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Abstract

In the present work, inverse thermal analysis of heat conduction is carried out
to estimate the in-plane thermal conductivity of composites. Numerical simu-
lations were performed to determine the optimal configuration of the heating
system to ensure a unidirectional heat transfer in the composite sample.
Composite plates made of unsaturated polyester resin and unidirectional glass
fibers were fabricated by injection to validate the methodology. A heating and
cooling cycle is applied at the bottom and top surfaces of the sample. The
thermal conductivity can be deduced from transient temperature measure-
ments given by thermocouples positioned at three chosen locations along the
fibers direction. The inverse analysis algorithm is initiated by solving the di-
rect problem defined by the one-dimensional transient heat conduction equa-
tion using a first estimate of thermal conductivity. The integral in time of the
square distance between the measured and predicted values is the criterion
minimized in the inverse analysis algorithm. Finally, the evolution of the
in-plane composite thermal conductivity can be deduced from the experi-
mental results by the rule of mixture.

Keywords

Inverse Analysis, In-Plane Thermal Conductivity, Mold Design

1. Introduction

Resin Transfer Molding (RTM) has become in recent years a more widely

adopted process to manufacture automotive and aerospace composite parts. A

good thermal control of the process is required to increase process efficiency and

improve part quality. Temperature during mold filling and cure of the compo-

DOI: 10.4236/0jcm.2017.72005 April 30, 2017



http://www.scirp.org/journal/ojcm
https://doi.org/10.4236/ojcm.2017.72005
http://www.scirp.org
https://doi.org/10.4236/ojcm.2017.72005
http://creativecommons.org/licenses/by/4.0/

B. Assaf et al.

site plays an important role in determining the final properties of the parts. It is
therefore important to analyze the thermal behavior during processing and
hence evaluate the influence of temperature on thermal properties such as spe-
cific heat and thermal conductivity.

While specific heat can be obtained from DSC measurements, thermal con-
ductivity is more difficult to measure, especially for anisotropic materials like
composites. Several methods exist, all based on conductive heat transfer. They
consist of thermally exciting a sample and measuring its thermal response in or-
der to estimate its heat transport properties. To avoid coupling heat conduction
with any other phenomenon, the characterization methods are conducted, most
of the time, independently from the cross-linking phase of the polymer resin. An
appropriate model can be used afterwards to describe the dependence of thermal
conductivity with the degree of cure.

Since composites usually exhibit anisotropic material properties, knowledge of
in-plane thermal conductivity plays also an important role in many applications.
As for the through-thickness heat conductivity of composites, a new approach is
also needed to measure the in-plane thermal conductivity as a function of tem-
perature. In a previous paper [1], inverse thermal analysis was applied to meas-
ure the transverse heat conductivity of composites in a mold especially devised
for that purpose. This technique will be further enhanced here by applying these
ideas in a simple and novel way to measure the in-plane heat conductivity of
composite specimens. The main originality of our approach stems from the way
the composite samples are prepared so that the experiments required for inverse
thermal analysis can be carried out in the same test mold devised in [1] for
through-thickness heat conductivity measurements.

Inverse methodology has been widely used in thermal analysis along with sev-
eral other experimental procedures [2] [3]. An approach based on inverse ther-
mal analysis allows identifying unknown parameters of interest from experi-
mental measurements. As a matter of fact, when the explicit relationship be-
tween the measured data and the state parameters is not obvious, inverse ther-
mal analysis provides a unique and effective way to estimate physical parameters
of interest.

This paper complements work published in [1] on the measurement of the
composite transverse thermal conductivity in a mold especially devised for that
purpose. The test mold was described thoroughly in this previous work, which
explains how it was designed to create a uniform through-thickness heat flow
through composite specimens and how inverse thermal analysis can be imple-
mented to measure the composite through-thickness thermal conductivity. The
present article will show how the same mold can be used successfully to measure
the in-plane composite thermal conductivity, if the composite samples are proper-
ly prepared and the experiment is carried out in as described in the sequel.

The in-plane heat conductivity is obtained from temperature measurements
carried out along the in-plane direction of composite specimens made of an un-

saturated polyester resin and unidirectional glass fibers. After a review of rele-
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vant bibliography, the test mold and the experimental procedure are briefly re-
called, followed by a detailed description of the experimental protocol. Finally,
experimental results for in-plane measurements are presented for a cured com-
posite specimen and compared to an analytical model. The main features of

thermal inverse methodology are summed up in Appendix.

2. Bibliography

Classical techniques to measure thermal conductivity may be regrouped in two
main categories, namely steady-state and transient techniques [4] [5]. Steady-
state approaches are usually based on parallel plate techniques such as the
guarded hot plate [6] or guarded heat flow meter [7]. In these methods, by set-
ting different constant temperatures on two opposite surfaces of the specimens,
the sample is submitted to a one-dimensional conductive heat flux through its
thickness [6]. One of the main drawbacks in the case of low diffusivity materials
is the time necessary to reach steady-state.

Transient techniques such as hot wire [8], flash method [9] [10], transient
plane source [11] [12] or periodic methods [13] [14] allow a more rapid estima-
tion provided that the isothermal state is reached before the experiment is per-
formed. The models describing heat transfer in these experimental tests are
more complex than those of the previous methods. In addition, knowledge of the
specific heat and density is often required. Nevertheless, both families of me-
thods present the same drawbacks:

e Each measurement is performed at a given temperature, hence requiring
multiple tests to characterize the heat conductivity as a function of tempera-
ture.

o Most of the above-mentioned approaches are only suited to carry out
through-thickness heat conductivity measurements.

The thermal conductivity measured by this experimental approach is a ma-
croscopic value averaged on the size of the composite specimen, namely for the
number of reference elementary volumes contained in the tested sample. This
macroscopic parameter is the information needed in non-isothermal process
simulations of resin injection such as in a software like PAM-RTM [15]. The
microstructural values of thermal conductivity would still be of interest for more
detailed analyses. As for the permeability of fibrous reinforcements, the micro-
scopic heat conductivity could also be derived from analytical solutions for reg-

ularly packed unidirectional fibers [16].

3. Manufacturing of Composite Specimens
3.1. Mold Description

As shown in Figure 1, the mold is composed of two main parts. It was designed
to produce composite planar parts of different thicknesses by Resin Transfer
Molding (RTM). The height of the cavity where the resin is injected can be ad-

justed with the mobile bottom plate where four screws positioned at its corners

K2
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Figure 1. Perspective view and cross-section of the test mold with its geometric dimen-
sions.

allow controlling the fiber volume content. Two other screws located on the top
surface of the mold are used as injection port and vent. Figure 1 shows also a
vertical cross-section of the mold. The length and width of the cavity are 320
mm and 110 mm respectively, while the maximum cavity thickness allowed by
the mobile plate is 35 mm. A rubber seal is placed between the cover and the
base plate to avoid any leakage of the resin. The mold is made of aluminum. It
can be heated or cooled uniformly and resists to processing temperatures up to
200°C and to the injection pressure (138 kPa). The high thermal conductivity of
aluminum ensures a uniform temperature distribution in the mold. This means
that when heating is performed from the top or bottom sides of the mold, a un-
idirectional heat transfer takes place through the thickness of the composite.

The mold is insulated on its lateral sides and on the top and bottom faces to
minimize heat losses. Pressure and temperature sensors are placed in the mold
to measure the pressure close to the injection port and vent and record the evo-
lution of temperature in the cavity. The heating system is composed of a series of
cartridges placed along the inner top and bottom surfaces of the cavity inside the
two metallic parts of the mold (Figure 1). Uniform heating is applied on the top
and bottom surfaces of the mold.

o
88 03;: Scientific Research Publishing
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3.2. Injection System

During the injection, compressed air pushes the resin from a container main-
tained under pressure to the injection gate through silicone pipes. The container
is connected to compressed air by a pressure reducer equipped with a pressure
gauge. Screws are used as injection port and vent in order to close the system

once the injection is done.

3.3. Instrumentation

Three K-type thermocouples of 50 pum diameter are inserted horizontally and
equally spaced (5 mm) in the center of the mold through the thickness of the fi-
bers. They are manufactured with a specific welding machine intended for low
diameter wires. The thermocouples are slipped between the folds of the rein-
forcement in order to be maintained at the desired positions. Their wires are in-
serted through a hole bored in the frame of the mold and sealed to avoid leakage

of the resin injected.

3.4. Material and Experimental Protocol

The resin used is the AOC T-590 preheated to 40°C in a bath in order to de-
crease its viscosity before injection. The mold and the fibers are also preheated to
40°C. A quantity of 1.5% in mass of a catalyst of type Norox Pulcat-A is added
prior to injection. The resin is degassed using a vacuum pump right before it is
injected. The inlet pressure was maintained at 103 kPa throughout the injection.
All the components are assembled in the mold and the thickness of the cavity is
adjusted with the screws until the desired thickness is reached. At the end of re-
sin injection, the temperature of the mold is increased from 40°C to 95°C with a
heating rate of 5°C/min and then kept at 95°C during 25 minutes. The same
heating rate is applied during post-cure to increase the temperature to 115°C.
Finally, compressed air through the cooling channels is used to cool the mold

until ambient temperature is reached.

4. Experimental Results

4.1. In-Plane Configuration

A uniform and unidirectional thermal gradient must be applied along each pla-
nar direction of the composite specimens to determine the in-plane thermal
conductivity. Hence the samples must be placed vertically so that the fibers are
perpendicular to the horizontal direction of the cavity in Figure 2.

Three thermocouples are placed horizontally and equally spaced in the in-
plane direction, not more than 20 mm apart on the same horizontal plane in the
center of the mold cavity. When cross-linking of the resin is completed, the spe-
cimen is removed from the mold. The central zone of the specimen, where the
thermocouples are located, is cut with an electrical saw. The composite sample
obtained is then placed in the cavity so that the thermocouples are positioned

vertically as shown in Figure 3. Both sides of the sample are insulated with PTFE

K2
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Figure 2. Schematics of the mold with the composite sample. Heated is conducted from the top and bottom surfaces.
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and the mold is closed carefully to ensure that the joint separating the frame and
the top plate remains in its groove. The addition of the two PTFE inserts is a rel-
atively minor addition, but it represents here a key feature to ensure a uniform
heat transfer in the in-plane directions of the composite specimen. As a matter
of fact, when the composite sample, which is injected horizontally in the in-
plane direction, is set vertically in the test mold between the two PTFE inserts,
this allows using the same mold for in-plane heat conductivity measurement as
in the through-thickness direction.

To measure the in-plane thermal conductivity, the temperature of the mold is
initially fixed at 30°C during 15 minutes to ensure a uniform isothermal state of
the composite sample, and then temperature is increased to 180°C with a heating
rate of 4°C/min. Temperature is maintained at 180°C during 15 minutes before

the mold is cooled to the ambient temperature.

4.2. Estimation Procedure

Knowing the evolution of the boundary conditions in time, i.e., the top and bot-
tom surface temperatures of the sample, the in-plane thermal conductivity will
be deduced from transient temperature measurements at three given positions
through the thickness of the part. As summed up in Appendix, the estimation
procedure consists of minimizing a criterion based on the square difference be-
tween the measured and computed temperatures at the positions of the three
thermocouples using the unidirectional (1D) conductive heat transfer equation
to solve the direct problem.

To verify the unidirectional heat flow hypothesis, namely that the heat flow
through the composite specimens placed in the above described configuration is
unidirectional, a 2D finite element simulation of the heat transfer problem was
performed. The temperature field after 2500 s and the mesh are shown in Figure
4. This analysis confirms that the heat flow is vertical and unidirectional in the
center of the mold cavity. Heat transfer simulations were carried out with PAM-
RTM?®, a commercial finite element analysis software package dedicated to nu-
merical simulations of the RTM process [15]. Table 1 contains the properties of
the materials used in the simulations. The thickness of the cavity is set to 20 mm
for all the numerical simulations, which is identical to the thickness of the expe-
rimental samples.

Minimization is performed by a gradient technique coupled to the adjunct va-
riable [17]. Details on the direct problem and the estimation algorithm are given
in Appendix. The temperature distribution in the mold after 2500 sec (Figure 4)
shows that heating is uniform through the thickness of the sample in the mea-
surement area, where the thermocouples are positioned, namely in the central
part of the cavity. To verify if a unidirectional heat transfer is achieved, the evo-
lution of temperature was also compared experimentally between several positions
at the same depth in the composite part by using additional thermocouples. Less
than 0.5% difference was observed, which confirms that a unidirectional vertical

heat transfer is effectively achieved as predicted numerically (Figure 5).
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Figure 4. Temperature distribution in the mold after 2500 sec.

Table 1. Thermophysical properties of the materials used in the numerical simulation.

Thermal conductivity Specific heat Density
(W/m-K) (J/kgK) (kg/m’)
Aluminum 237 900 2700
Teflon 0.2 1172 1450
Steel 15 470 8000
Composite material A, estimated 1400 1835
0.1
0 -
_0 X 1 -
S
£
8 -02 -
c
o
£
[a)
-0.3 A
-0.4 -
-0.5
Time

Figure 5. Evolution of temperature differences in time between thermocouples located at
the same level in the composite specimen.
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The inverse methodology is implemented here for the cured composite only.
However, note that the same procedure can be applied to the impregnated pre-
form before cure. Hence the thermal conductivity A obtained as a function of
temperature 7 can be expressed as a function of the degree of cure a by applying

the following rule of mixture:
AT,a) = (1= @) Agreg (T) + 0 (T) (1)

where 4, (T) and Ao (T) denote the time dependent thermal conductivi-

ties obtained by inverse analysis for the raw and cured composites respectively.

4.3. Results and Discussion

Figure 6 shows the temperature measured for the cured composite by the three
thermocouples located in the center of the specimen. The two thermocouples
close to the boundaries give almost the same values since they are located at the
same distances from the surfaces of the mold cavity. These recorded tempera-
tures are used as boundary conditions in the program that identifies the thermal
conductivity by the inverse method. The variations of the in-plane thermal con-
ductivity of the cured composite with temperature are displayed in Figure 7.
The thermal conductivity evolves almost linearly with temperature. A linear re-

gression gives:
4 (T)=5x10"°T +0.8588(W/mK) (T inK) (2)

Note that the thermal conductivity of the cured composite can also be de-
duced from the thermal conductivity A, of the resin, the thermal conductivity A,
of the fibers and the fiber volume content v; using the rule of mixture, all the

plies being oriented at 0°:

Mong = A 1=V )+ A4V, (3)

Long =

4754
Top bottom

4551

435

Mid-thickness

W oW A

N © o

a O o
1 1 1

Temperature (K)

3554

3354

3151

295 T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500

Time (s)

Figure 6. Temperature evolution of the three thermocouples positioned along the in-
plane direction of the cured composite during heating.
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Figure 7. Evolution with temperature of the in-plane thermal conductivity of the cured
composite.

Knowing the superficial density p,,. (kg'm™) of each layer in the stack, the
number of layers n introduced in the stack, the volumetric density p,,; (Kg-m™)
of the fibers and the thickness A(m) of the stack, the fiber volume content is de-

termined by the following equation:

_ psurf xn

x100 (4)
pvol X h

Vi

The fiber volume content for all the experiments performed is equal to 61%.
In order to apply the rule of mixture, the thermal conductivity of the cured resin
was also measured. A small piece made of the same polyester resin is used to
hold with adhesive the thermocouples at given positions across the thickness of
the cavity during the injection. The sample is placed in the center of the mold
where the thermal conductivity is to be identified. The resin is then injected and
the thermocouples are impregnated by the resin. After cure of the resin, the
same experimental protocol followed to acquire temperature data for the cured
composite is used. Figure 8 shows the temperature distribution in the thickness
of the cured resin. The temperatures recorded allow to identify the thermal
conductivity by inverse analysis. The results of Figure 9 give after estimation a
variation of thermal conductivity with temperature of about 5%.

Considering the thermal conductivity of glass fibers to be roughly equal to A,=
1.3 W/mK [12], the thermal conductivity of the composite can be estimated us-
ing Equation (3) and compared to the experimental value. The comparison be-
tween the experimental in-plane thermal conductivity of the cured composite
and the one derived by the rule of mixture is shown in Figure 10. A difference of
less than 0.5% is observed between the experiment and the model. This validates
the consistency of the proposed approach based on inverse analysis to measure

the in-plane heat conductivity of composites.
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5. Conclusions

An inverse thermal analysis was conducted to determine the in-plane thermal
conductivity of composite specimens. This paper shows how the same mold de-
vised initially for through-thickness measurements can be successfully used to
measure the in-plane thermal conductivity of composites. The mold has an ad-
justable cavity depth and is equipped with heating cartridges and cooling chan-
nels to control temperature. Two pressure sensors monitor the pressure during
the injection. Numerical simulations were carried out to verify that a unidirec-
tional heat transfer takes place in the cavity during the experiments.

An experimental protocol was followed to inject planar composite specimens.
A sample is cut out of the cured composite to measure the in-plane thermal
conductivity. Heating is applied to the sample and the evolution of temperature
in time is recorded using the three thermocouples previously positioned along
the length of the composite sample. The in-plane thermal conductivity is then
estimated by inverse thermal analysis. The same experimental procedure and
inverse analysis algorithm are used to measure the thermal conductivity of the
cured resin. Knowing the thermal conductivity of glass fibers, the rule of mixture
allows calculating the thermal conductivity of the composite. Calculated values
differ by less than 0.5% from experimental results. This demonstrates the consis-
tency of the proposed measurement technique based on inverse thermal analysis.

The thermal conductivity in the case studied here varies only slightly with
temperature. For the polyester resin used in this investigation, the proposed
methodology shows that the insulating properties are relatively stable with tem-
perature with only a 5% upward drift as temperature increases. The thermal
conductivity of most commercial resins is available in the literature. In general,
the thermal conductivity of composites is not known beforehand. Therefore, it is
useful to develop a general methodology and design an experimental test mold
to measure the in-plane heat conductivity as a function of temperature in a sin-
gle experiment. Thanks to inverse analysis, the same time is required to conduct
the proposed experiment and obtain the heat conductivity as a function of tem-
perature as to perform a single thermal conductivity measurement at any given

temperature by other techniques.
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Appendix: Description of the Inverse Methodology
A1l. Direct Problem

The direct problem consists of solving numerically the one-dimensional tran-
sient heat conduction equation. The energy balance expressed in terms of tem-

perature T writes as follows:

0 oT oT
—| AUT)—|=pC,(T)—:; O<x<L Al
ax{()ax} PG (M5 (A1)
where the following parameters are defined for the composite material:

o density (kg/m?),

Cp (T) : specific heat (J/jgK)),

A (T ) : thermal conductivity (W/mK),

L: length of the part (m),

The governing partial differential equation of heat transfer (2) is subjected

here to the following boundary conditions:
T(0,t)=T,(t) t>0
T(Lt)=T,(t) t>0 (A2)
T(x0)=Ty(x) O<x<L

where T, (t) and T, (t) denote the temperatures at the top and the bottom
boundaries of the part, while T, (X) represents the initial temperature field. The
temperature dependent specific heat Cp(T) and the constant density p are
known. The specific heat is determined here as a function of temperature by dif-
ferential scanning calorimetry, so only the thermal conductivity /I(T) of the

composite needs to be identified in Equation (A1).

A2. Inverse Algorithm

For a number N of thermocouples (here N = 3) set in the cavity, the least square
criterion J (l) is expressed as:

3(2)= itf [T (%)=, (t)Tdt (A3)

i=lt=0

where #is the total time of the experiment, Y, (t) represents the temperature
measured at point x, 1 < /< N,and T (X i ,t) the temperature calculated at the
same locations. The direct problem with an initial value of A for the composite is
solved numerically. The difference between the calculated and experimentally
measured temperatures is estimated at each location. The functional J (/1) of
Equation (A3) is minimized, subjected to the constraint represented by the or-
dinary differential equation of heat conduction (Al). As described in [17], the
thermal conductivity minimizing J (/1) is identified by a gradient descent me-
thod with Lagrange multipliers to account for the differential Equation (A1) as

constraint.
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