
Composites: Part A 46 (2013) 60–68
Contents lists available at SciVerse ScienceDirect

Composites: Part A

journal homepage: www.elsevier .com/locate /composi tesa
Experimental determination and modeling of thermal conductivity tensor of
carbon/epoxy composite

Maxime Villière, Damien Lecointe, Vincent Sobotka ⇑, Nicolas Boyard, Didier Delaunay
Université de Nantes, CNRS, Laboratoire de Thermocinétique de Nantes, UMR 6607, La Chantrerie, rue Christian Pauc, BP 50609, 44306 Nantes cedex 3, France

a r t i c l e i n f o a b s t r a c t
Article history:
Received 28 April 2012
Received in revised form 13 September 2012
Accepted 6 October 2012
Available online 2 November 2012

Keywords:
A. Polymer-matrix composites (PMCs)
B. Thermal properties
C. Computational modeling
D. Thermal analysis
1359-835X/$ - see front matter � 2012 Elsevier Ltd.
http://dx.doi.org/10.1016/j.compositesa.2012.10.012

⇑ Corresponding author. Tel.: +33 (0) 240683119; f
E-mail address: vincent.sobotka@univ-nantes.fr (V
The modeling of thermal behavior of composite parts during their forming requires an accurate knowl-
edge of their thermo-physical properties. Because of the heterogeneous nature of composites, the thermal
conductivity tensor appears to be the most tricky to determine experimentally but also to model. A wide
range of experimental methods can be found in the literature in order to measure either in-plane or
transverse conductivity of composite parts, but very few succeed in performing it on dry preform or
uncured laminates. In this study, the effective thermal conductivity tensor of carbon/epoxy laminates
is investigated experimentally in the three states of a typical LCM-process: dry-reinforcement, raw and
cured composite. Samples are made of twill-weave carbon fabric impregnated with epoxy resin. The
transverse thermal conductivity is determined using a classical estimation algorithm, whereas a special
testing apparatus is designed to estimate in-plane conductivity for different temperatures and different
states of the composite. Experimental results are then compared to modified Charles & Wilson and Max-
well models. The fiber crimping of a ply is also taken into account in modeling. The comparison shows
clearly that these models can be used to predict the effective thermal conductivities of woven-reinforced
composites provided that the material properties are well known.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Composite materials are generally distinguished by their out-
standing ‘strength to weight’ ratio, good fatigue resistance, dimen-
sional stability and mechanical properties. They are widely used in
many applications which require high performance, such as aero-
space and aeronautics industries, and more automotive industry.
The knowledge of thermophysical properties is essential to control
processing cycles. Indeed thermal history during processing im-
pacts strongly the composite part quality. As a consequence, the
lack of reliable data for these properties may hamper their wide
utilization. Carbon-fiber reinforced polymers (CFRPs) generally
show a highly anisotropic thermal behavior owing to the high ther-
mal conductivity of carbon fibers compared to the one of the resin.
Fiber orientation governs indeed the thermal conductivity tensor
of composites. By considering the principal directions of the com-
posite, this tensor is diagonal [1] and written as

k ¼
kx 0 0
0 ky 0
0 0 kz
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Each component can depend on temperature. In addition, the
conductivity depends on the state of the composite: dry preform
before injection, liquid composite after impregnation, and cured
composite after crosslinking. Thus nine values of conductivity that
can depend on temperature must be determined. We only present
here methods used to characterize anisotropic polymer matrix
composite materials and at relatively low temperature (<250 �C).
Many measurement devices and methods have been developed
to characterize the components of thermal conductivity tensor.
Basically, they consist in thermally exciting a sample (with heater,
heat flux pulse, laser, etc.) and measuring its thermal response
(with thermocouples, IR camera, heat flux sensor, etc.) so as to esti-
mate its heat transport properties. Degiovanni [2] realized a com-
plete review of the main measurement methods. Experimental
methods can be divided into two categories: thermal steady-state
methods and transient ones. Among the first category, the most
well-known and standardized method [3] is the guarded hot plate.
The main drawback of this method lies in the fact that it only
permits to estimate a unique parameter, most of the time the
transverse conductivity (kzz). However it is possible to measure in-
plane thermal conductivities, but only for the cured composite by
machining and re-shaping the sample so as to make the heat flux
cross along the desired direction. Transient methodologies can be
then more efficient. In-plane components can be determined by a
method called ‘‘hot wire method’’. It consists in radially dissipating
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a known heat flux through a resistant wire of low section located
between two homogeneous and identical materials and to measure
the thermal response by micro-thermocouples located in the sam-
ple. Standard test methods based on this principle have been
developed to measure thermal conductivity of some materials
[4–7]. Transient Plane Source methods (TPSs) derived from works
realized by Gustafsson [8,9]. This method enables to simulta-
neously estimate the thermal conductivity and diffusivity of homo-
geneous and isotropic solids based on a flat probe inserted
between two identical pieces of the sample (double-sided configu-
ration), or applied on only one side. Developments were initiated
so as to estimate the in-plane kxx = kyy and the transverse kzz ther-
mal properties of orthotropic materials [10]. Thomas’s method [11]
derives from Gustafsson’s one. It aims to simultaneously assess the
components of thermal conductivity tensor and the specific heat of
anisotropic composite materials without any assumption on prin-
cipal directions. The parameters estimation is performed by an in-
verse method.

Flash method is also widely used to estimate the diffusivity of
homogeneous and isotropic materials. It was extended to compos-
ite materials. This method is built upon the analysis of the back
face temperature rise of a wall whose front face is submitted to
an energy pulse of short time compared to the observed phenom-
enon. Initially proposed by Donaldson and Taylor [12] to estimate
both radial and transverse diffusivity, many extensions [13–18]
were developed and the whole thermal diffusivity tensor can be
characterized. Measurement of the in-plane thermal gradients
can be performed with thermocouples or IR-camera [19,20]. The
flash method is well suited for cured composites if the matrix is
not semi-transparent. Base on A�ngström’s method [21], periodic
methods consist in heating periodically a sample. The temperature
along the sample varies with the same period, but with an ampli-
tude that decays exponentially. This principle was used to measure
thermal properties of fibers contained in composite materials
[22,23]. This method is efficient at small scale but has some limita-
tion for larger scales as the ones encountered in CFRP.

The main measurement methods of effective thermal conduc-
tivities have been presented. Among all of these methods, very
few manage to measure thermal conductivity on dry or liquid com-
posite samples. An accurate determination of this property is diffi-
cult because in both cases, samples are not solid, and sealing issues
have to be managed.

In this paper, we propose to determine the thermal conductivity
tensor of a carbon-epoxy composite in the three states of a typical
RTM process: dry-preform, uncured composite, and cured compos-
ite. A classical protocol is used for the transverse conductivity mea-
surement and an original bench is developed for the in-plane
conductivities. The principle of the second one consists in applying
to a non-impregnated composite plate, initially at thermal steady-
state, a temperature step in the plane of fibers and to record its
evolution over its length. In-plane thermal conductivity is deter-
mined from the temperature evolution. Resin is then injected into
the preform. The same protocol is followed to determine the con-
ductivity of uncured composite. The composite is then cured. After
the crosslinking a last measure is performed to determine the con-
ductivity of the cured composite. The second step of this work con-
sists in modeling the conductivity tensor. In the literature, plenty
of models can be found to predict either longitudinal or transverse
conductivities of composites for which the filler can be composed
of fibers [24–30,32,33] or particles [31,32]. However, they provide
different results, especially for transverse conductivity and high fi-
ber volume fractions. Regarding longitudinal conductivity, many
authors agree [26,29,31,32] that the parallel model, also called
‘‘rule of mixture’’ is the most suitable (Eq. (2)). Thus, the effective
thermal conductivity of a unidirectional reinforced composite in
a direction parallel to the fiber may be expressed by the equation
k00e ¼ ð1�UÞkr þUk00f ð2Þ

where U and kr denote the fiber volume fraction and the thermal
conductivity of the resin, which is assumed to be isotropic, while
k00f stands for the corresponding property of the carbon fibers, paral-
lel to their longitudinal axis. This expression is employed in this
study in the modeling of a single ply. In a second step, the different
orientations of fibers in the stacking sequence are considered to ob-
tain in-plane laminate thermal conductivities. Models predicting
transverse conductivity depend mainly on the geometrical configu-
ration of the considered reinforcement. In this study we consider
the models of Charles & Wilson [24] and Maxwell [32], which are
representative of UD reinforcements. A crimp angle [36] has been
then introduced in these models to take into account the undulation
phenomenon of the studied woven fabric.

2. Material

The materials considered in this study are representative of
those used in the aeronautics industry. The reinforcement is a
non-powdered 2 � 2 twill-weave carbon fiber fabric (G986 refer-
ence) provided by Brochier. This fabric is made of T300-type car-
bon fibers. These specific standard modulus carbon fibers are
considered as baseline carbon fiber and are used in aerospace
applications. The thermal conductivity of carbon fibers is strongly
dependent on the producing process and on the precursor. Mea-
surement of this parameter being very tricky, we computed the
thermal conductivity from several papers [26,29,34,35,37] consid-
ering only T-300 type carbon fibers which are all obtained from
polyacrylonitrile precursors. For this specific fiber, literature gives
a scattering of ±10% on longitudinal thermal conductivity. The
anisotropy of carbon fiber is taken into account considering longi-
tudinal, k00f , and transverse conductivity, k?f , of the fiber.

The matrix is an epoxy resin of the Hexcel Company (Ref. RTM6)
whose thermal conductivities in liquid and solid states have been
considered independent of temperature. DSC measurements were
conducted to determine the specific heat of the reinforcement
and of the resin in both states. All these properties are gathered
in Table 1.

3. Transverse thermal conductivity measurement

A transient methodology is used. It allows the identification of
the transverse thermal conductivity as a function of temperature
of dry preform, uncured and cured composites [38]. It consists in
identifying thermal conductivity from temperature measurements
done at several locations through the thickness of a sample, which
is placed between two heating platens, assuming 1D heat transfers.
The platens are made of high conductivity beryllium-bronze alloy
in order to have a homogenous surface temperature. Carbon plies
are surrounded by an insulating guard which limits the lateral heat
losses, and prevents the liquid resin leak under pressure. Wedges
are positioned to control the thickness and hence the volume frac-
tion of fiber in the case of measurements on dry preform. 80 lm-
diameter K-type thermocouples are disposed on lateral faces and
inside the sample. Their exact positions are measured afterwards,
using a binocular microscope, by cutting out the sample. Temper-
ature recordings during a typical cycle are shown in Fig. 1 for the
three thermocouples in the thickness of the sample. A least-square
criterion based on the difference between experimental and com-
puted temperatures is minimized using the conjugate gradient
algorithm. Numerical temperatures are computed by solving a
1D heat conduction problem, the upper and lower thermocouples
acting as Dirichlet boundary conditions. The gradient of the crite-
rion is determined by considering a set of adjoint equations [38].
Note that prior knowledge of specific heat and density of the



Table 1
Thermophysical properties of the resin and of the reinforcement (for the specific heat, T is given in �C).

Material Density (kg m�3) Specific heat (J kg�1 K�1) Thermal conductivity (W m�1 K�1)

Carbon fiber 1770 577.4 + 6.85165T�0.018078T2 Longitudinal: 8.8 radial: 2.0
RTM6 uncured 1117 1208.15 + 15.1969T�0.049976T2 0.10
RTM6 cured 1141 816.29 + 13.35109T�0.036553T2 0.22

Fig. 1. Temperature rise for an uncured composite sample.
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material is required for this method. Values used are those given in
Table 1.The measurements were carried out for different fiber vol-
ume fractions U, and for balanced laminate [0�/45�]n/2. Five fiber
volume fractions have been tested in the case of the dry-preform,
and two for uncured and cured laminates, these experiments being
a little more delicate to conduct. Fig. 2 shows identified transverse
conductivities for the dry-preforms, uncured and cured compos-
ites. One can notice a logical increase of the conductivity following
the increase of U. Furthermore, the increase between uncured and
cured composites is about 25%, to reach 0.755 W m�1 K�1 for a fi-
ber content of 55.3%. Results show negligible influence of temper-
ature on transverse thermal conductivities. This confirms the
assumption of a constant value for the resin. Moreover, the tem-
perature dependence of the thermal conductivity of T300 fibers
was investigated by Yamane et al. [40] between 300 and 800 K,
and their results showed a very low temperature dependence of
the conductivity of fibers.
Fig. 2. Comparison between calculated and measured transverse conductivities for
all states of composite and for different fiber contents.
Thus, in the following they are considered independent of
temperature.
4. In-plane thermal conductivity measurement

Although the measure in the transverse direction is carried out
conventionally, it is much trickier in the planar direction, heat
transfer being more difficult to control in this direction. Therefore,
a special apparatus has been designed for this application.

4.1. Experimental set-up

The experimental device is a small RTM mold made of Teflon�

(PTFE). It is composed of two symmetrical parts and allows the
molding of 60 � 70 mm2 rectangular plates and of 10 mm thick.
One half of this mold is depicted in Fig. 3 and a cross-section view
in Fig. 4. In each part of this mold, a piece of copper is inserted as
displayed in Fig. 4. This insert is in direct contact with the edge of
the molded composite part. This mold is placed between the same
heating platens described in the preceding subsection. These ones
allow temperature control to the prescribed initial temperature
and also to apply the required closing pressure. In addition, an alu-
minum sheet of 1 mm thick covers all external surfaces of the
mold. This sheet acts as a thermal guard by making uniform the
temperature field on the faces of the mold. In order to reduce heat
losses between the lateral faces of the mold and the ambient air,
the mold is surrounded by several centimeters of insulating mate-
rial. The goal of this mold is to achieve a temperature step in the
copper insert, so as to transfer heat in the plane of the composite.
This step is obtained by suddenly circulating a coolant fluid (oil in
this study) inside a channel located in this insert, at a different
temperature than the one of the mold. A thermal control unit, with
0.05 K accuracy, controls the oil temperature. Since the mold is
made of Teflon�, it is thermally more insulating than the carbon fi-
ber and the composite. Therefore, during the step, heat transfer oc-
curs mainly between the copper and the composite part. Due to the
configuration of the insert (Fig. 4), the step is applied on a small
surface of the composite edge allowing to obtain quickly and on
a short distance a quasi uniform temperature through the thick-
ness of the part. Thus, heat will diffuse preferentially in the plane
of fibers.
Copper

z
y

x

Aluminum frame

Vent

Oil circuit

Sealing joint 
Teflon

Injection point

Fig. 3. Schematic of the mold.



Fig. 4. Cross-section of the instrumented mold placed between the heating platens of the press.
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The sample to characterize consists of two identical 5 mm thick
preforms. K-type thermocouples of 80 lm are disposed in the
direction of propagation of the thermal step (x-axis in Fig. 4), at
half-thickness of the preform and at equal distance from lateral
sides. They are placed such as their wires are along the isotherms.
The temperature of the copper insert is measured by a thermocou-
ple TC0 fixed under it (Fig. 4). When the setting up of thermocou-
ples is completed, the mold is placed between the heating
platens of the press. A vacuum pump connected to the vent allows
the injection of resin. A pressure regulator connected to the com-
pressed air system ensures a low packing pressure after the end
of the filling of the part. The temperatures are recorded using Agi-
lent HP34970A acquisition system.

4.2. Heat transfer modeling

We assume that heat transfers occur mainly in the cross-section
of the mold. A 2D conduction model is then used, for computation
time reason, in the domain shown in Fig. 5. A 3D model of the mold
was first used to confirm the time during which this assumption
remains acceptable. A comparison between the temperature evolu-
tions computed with 2D and 3D models shows that 3D effects can-
not be neglected after 700 s. For this reason, the time used for the
identification with the 2D model is limited to 500 s. Heat transfers
are modeled with the following sets of equations.

In the composite part (X1)

ðqCpÞcomTa
t ¼ kxTa

xx þ kzTa
zz inX1; t > 0 ð3aÞ

�kTa
n ¼ ðT

a � TbÞ=Rt on C1; t > 0 ð3bÞ
composite

copper

Teflon

Γ6

Ω2

Ω3

Ω1

Γ7 Γ4 Γ1 Γ2 Γ3 Γ7

Γ8

Γ5

Fig. 5. 2D domain used for the heat transfer computation.
�kTa
n ¼ ðT

a � TbÞ=Rptf com on C2; t > 0 ð3cÞ

�kTa
n ¼ 0on C3; t > 0 ð3dÞ

Ta ¼ Ta
sat inX1; t ¼ 0 ð3eÞ

In the copper insert (X2)

ðqCpÞcopTb
t ¼ kcopDTb inX2; t > 0 ð4aÞ

�kcopTb
n ¼ ðT

b � TaÞ=Rt on C1; t > 0 ð4bÞ

�kcopTb
n ¼ 0on C4; t > 0 ð4cÞ

�kcopTb
n ¼ ðT

b � TcÞ=Rptf cop on C5; t > 0 ð4dÞ

Tb ¼ TC6 on C6; t > 0 ð4eÞ

Tb ¼ Tb
stat inX2; t ¼ 0 ð4fÞ

In the PTFE mold (X3)

ðqCpÞptf T
c
t ¼ kptf DTc in X3; t > 0 ð5aÞ

�kptf Tc
n ¼ ðT

c � TaÞ=Rptf com on C2; t > 0 ð5bÞ

�kptf Tc
n ¼ ðT

c � TbÞ=Rptf cop on C5; t > 0 ð5cÞ

�kptf Tc
n ¼ 0on C7; t > 0 ð5dÞ

Tc ¼ Tplaten on C8; t > 0 ð5eÞ

Tc ¼ Tc
stat on C8; t > 0 ð5fÞ

In this set of equations, Ta stands for temperature field in the com-
posite, Tb in the copper insert, and Tc in the PTFE mold. Thermal
properties of PTFE and copper used in this model are given in Ta-
ble 2. Thermal inertia of the composite (qCp)com is deduced from
values in Table 1, using mixture law. Values used for the transverse
Table 2
Thermophysical properties of the mold.

k (W m�1 K�1) q (kg m�3) Cp (J kg�1 K�1)

PTFE 0.26 2200 1000
Copper 401 8933 385
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thermal conductivity are those estimated in the previous subsection
(Fig. 2). Temperature around the PTFE (C8) is considered equal to
the temperature of the platen, because of the presence of the alumi-
num sheet and the insulating material around the mold. Due to its
high diffusivity the wall temperature of the cooling channel in the
copper insert (C6), is considered equal to the value recorded by
the thermocouple TC0 (Fig. 4). Two thermal contact resistances
are considered between the PFTE mold and respectively the com-
posite part Rptf com on C2 and the copper insert Rptf cop on C5. Sensi-
tivity analysis shows that their values do not affect heat transfer
between the three elements. They are therefore imposed. Two
parameters remain unknown: the composite longitudinal thermal
conductivity (kx) which is the goal of this bench, and the thermal
contact resistance (Rt) between the composite and the copper insert
on (C1) which does not present any interest, but whose variations
are very sensitive on heat transfer. It must be then determined as
well as kx. Note that the fifth thermocouple was not used for the
estimation, owing to a low sensitivity to these parameters. A least
squares criterion J is then defined by

Jðkx;RtÞ ¼
X

n

X5

k¼1

ðeT n
k � Tn

kÞ
2 ð6Þ

where k is the thermocouple number and n is the time step. T is the
computed temperature in transient state and eT the experimental
one. The criterion being convex, the couple (kx, Rt) that minimizes
J can easily be deduced from these variations. A double scanning
on the parameters range [kx, Rt] = [1;4] � [10�4;10�1] allows the
determination of the absolute minimum of J.

4.3. Sensitivity analysis

The sensitivity of the temperature to key parameters is calcu-
lated at the location of the five thermocouples (TC1–TC5). This anal-
ysis aims to highlight the relevance of the bench design for the
estimation of the unknown parameters. It also allows to make sure
that the two estimated parameters are not correlated. The reduced
sensitivity Xp of the variable Z to a parameter p is expressed by

Xp ¼ p
@Z
@p

ð7Þ

The sensitivities of T to the parameters, qCp, kz, kx and Rt have
been calculated. Graphics in Fig. 6 show the sensitivities to this
parameter.

The sensitivities to thermal inertia qCp are the largest. It is
therefore necessary to determine accurately these parameters.
The sensitivity to the transverse conductivity kz is significant only
for the first thermocouple, as expected, since it is located in a do-
main close the copper insert where 2D effects remain. On the con-
trary, the sensitivity to the in-plane thermal conductivity kx (to
identify) is satisfactory for thermocouples 2–5. The thermocouple
N�1 has a low sensitivity to this parameter. Nevertheless, this sen-
sor is essential for the identification of thermal resistance Rt be-
tween the copper and the composite as shown by the curves of
sensitivities to Rt (Fig. 6d).

Moreover, the sensitivity of the in-plane conductivity kx has
been plotted (Fig. 7) as a function of the sensitivity of Rt for each
thermocouple. One can notice that the slopes differ from 1, show-
ing that the two estimated parameters are not correlated.

4.4. Measurements and results

Three fiber volume fractions (/) with balanced lay-ups were
tested. A fourth sample validated the measurements reproducibil-
ity. Results are summed up in Table 3. For the whole set of parts,
lay-up being balanced, conductivities kx and ky are identical. A
measurement cycle allows estimating for each composite part
the in-plane thermal conductivities of the dry preform, the com-
posite at raw and cured states. A complete measurement cycle
can be decomposed in several stages (Fig. 8):

1. Preheating the mold at 130 �C.
2. Measurement on the dry preform: a temperature step is created

by opening the valve that controls oil flow. Oil temperature is
set to 80 �C.

3. Preparing the injection part: homogenization of the mold tem-
perature, preheating and degassing the resin, vacuum the
preform.

4. Injection of the resin in the mold. Application of a 0.5 bar hold-
ing pressure.

5. Homogenization of the mold temperature. This phase should be
short enough (less than 30 min) to avoid the beginning of the
crosslinking of the resin.

6. Measurement on the liquid composite.
7. Curing of the composite part: temperature of the heating plat-

ens is set at 180 �C.
8. Measurement on the cured composite. Data recorded during

this phase are not shown in Fig. 8 because the whole cycle lasts
more than a day. The measurement on the cured composite is
realized in the same way as for the raw state after thermal
steady-state is reached.

Identification procedure leads to a good agreement between
experimental and numerical temperatures. The standard deviation
between temperatures remains low (between 0.2 �C and 0.7 �C) in
comparison with the amplitude of the temperature step (50 �C).
The residuals for the cured part N�2 are shown in Fig. 9. Table 4
sums up the evolution kx versus the fiber volume content. Except
for the value of the sample N�2 (/ = 53.3%) in the cured state, we
observe consistent results. As expected, in-plane thermal conduc-
tivities can be 10 times higher than transverse conductivities.
The values increase from 3.0 W m�1 K�1 for the dry preform (/
= 60%) to 3.7 W m�1 K�1 for the cured part. During the curing, an
increase of only 10% occurs whereas it is of 25% for the transverse
direction and more than 100% for the pure resin. This evolution is
indeed expectable since thermal conductivity in planar direction is
governed by carbon fiber and not by resin. The values of the iden-
tified thermal contact resistances (TCR) are plotted in Fig. 10. They
decrease then strongly after the injection of the resin at the raw
state, revealing a significant improvement of the contact between
the sample and the copper insert. Finally, we observe a logical in-
crease of this value after crosslinking, the contact being affected by
the chemical shrinkage. Thermal contact resistance values for the
raw composite are close to 5e�3 m2 K/W. This large value can de-
rive from several factors. The resistance estimated on C1 actually
includes two edges (Fig. 5). The cutting of the reinforcement being
imperfect, all fibers do not touch the lateral outer edge of the cop-
per insert. As a consequence, the area near the copper insert con-
tains more resin, acting as an additional thermal resistance.
Moreover during the experiments described in this paper, no hold-
ing pressure was imposed after the end of the filling. The molding
cavity remained at atmospheric pressure during the measurement.
5. Modeling of thermal conductivities

The two-step method used in this part was developed by Kulk-
arni and Brady [24]. The first step consists in determining the
transverse and longitudinal thermal conductivities of a single uni-
directional lamina in which the fibers are parallel, as shown in
Fig. 11. In the second step, the different orientations of fibers in
the stacking sequence are considered to obtain the laminate



Fig. 6. Temperature sensitivities to parameters: kz (a), kx (b), qCp (c) and Rt (d).

Fig. 7. Parameters correlation. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 3
Configuration of the samples.

Part N� / (vol%) Plies number (n) Lay-up

1 40.0 24 [0�/45�]12

2 53.3 32 [0�/45�]16

3 60.0 36 [0�/45�]18

Fig. 8. Measurements during a molding cycle.
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thermal conductivity tensor. We provide here a modified model
that adapts to the case of woven reinforcements. The thermal
conductivity parallel to the fiber direction, k1 (Fig. 11) is easily
obtained by the parallel model, or rule of mixtures, by Eq. (1). In
the transverse direction of the lamina (k2 or k3), the conductivity
may be calculated by the Charles & Wilson’s model [24].

k2CW ¼ kr
k?f ð1þUÞ þ krð1�UÞ
k?f ð1�UÞ þ krð1þUÞ

" #
ð8Þ



Fig. 9. Residuals for the cured part N�2. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Identified thermal contact resistances.

λ1

λ 2

λ 3

Fig. 11. Principal thermal conductivities of an individual lamina.
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Based on a potential analogy, Maxwell [32] obtained a quite
similar relationship for the conductivity of randomly distributed
and non-interacting discs in a homogenous matrix.

k2M ¼ kr
k?f þ 2kr þ 2Uðk?f � krÞ
k?f þ 2kr �Uðk?f � krÞ

" #
ð9Þ

In both models, the interactions between fibers are ignored: it is
therefore assumed that there is no contact between them.
Although it fails to predict the correct behavior when U ? Umax,
they are quite simple models that give satisfactory results for uni-
directional laminae.

In order to calculate in-plane thermal conductivities of the
twill-wave carbon (G986) reinforcement, this latter can be broken
down into a sequence of unidirectional laminae (Fig. 12). Thus, a
twill-weave fabric made up of tows at h = 0� and h = 90� will be
split into two unidirectional laminae having as much as fibers in
both directions. We assume that all laminae have identical thick-
ness and fiber fraction. Only the fiber orientation in each ply (i)
varies. Global conductivity tensor (kxi, kyi, kzi) of one ply can be ob-
tained through conductivities of an UD-lamina (k1 and k2 in Fig. 11)
by

kx;i ¼ k1j cos hij þ k2j sin hij ð10Þ

ky;i ¼ k1j sin hij þ k2j cos hij ð11Þ

kz;i ¼ k2 ð12Þ

where hi represents the fiber orientation angle with respect to the
global x-axis for a ply i. These components for a single ply are used
further to infer global thermal conductivity tensor components of
the fabric composite. These are obtained by stacking N plies of the
Table 4
Comparison between calculated and measured in-plane conductivities for all states of com

State Part Experimental conductivity
(W m�1 K�1)

Predicted conductivity
(Maxwell) (W m�1 K�1)

Dry-preform 1 2.15 2.13
2 2.70 2.81
3 3.03 3.19

Uncured 1 2.33 2.32
2 2.87 3.07
3 3.40 3.47

Cured 1 2.62 2.50
2 (2.91) 3.28
3 3.73 3.68
reinforcement and applying for the in-plane thermal conductivities
a model of parallel thermal resistances

kd ¼
1
N

XN

i¼1

kd;i

 !
d¼x;y

ð13Þ

In our case, these plies are subsequently laid up under a speci-
fied stacking sequence [0�/45�]16 so as to obtain balanced lami-
nates, for which the thermal conductivities in x and y directions
are equivalent.

And for the transverse conductivity a model of serial thermal
resistances

kz ¼
1
N

XN

i¼1

1
kz;i

 !�1

ð14Þ

Considering that all laminae are identical, it comes: kz ¼ k2. Fi-
ber waviness is inherent in many reinforcing fabrics, unlike unidi-
rectional composites, for which all fibers are nearly perpendicular
posite.

Predicted conductivity
(Charles & Wilson) (W m�1 K�1)

Deviation
(Maxwell)

Deviation
(Charles & Wilson)

2.13 0.9% 0.9%
2.81 4.1% 4.1%
3.19 5.3% 5.3%

2.29 0.4% 1.7%
3.03 7.0% 5.6%
3.41 2.1% 0.3%

2.46 4.6% 6.1%
3.23 12.7% 11.0%
3.62 1.3% 2.9%



Fig. 12. Decomposition of one ply in two unidirectional laminae.

Fig. 13. Crimp angle between a yarn and x–y plane.

M. Villière et al. / Composites: Part A 46 (2013) 60–68 67
to the z-axis. In fact, fiber crimping can be observed in the case of
woven reinforcements. In such situations, each fiber bends over or
under another and its axis departs from a straight line and follows
a simple or complex wavy path. A model that takes account of this
effect is then considered. It brings a correction to the previous esti-
mated conductivities (Eqs. (10)–(12)). Sottos in [39] computes
thermoelastic properties of fabrics by introducing a crimp factor
as shown in Fig. 13. The fiber bundle undulates in the x–z plane fol-
lowing a cosine curve of amplitude h and wavelength 2D described
by

zðxÞ ¼ h cos
p
D

x
� �

ð15Þ

If the fibers are assumed straight but oriented at an angle a over
a small section dx of the yarn, the angle of rotation is given by the
slope of the curve

aðxÞ ¼ arctan
dz
dx

� �
ð16Þ

A mean crimp angle is defined over a half period by

~a ¼ arctan
2h
D

� �
ð17Þ

By analogy with mechanics, and considering that all laminates
are identical, except their planar orientations, the transverse ther-
mal conductivity is given by

kz ¼ k1j sin ~aj þ k2j cos ~aj ð18Þ

Even for the case of small angles, conductivity k1 (Eq. (1)) being
larger than k2 (Eqs. (8) and (9)), the resulting value for kz is in-
creased. On the contrary, in the plane, a low value of the angle does
not impact conductivities. Indeed, carbon fibers conduct heat much
better than the resin, then they govern accordingly planar conduc-
tivity. By micrographic observations, we measured the average
crimp angle ~a in a cured laminate using Eq. (16). We find
2h = 11 mm and D = 6.2 mm. Thus, we obtain ~a ¼ 1�.

Results are gathered in Fig. 2 and Table 4 respectively for the
transverse and in-plane conductivities. Data used in the models
are those of Table 1. Experimental and computed values are in very
acceptable agreement except for the in-plane value of the cured
composite part N�2 (Table 4), which may be imputed to a measure-
ment error. Concerning the transverse conductivity dry-preform
and cured laminate results are fitted between the two analytical
models regardless of the fiber content. Moreover, it seems that
the Maxwell model is more suitable for high fiber volume fractions
and that Charles & Wilson is more effective for lower fiber con-
tents. Nevertheless, this latter underestimates uncured transverse
conductivity by a maximum of 20.9% and 33.2% respectively for fi-
ber volume fractions of 46% and 55.3%. Maxwell model is slightly
better, the deviation being lower than 13%, which represents about
only 0.06 W m�1 K�1. This large scattering indeed highlights the
importance to determine accurately the liquid resin conductivity,
to which both models are extremely sensitive. However one can
notice both models are not sensitive to the radial value of carbon
fiber k?f .

In-plane conductivities are also modeled using Maxwell and
Charles & Wilson models. There is no marked difference between
the trends of both models. A mean deviation of 3% is observed be-
tween experimental and calculated conductivities for the whole set
of values (except for cured part N�2). For the dry preform estima-
tion, conductivities determined using both models are identical
since conductivity in transverse direction k2 is 0, preform being un-
der vacuum.

Moreover, both models are very sensitive to fiber volume frac-
tion and to the longitudinal conductivity of fiber. This last param-
eter should be investigated since values found in literature
[26,29,34,35,37] are relatively scattered.
6. Conclusion

By combining two methods of measurement, the determination
of the transverse and in-plane thermal conductivities in all states
of a typical LCM process was achieved. While transverse thermal
conductivities were identified by a classical transient methodology
coupled to an inverse method, in-plane thermal conductivities
were determined on an original home-made bench. In comparison
with other characterization devices, this one makes it possible to
estimate the conductivities during the different stages of the mold-
ing: from the dry preform, to the raw composite and finally to the
cured composite. The experimental bench and the identification
algorithm developed have provided results which give good agree-
ment between computed and experimental temperatures. In-plane
heat transfer is described with a satisfactory accuracy. The devia-
tions between the measured and the computed temperatures are
lower than 1.2 K for temperature amplitude of more than 50 K. Ba-
sic models have been used to predict the thermal conductivity ten-
sor. They have been simply improved by introducing the crimp
angle that takes into account the waviness of a real fabric. In spite
of their simplicity, they provide satisfactory predictions of the
thermal conductivity tensor of the fabric.

Our results confirm that the uncertainties on the thermal con-
ductivities of the constituents and of the resin volume fraction
are of paramount importance on the reliability of the predictions
of the models. A more sophisticated model is not relevant until
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an accurate measurement of the thermal conductivity of the raw
resin and of the fibers is not performed. Contrary to the resin,
the measurement for the fiber is much more difficult since efficient
methods are not usual yet.

An improvement of the method will consist in identifying
simultaneously the in-plane and transverse conductivities and spe-
cific heat of the material using a more effective identification
method. A new apparatus is being designed to achieve this issue.
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