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(ABSTRACT)

Reliable estimation of thermal properties is extremely important in the utilization
of new advanced materials, such as composite materials. The accuracy of these estimates
can be increased if the experiments are designed carefully. The objectives of this study
are to design optimal experiments to be used in the prediction of these thermal properties
and to then utilize these designs in the development of an estimation procedure to
determine the effective thermal properties (thermal conductivity and volumetric heat
capacity).

The experiments were optimized by choosing experimental parameters that
maximize the temperature derivatives with respect to all of the unknown thermal
properties. This procedure has the effect of minimizing the confidence intervals of the
'resulting thermal property estimates. Both one-dimensional and two-dimensional
experimental designs were optimized. A heat flux boundary condition is required in both
analyses for the simultaneous estimation of the thermal propertics. For the one-
dimensional experiment, the parameters optimized were the heating time of the applied
heat flux, the temperature sensor location, and the experimental time. In addition to these

parameters, the optimal location of the heat flux was also determined for the two-



dimensional experiments.

Utilizing the optimal one-dimensional experiment, the effective thermal
conductivity perpendicular to the fibers and the effective volumetric heat capacity were
then estimated for an IM7-Bismaleimide composite material. The estimation procedure
used is based on the minimization of a least squares function which incorporates both
calculated and measured temperatures and allows for the parameters to be estimated

simultaneously.
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Chapter 1

Introduction

A composite material is composed of two or more materials joined together to
form a new medium with properties superior to those of its individual constituents. There
are many potential advantages of these materials including higher strength-to-weight
ratios, better corrosion and wear resistance, and an increased service life over standard
metals. Because of these improved characteristics, the use of composite materials has
become quite extensive in the past twenty years, with the most widespread use being in
the aerospace and aeronautic industries for the design of aircraft structural components.
For example, composites are used in applications such as aircraft tail sections, wing skins,
and brake linings. The F-111 horizontal stabilizer was the first flight-worthy composite
component and in 1986, an all-composite airplane (the Voyager), set a world record in
nonstop flight around the world, revealing amazing toughness and rigidity against harsh
environmental conditions. However, the use of composites is not limited to the aerospace
industry. Composite technology has also gained the attention of the automotive, tooling

and sporting goods industries. Everything from car bodies and brake linings to tennis



rackets, golf clubs, bicycles, and fishing rods have been successfully manufactured from
composite materials.

Composites are typically classified according to their reinforcement forms; these
include particulate, fiber, laminar, flake, and filled/skeletal (Vinson and Sierakowski,
1987).  Fiber-reinforced composites can be further classified as continuous or
discontinuous. The major types of reinforcing fibers used in composites include glass,
carbon/graphite, organic, boron, silicon carbide and ceramic fibers, while the major matrix
resins consist of epoxy, polyimide, polyester, and thermoplastic, with epoxy resins being
the most versatile of the commercially available matrices. The composite materials
focused on in this study consist of continuous carbon fiber-epoxy matrix combinations.

With the increased use of composite materials in aerospace structures and other
applications, it is important that the properties of these advanced materials be known for
design purposes. Many studies on the mechanical properties of composites have been
conducted; however, limited analyses have been made regarding the thermal properties.
Knowledge of the thermal properties becomes important when the composite is subjected
to a non-isothermal environment which creates thermal loads on the component. These
thermal loads induce temperature variations within the structure, which in turn results in
the development of thermal stresses and possible structural failure. In order to accurately
predict these thermal stresses and prevent component damage, the temperature response
of the structure must first be known. However, to determine this response, the thermal
properties of the composite sample, which can be thermally or directionally dependent,

are required. The prediction of these thermal properties has provided the motivation for
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this study. This information will then aid designers in estimating thermal stresses existing

in a structural component and in turn, allow them to prevent component failure.

1.1 Goals and Objectives

The main goal of this research is to predict the thermal properties of composite

materials. This prediction requires temperature measurements, and therefore, experiments

must be conducted. The overall objectives of this study are to

1) develop optimal experimental designs to be used in the prediction of these thermal
properties

and

2) utilize these optimal designs in the development of an estimation procedure to

determine the effective thermal properties, namely the thermal conductivity and

volumetric heat capacity.
Optimal experiments were designed for both isotropic and anisotropic composite materials
by selecting optimal experimental parameters that maximize the sensitivity of the
temperature response with respect to changes in the unknown thermal properties. An
isotropic material has identical properties in every direction while materials exhibiting
directional characteristics are called anisotropic. For the anisotropic composite material,
the effective thermal conductivity both parallel and perpendicular to the fiber axis
direction can be estimated. This optimization procedure was performed because it

increases the accuracy in the resulting thermal property estimates by minimizing the



confidence intervals of the estimated parameters.

The experimental designs that were optimized not only depend on the boundary
conditions used, but also on what variability is permitted. An imposed heat flux at one
boundary, resulting in conductive heat transfer through the composite sample, is required
in the design to allow for the simultancous estimation of the thermal properties.
Therefore, optimal experimental parameters, such as the duration of the applied heat flux,
should be determined. The optimal experimental parameters determined for the isotropic
case include the heating time, sensor location, and experimental duration. For the
anisotropic case, two different experimental designs were used. Both designs had a
uniform heat flux applied over a portion of one boundary. However, this portion varied
for the two configurations. Therefore, in addition to the parameters optimized for the
one-dimensional case, the optimal position of the heat flux was also found in the two-
dimensional analysis.

Utilizing the optimal experimental design determined for the isotropic composite
material, the effective thermal conductivity perpendicular to the fiber axis and the
effective volumetric heat capacity were then estimated for a composite consisting of
continuous IM7 graphite fibers and a Bismaleimide (5260) epoxy matrix. Note that this
is actually an anisotropic composite material; however, since the thermal conductivity is
only estimated in one direction, this is equivalent to using an isotropic material. The
estimation procedure used in this investigation was the Gauss linearization method and
is based on the minimization of a least-squares function, containing experimental and

calculated temperatures, with respect to the unknown thermal properties. This method not

4



only allows for the effective thermal conductivity and effective volumetric heat capacity
to be estimated simultaneously, but also enables validation of the transient heat

conduction equation.



Chapter 2

Literature Review

2.1  Determination of Thermal Properties of Composite Materials

This chapter summarizes the present state of knowledge pertaining to the
estimation of thermal properties of composite materials. Due to their anisotropic nature,
the estimation of the thermal properties of composites has proved to be a challenging task.
This estimation problem is further complicated because a composite consists of at least
two different materials, each with different thermal properties. Many methods, both
experimental and analytical, have been proposed for estimating these properties with the
thermal conductivity being most frequently estimated. In the following two sections,
these estimation techniques are reviewed, describing the methods and procedures used.
The experimental techniques utilized include both steady-state and transient heat
conduction processes, while the analytical methods estimate the effective thermal
properties using proposed mathematical models. These models assume prior knowledge

of the thermal properties of the fiber and matrix themselves, along with the void fraction



of the fibers. The third section describes a minimization procedure based on the Gauss
method used to estimate the thermal properties. The advantage of this procedure over
previous techniques is that it allows thermal properties, such as thermal conductivity and
volumetric heat capacity, to be estimated simultaneously. The thermal properties are
found by minimizing an objective function containing calculated and measured
temperatures. The last section discusses optimal experimental designs to be used with this
minimization procedure which provide more accurate parameter estimates. Optimal
experimental parameters to be used in these designs are found by maximizing the

sensitivity of the temperature response with respect to changes in the thermal properties.

2.1.1 Experimental Determination of the Thermal Properties of Composite Materials

Experimental methods have been one of the main areas for determining the
thermal properties of composite materials. These methods can be classified as either
steady-state or transient. Ziebland (1977) described some steady-state experiments used
to calculate the thermal conductivity that used both absolute measurements, where the
thermal conductivity is determined directly from the measured quantities, and relative
methods, in which the thermal conductivity is determined by reference to a substance of
known thermal conductivity. The absolute methods are accurate but require expensive
instrumentation and are generally time consuming and thus, expensive. One steady-state,
absolute technique frequently used is the guarded hot-plate method. In this method, the
specimen is heated by a hot metal plate attached to it and the resulting temperature is

measured at the interface to estimate the thermal conductivity (Ziebland, 1977). Although
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this method is quite accurate, substantial time is required to reach steady-state; therefore,
the experiment is both expensive and time consuming.

Dickson (1973) has also described a simple steady-state method for measuring the
thermal conductivity of insulation materials using heat flow sensors. This method
requires the measurement of a heat flux and the temperature difference across a test
specimen of known thickness. Penn, et al. (1986) extended this method to composite
materials and developed a thermal conductivity measuring apparatus that uses heat flow
sensors. This steady-state device used smaller sample sizes and as a result, reached
thermal equilibrium in only a few hours. In addition, Harris, et al. (1982) used a two
plate apparatus to experimentally determine the thermal conductivities of Kevlar 49 fibers
in directions parallel and perpendicular to their lengths as functions of temperature, while
Havis, et al. (1989) experimentally investigated the effect of fiber direction on the
effective thermal conductivity of fibrous composite materials.

The evaluation of thermal conductivity from steady-state experiments is
mathematically simple but frequently lengthy; it was for this reason that transient methods
were developed. One transient method used to determine the thermal diffusivity, heat
capacity, and thermal conductivity of materials is the laser-flash method which was first
introduced by Parker, et al. (1961). In this method, the front face of a small sample is
subjected to a short, radiant energy pulse. The resulting temperature rise on the rear
surface of the sample is measured and the thermal diffusivity is then determined from the
time required for the back surface to reach one half of the maximum temperature rise.

This can be mathematically expressed as



2
o = KL° @2.1)

in

where K is the constant corresponding to one-half of the maximum temperature rise, L
is the sample thickness, and ¢, ,, is the time taken for the back surface to reach one-half
of the maximum temperature rise. The heat capacity is found from the maximum
temperature rise of the specimen, and the thermal conductivity is then calculated from the
product of the thermal diffusivity, heat capacity, and density (k:ocpcp). The advantage
of this technique over steady-state methods is that smaller sample sizes and shorter
experimental durations could be used. Taylor, et al. (1985) studied the applicability of
the laser-flash technique for measuring the thermal diffusivity of fiber-reinforced
composites and found that the technique is appropriate for examining the transient heat
flow in these materials.

Lee and Taylor (1975) used the laser-flash method along with an absolute method
to directly measure the thermal diffusivity of graphite/carbon fiber in unidirectionally
fiber-reinforced composites. The thermal diffusivity of graphite fiber-reinforced
composites (Morganite II and Thronal 50 S) was also calculated from the effective
thermal conductivity of composite samples measured by an absolute method. Taylor and
Kelsic (1986) also used the laser-flash method to measure the thermal diffusivity of
unidirectional fiber-reinforced composites. They then investigated the effects of the
thermal conductivity ratio, fiber fraction, fiber orientation, and specimen length on the

thermal diffusivity. Their results indicated that the fiber-matrix thermal conductivity ratio





















































































































































































































































































































