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Thermal Conductivity of a Thermosetting Advanced
Composite During Its Cure

Jeffrey D. Farmer* and Eugene E. Covert}
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

The thermal conductivity of a thermosetting advanced composite material during its cure was exper-
imentally investigated and compared to analytical models. The thermal conductivity of graphite/epoxy
was experimentally measured using a guarded hot plate apparatus. The through-thickness transverse
thermal conductivity of composite laminates was measured at various resin degrees of cure and fiber
volume fractions while using various ply lay-up angles. The in-plane thermal conductivity was measured
using unidirectional laminates, as well as laminates with various ply lay-up angles. Techniques for manu-
facturing composite laminates with these various properties, as well as the guarded hot plate apparatus
necessary for accurate measurements, are described. Finally, various analytical models were researched,
and those that compare most favorably with the experimental data are presented.

Nomenclature

H, = thermal contact conductance of the experiment,
W/m?°C

H, = resin heat of reaction for AS4/3501-6, J/g

K = thermal conductivity, W/m°C

L = laminate dimension in the x direction, m

N = number of plies in a laminate

P = function of the fiber volume fraction, Eq. (6)

o = total heat flux, W

q = heat flux/area, W/m?®

q = resin energy generation rate per unit volume,
W/m®

Gin = heat flux/area applied by the guarded hot plate,
W/m?

T = temperature, °C

t = laminate dimension in the z direction, m

% = volume fraction of a constituent material

w = laminate dimension in the y direction, m

X, y, z = laminate coordinates defined in Fig. 1

@ = resin degree of cure, scale of 0-1.0

0% = function of material conductivities, Eq. (11)

é = resin rectangle side parallel to measured X,
pum

e = resin rectangle side . to measured K, um

] = direction of ply alignment, Fig. 1, deg

v = function of material conductivities, Eq. (5)

p = density, g/m®
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act = actual material property
c = experimental setup contact region property
comp = composite property
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eff = effective material property

f = fiber property

meas = experimentally measured property

r = resin property

X = property in the x direction

y = property in the y direction

11 = effective laminate longitudinal principal
property

33 = effective laminate through-thickness transverse

principal property

Introduction

HE manufacture of advanced composite materials is a

very complex process that at times may result in parts
of unsatisfactory quality. In recent years extensive work has
been completed towards modeling the heat transfer, resin
flow,'~® and compaction*® of thermosetting composites dur-
ing their cure. The purpose of these studies has been to model
the process and, therefore, gain insight into or even optimize
the cure of thermosetting composites. However, assumptions
made in these models preclude their use beyond unidirec-
tional composite laminates with constant material properties.
Ghasemi Nejhad et al.’ did model the thermal conductivity
of a three-dimensional cylindrical geometry with a helical
fiber path, but this work applies to thermoplastic matrix
composites.

The purpose of this work is to extend the heat transfer sec-
tions of the thermosetting composite models into the realm of
multidirectional lay-ups with material properties that may
change during the cure process. This work is the beginning of
a fully three-dimensional process model that will have the abil-
ity to model the heat transfer in realistic parts made of ther-
mosetting composites. The goal for this model is to enable the
accurate calculation of the temperature and degree of cure pro-
files in a laminate during its cure, which is necessary for the
prediction of residual stress and the resultant laminate warp-
age. Predicting the occurrence of this defect will help deter-
mine if a chosen cure cycle is appropriate for a high-quality
composite laminate.

The heat transfer within thermosetting composites is gov-
erned by an energy balance that may include conductive and
convective terms. It has been shown,” however, that in most
cases the convective term may be neglected in modeling the
heat transfer during a composite’s cure. Thus, this article con-
centrates on measuring the thermal conductivity of the graph-
ite/epoxy (Hercules AS4/3501-6) as a function of temperature,
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resin degree of cure, fiber volume fraction, and ply lay-up
angle.

Manufacturing Procedure and Experimental Setup

Manufacturing Procedure

Composite laminates with various material properties and
amounts of constituent materials were required for this re-
search. Detailed manufacturing methods and cure cycles can
be found elsewhere,” but a brief description of each is given
in this article. The void content of the laminates was measured
to be less than 1%, and so void content was not included in
the measurements and calculations of this work.

The advanced composite laminates were layed up by hand
using AS4/3501-6 prepreg tape, which had previously been
stored in a sealed container below 0°C. The AS4/3501-6 pre-
preg was chosen because it is a common thermosetting com-
posite material used by the aerospace industry and is readily
available from its supplier, Hercules Inc. The prepreg was ob-
tained from Hercules as a standard lot of material containing
fibers whose typical diameter was 7-8 um. The prepreg was
cured in a Baron—Blakeslee autoclave. The test laminates were
cut to their desired dimensions using a water-cooled diamond-
grit cutting wheel.

Through-thickness transverse laminate thermal conductivity
measurements were taken in the z direction (Fig. la), using
laminates with L = 12.7 & 0.25 cm, W= 12.7 = 0.25 cm, and
t=15.1 £ 0.25 mm. The laminates used for these measurements
will be referred to as the through-thickness transverse (T°) lam-
inates; the T laminate coordinate system is defined in Fig. 1a.
Cure cycles of various lengths were designed for the manu-
facture of T° laminates with various resin degrees of cure. A
cure cycle that attained a temperature of 143°C for 5 min was
used to achieve a partial resin degree of cure (a = 0.5); a cure
cycle of 10 h at 177°C was used to achieve a complete resin
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Fig.1 Definition of coordinate systems for the experimental ther-
mal conductivity measurements. The one- and two-ply coordinates
are rotated about the laminate z axis by the angle 6: a) T and b)
IP laminate measurements.

degree of cure (@ = 0.98). Lower laminate fiber volume frac-
tions were achieved by using prepreg with a high resin weight
fraction (50% or more) and a net resin cure. Medium laminate
fiber volume fractions were achieved by using the standard
AS4/3501-6 cure cycle for typical prepreg (36—42% resin
weight fraction), whereas higher fiber volume fractions were
achieved using the same prepreg and a cure cycle with a longer
dwell time, and higher pressure, at the resin flow stage.

In-plane laminate thermal conductivity measurements (fibers
aligned along the direction of conductivity measurement or at
a specified angle 6 to it) were taken in the x direction (Fig.
1b), using laminates with ¢ = 2.54 * 0.25 cm, W = 12.7 *
0.25 cm, and L = 5.1 * 0.25 mm. The laminates used for these
measurements will be referred to as the in-plane (IP) laminates;
the IP coordinate system is defined in Fig. 1b. The IP laminates
were first manufactured in a standard manner as a flat 12.7-
cm-long by 3.8-cm-wide laminate with the ply longitudinal
direction placed in the laminate width direction. The laminates
were cut into 5.1 by 12.7 cm strips. The strips were rotated
90 deg about their long axis, and rebonded together using
3501-6 neat resin. This created laminates with fibers aligned
in the direction of conductivity measurement or at a specified
angle 6 to it (see Fig. 1b).

As shown in Fig. 1, the x and y directions are defined as
being in-plane for both the T® and IP measurements. The
through-thickness z direction is defined as being out-of-plane
in both cases.

Slabs of 3501-6 neat resin were cured under vacuum in an
oven at 177°C for up to 10 h. The slabs were 5.1 * 0.25 mm
thick, and were circular with a diameter of 12.7 * 0.25 cm.
The void content of the cured neat resin slabs was measured
to be less than 2%, which did not change for various resin
degrees of cure, 0.5 < a = 0.98.

Experimental Setup

A Dynatech TCFGM guarded hot plate, depicted in Fig. 2,
was used to measure the thermal conductivity of the graphite/
epoxy laminates and resin slabs. The thermal conductivity of
the composite laminates was measured for the T® and IP lam-
inates in the directions defined by Fig. 1. The guarded hot plate
is designed for measuring the thermal performance of materials
with a relatively low thermal conductivity. The material tested
must also be opaque and should ideally be homogeneous and
isotropic. These last two material requirements are not always
met when testing an advanced composite; therefore, special
precautions must be taken to minimize the experimental error.
The experimental precautions taken to compensate for these
two requirements will be discussed in this section.

The important components of the system included a guarded
isothermal hot-surface plate (main heater) with an auxiliary
isothermal cold-surface plate on either side. The main heater
diameter was approximately 10.1 ¢m and that of the concentric
guard heater, which maintains the same temperature as the
main heater, was 20.2 cm. These heaters were separated by a
gap of 1.52 mm. Cooling plates were used as heat sinks at
both ends of the stack to prevent the stack from overheating.
Composite laminates were placed between the isothermal sur-
faces, one on each side of the hot plate. The test method,
therefore, simultaneously measured and averaged the proper-
ties of two nearly identical laminates. Each data point pre-
sented in this article is therefore the averaged property of two
nearly identical composite laminates.

Establishment of idealized conditions within the guarded hot
plate stack meant that there were no radial components of heat
flux (this was experimentally verified); therefore, the thermal
conductivity of the laminate in the direction normal to the
isothermal plane was measured (see Direction of Conductivity
Measurements in Fig. 1) under steady-state conditions. In gen-
eral, 5—-10 h were necessary for the stack to achieve equilib-
rium; the setup was not considered to be in equilibrium until
the measured temperatures changed less than 0.1°C in a half
hour.
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Fig. 2 Experimental setup enclosed in a vacuum for the thermal conductivity experiments using a guarded hot plate apparatus.

After all pieces of the stack were assembled, a compression
plate was lowered onto it and 10-20 kg of force was applied
using a spring mechanism. The entire stack was placed under
a bell jar and a vacuum was applied. A Varian SD 300 vacuum
pump was first used to remove the moisture (15-20 min), and
then a Varian Turbo-V200 vacuum pump was used to achieve
a vacuum on the order of 107 torr. The vacuum reduced con-
vection away from the stack and across the gap between the
main and guard heaters to a negligible level.

Limiting radiation of energy away from the stack was also
important. The two critical areas where radiation was limited
were 1) away from the main heater and 2) away from the
composite laminates. The concentric guard heater balanced ra-
diation from the main heater, and silicone insulation was
placed around the edges of the composite laminates. Finally,
a grease (G-9030 silicone high vacuum grease, McGhan Nusil
Corp.) was applied in a thin layer to both faces of all tested
laminates. In the vacuum, this grease was necessary to promote
contact between the laminates and the aluminum plates, but it
was also found to be a source of thermal resistance between
the stack’s plates and the composite laminates. This contact
resistance was measured and accounted for as a resistance in
series with the composite laminate. Using materials in series:

tcomp + t _ tcomp t

= + =
Kom K 'K W

The factor K./t. was measured to be 7280 *+ 300 W/m>°C
and will be referred to as the thermal contact conductance H,
of the experimental setup. The thermal contact conductance
was measured over a range of temperatures (60-175°C) and
contact forces. This temperature range is typical for cure cycles
used to cure thermosetting composite materials. One value for
H, was proven to be statistically significant over this range of
test temperatures and was used to calculate all actual thermal
conductivities presented in this article as experimental data.

The experimental uncertainty for the thermal conductivity
measurements was calculated to be +4.3%; the experimental
uncertainty is represented in each of the article’s figures by
error bars, which are shown as £4.3% of each data point pre-
sented. Six physical properties were measured to calculate
each experimental thermal conductivity data point presented in
this article. The voltage across the stack’s heater and the cur-
rent flowing to the heater were measured; the error in these
measurements was considered to be insignificant. The area of
the main heater plate was estimated to be known within
+0.6%, and the thickness of each composite laminate within
*1%. The uncertainty of the measured temperature difference
across the stack was estimated to be +1.2%. Finally, the con-
tact conductance between the laminates and the stack was mea-

sured over a range of temperatures, 60—175°C, and contact
forces; the uncertainty of the contact conductance was mea-
sured to be *4.1%. The total experimental uncertainty was
calculated, based upon the six individual experimental uncer-
tainties, to be =4.3%. A more detailed discussion on the ex-
perimental uncertainty for this research can be found else-
where.’

Through-Thickness Transverse
Thermal Conductivity

Through-Thickness Transverse Conductivity vs the Resin Degree
of Cure

The effect resin energy generation has on the measured ther-
mal conductivity of an uncured or partially cured thermosetting
composite is of interest for experiments conducted when the
resin is not fully cured. The idea is to determine the thermal
conductivity of a laminate with ongoing endothermic or exo-
thermic reactions when the resin energy generation rate is
known from neat resin cure kinetics equations.

In a previous paper® it was shown that the resin energy gen-
eration term is given by

. da
9= Peomy H, @

where H, was measured to be 156 = 4 J/g for AS4/3501-6,
and da/dt is the reaction rate of the resin. It was also shown
that the effective thermal conductivity of a thermosetting com-
posite with ongoing resin chemical reactions is

dx qg*t
== + =
Keff dT (qln 2 ) (3)

Other researchers’ have measured that the thermal conduc-
tivity of a thermosetting composite may vary significantly with
changing resin degree of cure; however, these researchers did
not account for the resin energy generation term. In this work,
each laminate was first cured to a known resin degree of cure
using the methods previously described. The laminate’s degree
of cure was verified using a differential scanning calorimeter
(DSC)" before its thermal conductivity was measured using
the guarded hot plate. Small samples were then taken from
each laminate before they were tested in the guarded hot plate.
After curing of each laminate occurred during the actual ther-
mal conductivity measurement, its sample was put through the
same temperature cycle as that for the guarded hot plate ex-
periment. The resin energy generation and degree of cure for
each sample was measured again using the DSC. This was
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Fig. 3 Through-thickness transverse thermal conductivity ex-
perimental data of unidirectional AS4/3501-6 graphite/epoxy lam-
inates cured to various degrees of cure.

used as the resin degree of cure for each thermal conductivity
measurement.

Figure 3 shows the experimentally measured through-thick-
ness transverse thermal conductivity of the T® laminates cured
to various resin degrees of cure. Notice that when the resin
energy generation is accounted for within the laminate, the
effective conductivity is constant with increasing resin degree
of cure through a = 0.96. There, however, is a 13% increase
in the laminate thermal conductivity at « = 0.98.

The thermal conductivity of 3501-6 neat resin slabs, cured
to various degrees of cure, was measured. It was found that a
small increase in conductivity (=2% occurs for 0.80 < a =
0.96 and another 2% for 0.96 = a = 0.98. The resin density
was also measured to increase 3.1% from 1.26 to 1.30 g/cm’,
with no measured change in void content, for 0.96 = a <
0.98. 1t is therefore likely that the increase in thermal conduc-
tivity of a laminate for 0.96 =< a =< 0.98 is because of a small
increase in resin conductivity, as well as an increase because
of resin shrinkage upon final cure, which effectively increases
the fiber volume fraction of the laminate, and its through-thick-
ness transverse thermal conductivity.

Through-Thickness Transverse Conductivity vs the Ply
Lay-Up Angle

Previous researchers''> have stated that the thermal con-
ductivity of an advanced composite is a transversely isotropic
property of the material. This suggests that the through-thick-
ness transverse thermal conductivity of a laminate should not
vary with its constituent ply’s lay-up angles. That is, a unidi-
rectional laminate should have the same through-thickness
transverse conductivity as a laminate with multiangled plies.
Others," however, have found that the through-thickness trans-
verse thermal conductivity of multiangled laminates is less
than that of unidirectional laminates of the same fiber volume
fraction. ,

In a previous paper,® the transversely anisotropic behavior
of multiangled laminates was modeled using a variation of
Rayleigh’s' model for cylinders arranged in rectangular order.
When the statistically averaged resin rectangle around a typical
fiber within a laminate has a moderate aspect ratio (width/
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Fig. 4 Equation (4) vs the through-thickness transverse thermal
conductivity experimental data.

height not much greater than 1.0), the approximate through-
thickness conductivity Kj; for a laminate may be calculated

- e @)
K, v+ p — @p'vahSy — (Tp°Iv'a)Ss ...
where
v = [(KJ/Kp + 1K /Ky — 1] (&)
p = Vi(e/) ©

Here, & is the dimension of the average resin rectangle around
a typical fiber parallel to the direction of conductivity mea-
surement (height) and & the dimension perpendicular to the
measurement direction (width):

S, = 3.151 Sy = 4.256 )

Figure 4 shows the experimentally measured through-thick-
ness transverse conductivity of T* laminates with various ply
lay-up angles. It is seen that the through-thickness transverse
thermal conductivity of a (%£30,/0,);, laminate is approxi-
mately 8.7% greater than that of a unidirectional laminate
[(O)16], and that the [+45],, laminate has a measured conduc-
tivity of about 13.5% greater than the unidirectional case. At
the same fiber volume fraction and temperature, an explanation
for this phenomenon is that the fibers of the multiangled lam-
inates have settled closer together during cure (in the measured
through-thickness direction) than the fibers of a unidirectional
laminate. This was found to be the case using photomicro-
graphs of the laminate’s cross sections. The average resin rec-
tangle around a fiber in the unidirectional case was measured
to have a side aspect ratio of &/8 = 1.02. The ratio for the
[£30,/0,];; laminate was measured to be &/ = 1.06 and the
ratio of the [+45],, laminate was &/8 = 1.10.

The analytical model of Eq. (4) is plotted with the experi-
mental data in Fig. 4. Figure 4 shows that, based on the typical
resin element aspect ratio, the model predicts the increase in
conductivity for muitiangled laminates as compared to a uni-
directional laminate very well. This model is valid only for
aspect ratios near £/8 = 1.0, and has not been experimentally
validated for aspect ratios greater than /8 = 1.10.
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Fig. 5 Equation (10) (SCS model) plotted vs the through-thick-
ness transverse thermal conductivity experimental data of unidi-
rectional laminates.

Through-Thickness Transverse Conductivity vs the Fiber
Volume Fraction

The through-thickness transverse thermal conductivity of a
unidirectional composite material is also a function of its fiber
volume fraction (the fibers have a higher conductivity than the
resin). Many models'*™"* have been proposed to describe this
property, but most make assumptions about fiber packing ge-
ometry that preclude their use when this geometry is unknown
or random. A model using a self-consistent scheme (SCS) has
been derived for the effective through-thickness thermal con-
ductivity of a laminate with fibers packed in resin.” The deri-
vation of this model is similar to that derived for spherical
particulates™ in a resin matrix. The model is said to account
for fiber—fiber interaction, the percolation effect,”’~** and
makes no assumptions about fiber packing geometry.

The fundamental assumption of the SCS method is that a
typical element of the heterogeneous materials can be thought
of as being embedded in an effective homogeneous material
that has volume-averaged properties of the two constituent ma-
terials. The effective property (i.e., the averaged macroscopic
conductivity) is calculated using a far-field boundary condi-
tion, boundary conditions at the typical element/effective ma-
terial boundary condition, and field equations defined for each
region.

When the only laminate information known are the fiber and
resin volume fractions and that the laminate has unidirectional
fibers, an upper and lower bound can be derived, as well as a
family of intermediate curves for the through-thickness trans-
verse conductivity of the laminate. The best possible lower
bound is

§_§= [1 + (K/K)] + ViIK/K) — 1] ®)
K, [1 + (K/K)] — V(K /KD — 1]

and the best possible upper bound is
_Ig_g;._ [1 + (K,/K)] + V(K /K) — 1] ©)
K, 1 + (K/KD] — VIK/K) — 1]

The intermediate equation chosen for this article is

5712
%=§{m+(1—v)+v[vfz—w+(”—+#] }

Y
(10)

where vy is defined as
y=@v—2 (1

and v = K,/K,.

Once again, the bounds have been shown to be the best
possible when only the material conductivities and their re-
spective volume fractions have been specified.” Equation (10)
represents a model where the typical fiber was considered to
be directly embedded in the effective material, and it predicts
values that are always between the two prescribed boundaries.

Figure 5 shows the experimentally measured through-thick-
ness transverse thermal conductivity of unidirectional T? lam-
inates plotted vs the model of Eq. (10). Figure 5 shows that
the model predicts the experimental data within the experi-
mental uncertainty of the test at 145°C. Experimental tests
were also conducted at 95 and 175°C with similar results,” but
are not shown here. It is also seen that the model predicts a
graphite fiber transverse thermal conductivity of 1.60 W/m°C
at 145°C. The fiber thermal conductivity is an extrapolation of
the experimental data using the SCS model to generate a best-
curve fit of the other four data points. Similar measurements
and extrapolations at 95 and 175°C predict a graphite fiber
transverse thermal conductivity of 1.55 and 1.65 W/m°C,
respectively.

In-Plane Thermal Conductivity

Longitudinal Thermal Conductivity vs the Fiber
Volume Fraction

In the ply longitudinal direction (the 1 direction of Fig. 1)
the continuous graphite fibers are idealized to be in parallel
combination with the resin for a unidirectional laminate. Be-
cause of this, a simple rule of mixtures is used to describe the
longitudinal thermal conductivity K;; of the laminate:

Kll = KfV[ + KrVr (12)

Figure 6 shows the experimentally measured longitudinal ther-
mal conductivities of unidirectional IP laminates plotted vs the
Eq. (12) model. It is seen that the model represents the ex-
perimental data very well and that the extrapolated longitudinal
thermal conductivity of the AS4 graphite fibers is 11.3 W/m°C
at 145°C. Similar measurements and extrapolations at 95 and
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Fig. 6 Equation (12) vs the in-plane longitudinal thermal con-
ductivity experimental data of unidirectional laminates.
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175°C predict a graphite fiber longitudinal thermal conductiv-
ity of 10.0 and 11.9 W/m°C, respectively.”

In-Plane Thermal Conductivity with Plies Rotated at One Angle

Once the laminate principal conductivities (K;; and Kj;)
have been measured, it is necessary to have a method enabling
the in-plane rotation of these principal conductivities into an-
other axis system. A second-order tensor transformation of the
principal conductivities has generally been suggested for this
purpose.'** Bogetti and Gillespie® used the mathematics of
this transformation in their two-dimensional heat transfer
model. However, this transformation has not been experimen-
tally validated for a fiber-reinforced composite. Grove et al.*®
describe an experimental setup using a guarded hot plate with
a long rod configuration, detail the manufacture of their spec-
imens, but do not present their experimental results.

Harris et al.”” and Pilling et al.”® used a version of the
guarded hot plate to experimentally study this transformation
rule. The difference between their experimental and theoretical
results is clearly greater than the experimental error for their
tests. A possible reason for their discrepancies is the contact
conductance (as previously described) between the composite
specimen and their test apparatus. Havis et al.” also study the
transformation rule, but their experimental data do not always
match the mathematics of the transformation, even within a
90% confidence range. These researchers experienced edge ef-
fect difficulties in their experiments. A paper published by
Hasselman et al.*® demonstrates that the test specimen’s ge-
ometry greatly effects the in-plane thermal conductivity ex-
perimental results for a laminate with plies rotated away from
the direction of conductivity measurement.

As described earlier, an experimental setup was designed to
minimize laminate edge-effects during the thermal measure-
ments, as well as to account for any effect that specimen ge-
ometry or specimen contact conductance might have on the
measurements. The experimental setup included silicone in-
sulation surrounding the laminates, and the IP laminate mea-
surements were taken using relatively thin laminates (5.1 mm
thick), to minimize energy loss at the laminates’ edges. The
contact resistance H, between the laminates and the experi-
mental setup was also measured.

Accounting for the contact resistance is important when
measuring the lower thermal conductivities transverse to the
fibers because discrepancies of 3—4% were found between ac-
tual and measured conductivities. It becomes absolutely nec-
essary when measuring the higher thermal conductivities par-
allel to the direction of the fibers, where discrepancies of 25—
30% were found between actual and measured conductivities.
Accounting for contact resistance is also necessary when com-
paring through-thickness transverse and longitudinal principal
conductivities to measurements of laminates with plies rotated
between these two principal directions.

A second-order tensor transformation is used to rotate the
principal thermal conductivities into another in-plane axes sys-
tem.'* . The conductivity measured in the x direction (see Fig.
1b) is defined as

K¢ = K, cos’8 + K, sin’8 (13)

Figure 7 shows the experimentally measured conductivity
values for IP laminates with plies rotated 30 and 45 deg in-
plane to the direction of conductivity measurement compared
to the analytical values calculated using Eq. (13). Values from
Fig. 5 (V, = 0.57) were used for Ky, and values from Fig. 6
(V; = 0.57) were used for K, in the calculations of Eq. (13).
Figure 7 shows that Eq. (13) predicts the experimental mea-
surements of K., within the experimental uncertainty through-
out the temperature range of 95-175°C.

In Figure 8, the experimental results are also plotted vs the
angle of ply rotation 6 and compared to Eq. (13) at 145°C
using IP laminates with a V; = 0.57. In this figure, the O-deg
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Fig. 7 Equation (13) vs the in-plane thermal conductivity ex-
perimental data of unidirectional laminates with plies rotated
away from the direction of conductivity measurement.

7

B Experimental
— Equation 13

(LR N S S B B S S s B S S B B B SEN S S i S s o e S L

1 a=0.98

- Temp=145°C

F o Vp=0.57
O— PR EPU R R B B
0 15 30 45 60 75 90

Angle of Rotation (degrees)

Fig. 8 Equation (13) vs the in-plane thermal conductivity ex-
perimental data of unidirectional laminates with rotated plies at
angles from 0 to 90 deg.

data point is the experimentally measured longitudinal con-
ductivity of Fig. 6, and the 90-deg data point is that of the
experimentally measured through-thickness transverse conduc-
tivity of Fig. 5. The other data points were measured using IP
laminates with in-plane rotation angles of 30, 45, 60, and 75
deg to the direction of conductivity measurement. These re-
sults validate the experimental setup and it is concluded that
the second-order tensor rotation has been experimentally veri-
fied for the thermal conductivity of these laminates.
Laminates with *6 combinations of plies were also exper-
imentally measured. The second-order tensor transformation of
Eq. (13) predicts that the conductivity of a laminate composed
of +0 plies will be the same as one composed of *8 plies.
However, Fig. 9 shows that the conductivity of the +6 IP
laminate is generally a few percent higher than that of the
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Fig. 9 Comparison of the in-plane thermal conductivity experi-
mental data for laminates with +6 and =0 plies.

corresponding * 6 IP laminate. It has not been determined if
this discrepancy is of a theoretical or experimental nature.

In-Plane Thermal Conductivity with Plies Rotated
at Multiple Angles

A parallel-combination of the individual-ply second-order
tensor transformations can be used when the in-plane conduc-
tivity of laminates with various ply angles of rotation is mea-
sured. The macrothermal behavior of the laminate is desired
in steady state, and the classical laminated plate theory
(CLPT), which is used to model the macromechanical behavior
of laminates, provides an analogous derivation. The macro-
mechanical behavior of a laminate using the CLPT is given
by Jones.” Ghasemi Nejhad et al.® have also used this ap-
proach to model the thermal properties of thermoplastic matrix
composites. '

For the given problem, the heat flux per unit area is in the
x and y directions (g, g,), with x being in the direction of
conductivity measurement and y being perpendicular to it (see
Fig. 1b). As used throughout this article, the x and y directions
are defined as being in-plane, and the z direction is defined as
being out-of-plane. An applied temperature gradient exists
only in the x direction. The total heat flux is given by

12
Qx = Wf qx dz
-2
(14)

72
Q,=Lf q, dz

-2

For a laminated plate, Eq. (14) becomes the sum of the inte-
grals across each of the plies

N 2
Qx =W 2 qx dz
k=1 Jz
(15)

2

N
Qy'_‘LE gy dz
=1

Zk-1

where z; is the top and z,_, is the bottom of each individual

ply as one moves away from the laminate centerline (z = 0).
With an applied temperature gradient 7', in the x direction only

qx = _Kf:tT,x
, a6
g = —KyT,
Then
N 2k
Q.= -W Kztkf T, dz
k=1 %1
. W an
0,=-L, KfykJ’ T, dz
k=1 Zg-1
and because T, does not vary in the z direction:
N
Q.= —W*T, [E Koz — zk_o]
k=1
(18)

Q,= ~L*T, [E K% G — zk_l)]

Normalizing with respect to specimen thickness ¢, we can de-
fine the bracketed expressions as

N
1
Ka== D Kot
L=
L (19)
Ko== D Kot
=

where #, = (z; — z%-,) is the thickness of each ply within the
laminate and ¢ is the total thickness of the laminate in the z
direction. As calculated using Eq. (19), K, is the in-plane con-
ductivity measured in the x direction (see Fig. 1b) and Eq. (13)
is used to calculate each ply’s conductivity K2,.

Figure 10 shows the experimental results plotted vs the cal-
culated values for a [£30,/0,];, and a [£60,/0,];, laminate.
For the [£30,/0,];, laminate, a combination of +30 deg (Fig.

7
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r ) [+305/0,)55
65 Equation 19
r L 4 Experimental}
[ —— Equation 19 (460205
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Fig. 10 Equation (19) vs the in-plane thermal conductivity ex-
perimental data of laminates with various different angles of
rotation.
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Table 1 Extrapolated values for the transverse and
longitudinal thermal conductivity of AS4 fibers as well as the
measured thermal conductivity of 3501-6 neat resin (« = 0.98)

K, W/m°C 95°C 145°C 175°C
AS4 fiber-longitudinal 10.0 113 11.9
AS4 fiber-transverse 1.55 1.60 1.65
3501-6 resin 0.255 0.270 0.283

9) and 0 deg (Fig. 6) longitudinal plies were used to calculate
the analytical K,, values of Eq. (19). Similar calculations were
completed for the [:60,/0,];, laminate. The analytical model
of Eq. (19) is seen to predict the experimental values within
the experimental uncertainty throughout the temperature range
of 95-175°C.

Constituent Materials’ Thermal Conductivity

Table 1 shows the experimentally measured thermal con-
ductivity of fully cured (a = 0.98) 3501-6 neat resin. The
analytically extrapolated values for the transverse thermal con-
ductivity of AS4 fibers [based on the SCS method, Eq. (10),
Fig. 5], and the longitudinal thermal conductivity of AS4 fibers
[based on the rule of mixtures method, Eq. (12), Fig. 6] are
also shown. The analytically extrapolated thermal conductivity
values for the AS4 fibers are important because it is very dif-
ficult to directly measure the thermal conductivity of the
graphite fibers.

Conclusions

The thermal conductivity of a thermosetting advanced com-
posite material during its cure was experimentally investigated
and compared to analytical models. Techniques for manufac-
turing composite laminates with various resin degrees of cure,
as well as through-thickness transverse and in-plane properties
such as fiber volume fraction and different ply lay-up angles,
were described. A guarded hot plate experimental apparatus
and setup necessary for accurate through-thickness transverse
and in-plane thermal conductivity measurements were also
described.

The through-thickness transverse thermal conductivity of
composite laminates was experimentally measured at various
resin degrees of cure and fiber volume fractions while using
different ply lay-up angles. Equations that include the resin
energy generation within the composite, enabling the calcula-
tion of the laminate thermal conductivity during resin cure,
were presented. Equations that account for variances in fiber
proximity were presented and a self-consistent scheme was
used to accurately model the composite through-thickness
transverse thermal conductivity of a laminate vs its fiber vol-
ume fraction.

The in-plane thermal conductivity was measured using uni-
directional laminates, as well as laminates with various ply lay-
up angles. A rule of mixtures equation that models the longi-
tudinal thermal conductivity with respect to the laminate fiber
volume fraction, as well as a second-order tensor transforma-
tion that rotates the principal conductivities into another in-
plane axes system, were presented. Techniques from the clas-
sical laminated plate theory were adapted to derive equations
that describe the in-plane thermal conductivity of laminates
with plies rotated at multiple angles. All of these analytical
models were shown to represent the measured data within the
calculated experimental uncertainty.
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