to 90°, and this indicated that the fibers
were primarily oriented transversely to the through-
plane thermal conductivity measurement direction.

Thermal conductivity results

Table II displays the mean standard deviation and
number of samples tested for the through-plane ther-
mal conductivity with the TCA 300 (guarded-heat-
flow method) and the hot disk (transient-plane-source
method), as well as the in-plane thermal conductivity
as measured by the hot disk. The thermal conductivity
of the neat polymer was 0.25 W/m K.'® The results in
Table II indicate that the through-plane thermal con-
ductivity was similar for both test methods. For exam-
ple, for the composite containing 30 wt % carbon fiber
in nylon 6,6, the through-plane thermal conductivity
was 0.675 = 0.043 W/m K, as measured by the guard-
ed-heat-flow method, in comparison with 0.679
+ 0.013 W/m K, as measured by the transient-plane-
source method. As expected, the in-plane thermal con-
ductivity was higher than the through-plane thermal
conductivity. For the composites containing synthetic
graphite particles, the in-plane thermal conductivity
was typically 4 times larger than the through-plane
thermal conductivity. For the composites containing
carbon fibers, the in-plane thermal conductivity was
typically 7 times larger than the through-plane ther-
mal conductivity. The higher in-plane thermal con-
ductivity for the composites containing carbon fibers
was likely due to the higher aspect ratio of the carbon
fibers (typically 9.7) in comparison with the synthetic
graphite (typically 1.7).
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Figure 1 Schematic of the samples and sensor.

MODELING BACKGROUND AND RESULTS

The primary purpose for creating a finite-element
model of the hot disk was to obtain a better conceptual
understanding of the equipment and of the data anal-
ysis software that it uses. The model also has potential
future material design applications.

Hot-disk apparatus

The hot-disk apparatus is composed of the following
pieces of equipment:

A double-spiral sensor composed of a thin nickel
film that is embedded in a thin layer of Kapton. A
given quantity of power is dissipated through this
spiral for a given amount of time. The tempera-
ture rise of the sensor is calculated by the mea-
surement of the resistance of the nickel, which is
a well-defined function of temperature. The
change in temperature as a function of time is
calculated by the following formula:

AT(t) = [1(13;? - 1)] (1)

o

where AT(t) is the change in temperature at time f (K),
a is the temperature coefficient of resistance of the
material (1/K), R(T) is the electrical resistance of the
nickel at time ¢ ()), and R, is the electrical resistance of
the nickel at time 0 ().

A minimum of two sample disks, one of which is
placed underneath the sensor in direct contact with it
and one of which is placed above the sensor in direct
contact with it. The sensor is placed at the center of the
sample disks. Figure 1 illustrates this setup.

A metal bar suspended over the sample with a small
screw in the center. This screw provides pressure on a
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Figure 2 FEMLAB mesh for composite sample analysis (the units are meters for both axes).

small steel plate, which is set on top of the sample
stack. This pressure is adjusted to ensure firm contact
between the sensor and the sample.

A cylindrical shell cover that goes over the top of all
of the above to minimize temperature- and air-move-
ment variations during and between experiments.

FEMLAB

The FEMLAB modeling program®” (version 3.0) uses
the finite-element method to solve problems in trans-
port phenomena. Using the standard heat-transfer
equations, the known physical properties of the mate-
rials, and a given time step and time range, FEMLAB
then proceeds to solve for the temperature distribu-
tion throughout the sample. Depending on the degree
of accuracy that is desired, the number of elements can
be increased. This increase can be localized to a small
portion of the geometry or applied to the entire geom-
etry, as desired. The relevant heat-transfer equation
that FEMLAB solves is

aT
pCysp — VKVT) = Q )
where p is the density of the sample (kg/m?), C, is the
heat capacity of the sample [J/(kg K)], T is the tem-
perature of the sample (K), ¢ is the time of the mea-
surement (s), k is the thermal conductivity of the sam-
ple (W/m K), and Q is the power supplied to the

sensor per unit of volume (W/m?’). The sample is
assumed to be symmetric about the center vertical axis
(6 symmetry in cylindrical coordinates). Figure 2
shows an image of the mesh generated by FEMLAB
for the composite sample analysis. This mesh was the
original mesh suggested by FEMLAB and contained
4734 elements; any increase in the number of elements
had an insignificant impact on the system solution. A
similar mesh was used in the stainless steel standard
analysis. In Figure 2, the thick, black line that starts at
(0,0) and extends into the larger rectangle is the sensor;
the larger rectangle is the sample. The boundary con-
ditions imposed on the system were as follows: a
continuity of temperature and flux existed at the in-
terface between the sample and the sensor and at the
left boundary (which is the center of the sample disks);
all other boundaries were presumed to be no-flux
boundaries.

Generation of the FEMLAB model: stainless steel
standard

The standard used in the calibration of the hot disk
was a pair of 50-mm-diameter, 20-mm-thick stainless
steel cylinders [American Iron and Steel Institute 316].
One 20-mm-thick stainless steel sample was placed
above the sensor. The other 20-mm-thick stainless
steel sample was placed below the sensor. In FEM-
LAB, the change in temperature was measured as a
deviation from room temperature with the following
formula:
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TABLE 111
Physical Properties of Stainless Steel Standard
and Sensor”

Stainless steel

Property (units), nomenclature  standard  Hot-disk sensor
Radius (mm), (r) 25 35
Thickness (mm), (k) 20 0.02
Thermal conductivity

(W/mK), (k) 14.85 91
Density (kg/m?), (p) 8000 8900
Heat capacity [J/(kg K)], (C,) 500 520
Heat source (W/m®), (Q) 0 1.3 X 10°

AT = Tsensor(t) - Troom(t) (3)

where AT is the change in temperature (K), T neox(f) is
the temperature at the center of the sensor at time f
(K), and T,om(f) is the temperature of the room at time
t (K). To directly measure the temperature rise,
Tioom(t) was standardized to 0 K. The sensor was
treated as a thin disk of metal with a uniform heat
source. Furthermore, because the sensor thickness
(0.02 mm) was very small with respect to the sample
thickness (20 mm), the system was treated as having
the sample disks in direct and perfect contact at all
x-axis (radial) coordinates greater than the radius of
the sensor. The physical properties of the stainless
steel standard and the sensor are given in Table II1.**

FEMLAB was used to solve this system over the
time interval t = 0 to 5 s with data output at intervals
of 0.025 s. The simulation data were compared to the
experimental data generated by the hot disk. The same
set of stainless steel samples were tested eight times.
Power (1.00 W) was supplied to the sensor for 5 s. In
the hot disk, the temperature rise was calculated at the
center of the sensor. FEMLAB predicted the unsteady-
state temperature response of the solid; this response
was plotted versus time at the center of the sensor. The
experimental data were analyzed in the following
manner:

» The data were averaged at each time step.

e The data were standardized. This standardization
consisted of subtracting the average temperature
at t = 0.025 s from itself and each subsequent
average temperature. This data set is titled “Av-
erage Temperature” on the figures that follow.
The data were standardized because the data
from the first time interval were collected before
the sensor was in the steady state and were not
indicative of the performance of the system.

e The standard deviation of the data values at each
time step was calculated with the 8 data sets
collected.

o The standard deviation at each time step was
added to the average temperature of the same
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time step. This data set is titled “+1 Standard
Deviation” on the figures that follow.

» The standard deviation at each time step was
subtracted from the average temperature of the
same time step. This data set is titled “—1 Stan-
dard Deviation” on the figures that follow.

These three data sets were plotted against the FEM-
LAB results. The FEMLAB data set is labeled “FEM-
LAB” on the figures that follow. Figure 3 shows a
comparison between the hot disk and FEMLAB for the
stainless steel standard. After 5 s, the hot disk mea-
sured a temperature rise of 2.43 K at the center of the
sensor; the FEMLAB result predicted a temperature
rise of 2.48 K. As the figure shows, the FEMLAB data
show a good fit with the hot-disk data, with a small
undershoot at the beginning and a very small over-
shoot at the end.

Generation of the FEMLAB model: composite
samples

To determine the through-plane (axial) and in-plane
(radial) thermal conductivities, four 63.5-mm-diame-
ter, 3.18-mm-thick composite samples of the same for-
mulation were used with the hot disk: two composite
samples above the sensor and two composite samples
below the sensor. For each formulation, the same set of
four composite samples was tested 10 times. Power
(0.05 W) was supplied to the sensor for 5 s. With
FEMLAB, the change in temperature at the center of
the sensor was calculated, as described in the previous
subsection, with the physical properties of the com-
posite samples and the sensor given in Table IV.*
Figure 4 shows a comparison between the hot disk
and FEMLAB for the composite containing 30 wt %
synthetic graphite. After 5 s, the hot disk measured a
temperature rise of 0.87 K at the center of the sensor;

* ¥ k¥ X

Temperature (K)
I

—_
T

—— Average Temperature Data
* +1 Standard Deviation Data |
o -1 Standard Deviation Data

FEMLAB Model

0 1 2 3 4 5
Time (s)

o
o

Figure 3 Stainless steel standard: hot disk versus FEMLAB.
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TABLE 1V
Physical Properties of Representative Composites
and Sensor”

30 wt %
synthetic 20 wt %
Property (units), graphite carbon Hot-disk
nomenclature particles fiber sensor
Radius (mm), (v) 31.75 31.75 3.5
Thickness (mm), (h) 6.36 6.36 0.02
Density (kg/m?), (p) 1340 1260 8900
Heat capacity [J/(kg
K, (C,) 840 870 520
Heat source (W/m?),
Q) 0 0 6.5e7

the FEMLAB result predicted a temperature rise of
0.86 K at the same point. Figure 5 shows a comparison
between the hot disk and FEMLAB for the composite
containing 20 wt % carbon fiber. After 5 s, the hot disk
measured a temperature rise of 1.18 K at the center of
the sensor; the FEMLAB result predicted a tempera-
ture rise of 1.15 K at the same point. The trends were
the same as that seen in the stainless steel standard
test.

CONCLUSIONS

The first goal of this work was to compare the
through-plane thermal conductivity results from the
guarded-heat-flow method and with the transient-
plane-source method. The results of this study show
that both test methods give similar values for through-
plane thermal conductivity. The advantage of the tran-
sient-plane-source method is that it provides both the
through-plane and in-plane thermal conductivities.
The experiment also takes less time than the guarded-

1 ‘ ,
0.8r
3
o 0.6f
=2
o
8
e 0.4f
(6]
|_.
—— Average Temperature Data
0.2, * +1 Standard Deviation Data ||
: o -1 Standard Deviation Data
FEMLAB Model
0 1 2 3 4 5
Time (s)

Figure 4 Synthetic graphite (30 wt %) in nylon: hot disk
versus FEMLAB.
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Figure 5 Carbon fiber (20 wt %) in nylon: hot disk versus
FEMLAB.

heat-flow method. The disadvantage of the transient-
plane-source method is that additional material prop-
erties (density and heat capacity) of the anisotropic
composite material are required to determine the ther-
mal conductivity.

The second goal of this work was to compare the
unsteady-state thermal response of a carbon-filled
composite as measured by the transient-plane-source
method with a detailed finite-element analysis of heat
transfer within the composite sample. The results in-
dicate that the finite-element model is useful in accu-
rately predicting the thermal response of the compos-
ite material. The model can be used in future design
applications.
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