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ABSTRACT

Baker, Darryl Douglas, Jr. THERMAL CHARACTERIZATION OF CARBON
COMPOSITES (Major Advisor: Dr. Messiha Saad), North Carolina Agricultural and
Technical State University.

Thermophysical properties of materials such as, thermal conductivity, diffusivity,
and specific heat, are very important in engineering design process. For example, thermal
conductivity plays a critical role in the performance of materials in high temperature
applications and it is essential in the selection of materials when optimum performance is
desired. Other thermophysical properties, such as thermal diffusivity and specific heat
capacity, play significant roles in design application as they determine safe operating
temperature, form process control characteristics, and quality conditions in
manufacturing plants.

The objective of this research was to determine the thermal properties of carbon
composite materials. The materials of interest to this analysis were carbon-carbon and
carbon-epoxy composites. The carbon-carbon composites tested were produced by the
resin transfer molding process using T300 PAN based carbon fiber and PT-30 cyanate
ester matrix. In contrast, the carbon-epoxy composite tested consisted of unidirectional
continuous AS4 carbon fiber and 3501-6 amine cured epoxy resin.

Following standard ASTM E1461, the flash method was used to measure the
thermal diffusivity of the carbon composites. In addition, a differential scanning

calorimeter was used in accordance with the ASTM E1269 standard to determine the

Xiii



specific heat. The thermal conductivity of the carbon composites was determined using

the measured values of their thermal diffusivity and specific heat, respectively.

Xiv



CHAPTER 1

INTRODUCTION

As today’s technology continues to develop at a rate that was once unimaginable,
the demand for new materials that will outperform traditional materials also increases at
an alarming rate. To meet these challenges, monolithic materials are being combined to
develop new unique materials called composites. The formation of composites provides
properties unobtainable separately with either constituent. Besides improvements in the
mechanical properties such as tensile strength, stiffness, and fatigue endurance, materials
must retain functionality at much higher operating temperatures than before. Due to
extreme temperatures, material properties may alter in operation, resulting in severely
reduced properties, which may lead to catastrophic failures during usage. Thermophysical
properties play a significant role in design applications, determining safe operating
temperatures, process control characteristics, and quality assurance of these materials.

In the past, countless number of research have been done to predict and determine
the mechanical properties of composites on both a microscopic and a macroscopic scale.
However, today mechanical properties can be studied either experimentally or
analytically as prescribed by ASTM standards. ASTM established specific test methods
for the mechanical characterization of unidirectional lamina [1]. Compared to mechanical
properties, few efforts have been made in developing testing standards strictly for
thermophysical properties of composites. To measure the thermophysical properties of a
composite, one must utilize a proven technique developed for a homogeneous material,

apply it to the composite, and verify the results for repeatability. Caution must be taken



with the results when substantial inhomogeneity and anisotropy are present in a
composite material.

Current methods for measuring the thermophysical properties are the flash
method, the thermal wave interferometry method, and numerous thermographic methods.
The flash method is viewed as the reference technique because it is the only method
covered by an ASTM standard [2]. The thermal conductivity can be indirectly determined
using the measured thermal diffusivity, density, and specific heat capacity of the material.

North Carolina A&T State University has a strong experience in composite
materials. In 1988, the Center for Composite Material Research (CCMR) was established.
The CCMR is recognized for research excellence in composite materials with research
supported by the Office of Naval Research, National Science Foundation, and Army
Research Office [3]. The focus of the CCMR is developing state-of-the-art composites
and processing techniques for applications in the aerospace, marine, and civil
infrastructures. Mechanical properties are predicted using machinery such as a Dynamic
Mechanical Analyzer (DMA 7), and hydraulic fracture testing machinery.

The objective of this research is to determine the thermophysical properties of
carbon composites, and establish a reliable means of measuring the thermophysical
properties of materials produced in the CCMR. Specifically, the thermal conductivity of
the carbon composites will be determined using the diffusivity results obtained from the
flash method combined with measurements of specific heat capacity obtained from a

differential scanning calorimeter.



The materials of interest to this analysis include carbon-carbon and carbon-epoxy
composites. The tested carbon-carbon composites were produced by the resin transfer
molding process using T300 PAN based carbon fiber and PT-30 cyanate ester. In
contrast, the carbon-epoxy composite tested consisted of unidirectional continuous AS4
carbon fiber and 3501-6 amine cured epoxy resin. The thermal testing techniques used in
this research will complement the mechanical testing techniques already established in

the CCMR, and provide data to the scientific community.



CHAPTER 2

REVIEW OF THEORY

The rate of conduction is affected by the temperature difference across the
medium with a larger temperature difference resulting in a higher rate of heat transfer. In
addition, the geometry and material of the medium plays a significant role in the rate of
conduction. The rate of heat conduction through the plane is proportional to the
temperature difference across the plane and the surface area, but is inversely proportional
to the thickness. Taking the material property into consideration, thermal conductivity Kk,
can be related to the rate of heat flow as follows [4]:

dT
G = _kAa (2.1)

where ¢ is the local heat flux, A is the cross sectional area, dT is temperature difference,
and dx is the material thickness. The previous equation is known as the Fourier’s Law of
Heat Conduction, named after the French mathematician Joseph Fourier. Performing an
energy balance, the general heat conduction equation can be developed as the following
[4]:

9T  0°T 92T g 10T

S=—— 2.2
022 a2 "oz Tk T dae (22)
and then simplified using the Laplacian operator to the following [4]:
2p 9 _ 10T (2.3)
H T

The equation above is known as the Fourier-Biot equation. Further reducing the Fourier-

Biot equation to one-dimensional analysis leads to the following [4]:



0T g _10T
0x2  k adt

(2.4)

Many scientists view the Fourier’s Law of Heat Conduction as the defining
equation for thermal conductivity. The thermal conductivity of a material can be defined
as the rate of heat transfer through a unit thickness of the material per unit area per unit
temperature difference [4]. Thermal conductivity can simply be defined as the measure of
the ability of a material to conduct heat due to a temperature gradient in that material [5].
In Equation (2.1), the thermal conductivity has a negative value. This negative value of
denotes that heat is transferred in the direction of decreasing temperature [6].

The unit of thermal conductivity in SI is Watts per meters per degree Kelvin
(W/m-K). Because Fourier’s Law of Heat Conduction contains a temperature gradient
rather than a temperature, degree Kelvin may be replaced with degree Centigrade
(W/m-°C). It can be also instructive to view thermal conductivity in the form (W-m)/
(m?-K), which has the interpretation that thermal conductivity is the rate of heat transfer
through the unit thickness of a material per unit surface area per unit temperature
difference.

Materials that conduct heat well have high values of thermal conductivity. These
materials are known as conductors. On the opposite end of the spectrum are insulators.
Insulators do not conduct heat well and have comparatively low values for thermal
conductivity. In general, thermal conductivity is strongly depended on temperature. In

addition, pressure and material density is known to have an influence on thermal

conductivity.



Thermal diffusivity can be defined as “the quantity that measures the change in
temperature produced in unit volume of the material by the amount of heat that flows in
unit time through a unit area of a layer of unit thickness with unit temperature difference
between its faces” [7]. Thermal diffusivity is described as the “thermal inertia of
materials” [5]. It measures the ability of a material to conduct heat transfer through itself
relative to its ability to store thermal energy. Materials with large values of thermal
diffusivity will equilibrate to their thermal environment at a rapid rate, while a material
with a small value of thermal diffusivity will respond less rapidly, taking longer to
achieve equilibrium.

Thermal conductivity and diffusivity are not independent quantities. They are
related through the following relationship:

k (2.5)

where p is the density, and ¢, is the specific heat. Since thermal conductivity represents
the rate at which a material conducts heat, and the volumetric heat capacity, pcy,
represents the material storage capacity of energy per unit volume, thermal diffusivity is
viewed as the ratio of the heat conduction of the material to the heat stored per unit
volume.

The product of the density p and specific heat c, is known as the volumetric heat
capacity. The volumetric heat capacity, pcp, signifies the ability of a given volume of
material to store energy while undergoing a given temperature change. A commonly used

unit for volumetric heat capacity is Joule per meter cubed per Kelvin, J/((m3:K).



2.1 Thermal Properties of Composite Materials

According to A. Salazar [7], the Fourier’s Law of Heat Conduction and the
general heat conduction equation are not applicable for composite materials. Salazar
explains that due to the heterogeneous nature of the materials the thermal properties are
discontinuous functions of the location making those theories not valid. When
considering composites Salazar suggests using the concept of effective properties, where
properties of the equivalent homogeneous materials are used on a volume basis. Effective
properties led to the rule of mixtures. The rule of mixtures states that “the properties of
the composites are the weighted average of the properties of its individual components”
[8]. Using the mixture rule, the effective volumetric heat capacity of a composite made of
two components leads to the following [7]:

ky k,
(PC)efr = V1P1C1 + VP20 = V1 — + v — (2.6)
a az

where v; and v, are the volume fraction of each component the composite respectively,
and the summation, v + v, = 1.

When examining the thermal conductivity of composite materials, Parrott and
Stuckes [9] revealed that maximum thermal conductivity is achieved in-plane of the
laminas using a comparison to electricity with parallel resistors. This assessment led to
the following relationship [9]:

kmixmax) = V1ikqs + vok, (2.7)
where Kmixmax) is the maximum thermal conductivity of the composite material. However,
in the transverse direction heat flow through each constituent material must be equal with

the difference coming from the temperature gradient. Heat flow in the transverse



direction is comparable to resistors in series. The total conductivity is now the following

[9]:

L 28)
kmix(min) kl kZ .

where Kmixmin) 1S the minimum thermal conductivity of the composite material. Using
Equation (2.6), effective volumetric heat capacity, and the minimum and maximum
thermal conductivity of the composites, a relationship can be developed to calculate the
thermal diffusivity in both the in plane and transverse direction [7]:

kmix(max) _ U1k1 + Vzkz

A, = =
* (pc)eff vy % + v, % (2.9)
1 2
1 c v: v k k 2.10
_=M=_1+_2+v1v2(_2 1) (2.10)
ay kmix(min) a, kia,  kyaq

where oy is the thermal diffusivity in the in plane direction, and ay is the transverse
direction. In this research, the thermal diffusivity in the transverse direction is

determined.

2.2 Examined Carbon Composites

The thermophysical properties of three carbon composite materials were
investigated in the research. Two of the carbon composites examined consisted of a
carbon fiber in a carbon matrix known as a carbon-carbon composite. The carbon-carbon

composites were produced with the resin transfer molding (RTM) process. The additional



carbon composite was a unidirectional carbon-epoxy composite. The unidirectional
carbon-epoxy composite was produced using the autoclave molding method.

The carbon-carbon composites [10] for which the thermophysical properties were
obtained consisted of Thornel T-300 PAN-Based carbon fiber, and Primaset PT-30
cyanate ester resin. One of the examined carbon-carbon composite consisted of carbon
fibers which were graphitized at 2500°C. The two carbon-carbon composites tested were
7-ply samples that were densified twice to achieve the desired density. The tested carbon-

carbon composite are shown in Figures 2.1 and 2.2.

Figure 2.1. T300 Carbon-Carbon Composite



f

!
-

Figure 2.2. Graphitized T300 Carbon-Carbon Copsite

The other carbon composite used in this research was a unidirectional, continuous
carbon-epoxy laminate, AS4/3501-6, consisted of AS4 carbon fiber and 3501-6 amine
cured epoxy resin, both produced by Hexcel Composites. The carbon-epoxy composite
was an 8-ply laminate compiled of laminas alternating between 0° and 90° orientations.
The AS4 carbon fiber used was a continuous, PAN based fiber that was surfaced treated
to improve the fiber-to-resin interfacial bond strength, which met Hexcel aerospace
specification HS-CP-5000 [11]. The 3501-6 epoxy resin provided low shrinkage during
the curing process while maintaining excellent resistance to chemicals and solvent.
AS4/3501-6 carbon-epoxy composite has a high gloss, smooth black finish, which is

displayed in Figure 2.3.
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Figure 2.3. AS4/3501-6 Carbon-Epoxy Composite

11



CHAPTER 3

EXPERIMENTIAL TECHNIQUES

3.1 The Flash Method

In the late 1950s and 1960s there were renewed interests in developing new
testing methods of determining the thermal conductivity and the thermal diffusivity of
materials [12]. This interest was largely due to the progression made in the study of
materials operating at elevated temperatures [13]. During this time period, advanced
materials research laboratories were established by the U.S. government making material
science a multidisciplinary research collaboration effort [14]. Numerous techniques
existed that measured thermophysical properties in both steady-state and non-steady-state
conditions. However, the amount of time required to attain reliable measurements, in
addition to the large sample sizes required by former techniques, greatly increased the
difficulty of performing measurements. Also, the difficulty of extending those methods to
high temperature was proven to be a dilemma in high temperature technology. Parker,
Jenkins, Butler, and Abbott [15] made progress regarding those issues in 1961 with an
introduction of the Flash Method.

Since the introduction of the flash method, it has developed into one of the most
widely used techniques for measuring the thermal diffusivity of various kinds of solids,
and is a test method standard for thermal diffusivity [16]. This test method can be

considered an absolute method of measurement, since no reference standards are

12



required. The technique has been adapted to measure the thermal diffusivity of various
powders and liquids.

The flash method involves heating the front face of a small, cylindrical shaped
sample by a short uniform energy pulse as displayed in Figure 3.1. A detector measures
the temperature rise with respect to time on the rear face of the sample. By placing the
sample into a tube furnace, temperature-dependent measurements can easily be carried

out as well.

Temperature Increase T, +AT(t)

Rear Face

N

Initial Temperature T,

Lateral Face
Thickness L

Front Face

Instantaneous Pulse

Figure 3.1. Schematic of the Flash Method

A data acquisition system records the change of temperature of the material with
respect to time. This is known as the thermogram of the flash. The characteristic response
of a flash method trial logged by the data acquisition system is displayed in Figure 3.2.
The temperature change is measured with a infra read detector, therefore has the units of

voltage. The vertical dotted line in Figure 3.2 symbolizes the initial flash or “shot” of the

13



trial. After the flash, the increase of the change of temperature with respect to the initial

temperature is documented by the data acquistion system

dTemp (M)

Time (=)

Figure 3.2. Characteristic Thermogram for the Flash Method

Starting with Carslaw and Jeager’s [17] equation of temperature distribution
within a thermally insulated solid of uniform thickness L, Parker et al. [15] derived the
mathematical expression to calculate thermal diffusivity (see APPENDIX for complete

derivation):

L
nmx
f T(x,0)cos - dx (3.1)

0

L o)
1 2 —n?n?at nmx
T(x,t) = Zf T(x,0)dx + ZZ exp 2 cos—
n=1

0
where « is the thermal diffusivity of the material. When the pulse of radiant energy, Q, is
instantaneously and uniformly adsorbed at a small depth given as g, on the front surface
at a distance x = 0, the initial conditions of the temperature distribution, T(x, t) at that

instant are given by the following [15]:

14



Q
T(x,0)=——— for 0<x< 3.2
7 C g g (3.2)

T(x,00)=0 for g<x<L (3.3)
Substituting the initial conductions into the equation of temperature distribution

within a thermally insulated solid of uniform thickness, it reduces to the following [15]:

b nng 2.2
T, t) = —2 1+ZZ nx ST et 3.4
X “pCL £ nng exp 12 (3.4)

where p is the density and C, is the specific heat capacity of the material. Since the
adsorption depth is a very small for opaque materials, the small angle approximation can

be made [15]:

. nmg nmg
—_— = 35

sin— I (3.5)
nmwx

cos—— = (=nn (3.6)

At the rear surface, where x = L, the temperature distribution can be expressed by the

following [15]:

Q
p-C-L

T(L,t) =

1+2 Z(—l)"exp <_T222T[2 at)] (3.7)

Parker et al.[15] defined two dimensionless parameters, V and w as

T(L,t)

V(L t) = T
m

(3.8)

15



(3.9)

where Ty, represents the maximum temperature at the rear surface. The combination of

Equations (3.7), (3.8) and (3.9) yields the following expression [15]:
V=1+2 Z:(—l)"exp(—n2 ‘W) (3.10)
n=1

By setting V to 0.5 in Equation (3.10), Parker determined w to be 1.38. By substituting

the value of w in Equation (3.9), the thermal diffusivity can be written as [15]:

1.38 - L2
=— (3.11)
T t1/2
Equation (3.11) can be rewritten as [15]:
LZ
a =0.1388— (3.12)
ti/2

where t;,, is the time required for the back surface to reach half of the maximum
temperature rise. The value, t,/, is also known as the half-time and can be seen in Figure
3.3. The advantage of the flash method is that only the thickness of the sample and its
half-time is required to calculate the thermal diffusivity. Unfortunately, radiation heat
losses are not taken into account. The flash method model is the ideal case assuming that
heat flow is one dimensional, and that there is no heat lost from the surface of the test
specimen. In addition, Parker et al. [15] assumed the pulse absorption on the front surface
was uniformed, and the pulse duration was infinitesimally short. This assumption

ultimately made led to some controversy.

16
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Figure 3.3. Thermogram Displaying the Half-Time [18]

Cowan [19] released a document that challenged the theoretical analysis of the
Flash Method. Cowan questioned the applicability of the method at high temperatures
due to thermal radiation or other losses from the surfaces. Cowan’s argument was based
on the observation that the temperature did not remain constant once the maximum
temperature was achieved after the pulse, but steadily dropped after the peak. Cowan
used the ratio of the recorded temperatures at both the t;,, and a multiple times the half-
time (with five and ten being the most commonly used multiples), then developed a
correction factor that accounted for heat losses:

Uorrected = @ * K,/0.13885 (3.13)

where acorrected 1S the corrected diffusivity value, and K is the Cowan’s correction factor.
The following formula was used to calculate the correction factor:

K. = A+ B(Aty) + C(At)? + D(At;)® + E(At)* + F(At)® + G(At)®  (3.14)
+ H(At;)?
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where the variable A through H are coefficients, and At; is the used temperature ratio.

The value of each coefficient can be seen in Table 3.1.

Table 3.1. Cowan’s Correction Factor

Coefficients Ats Aty
A -0.1037162 0.054825246
B 1.2390400 0.166977610
C -3.9744330 -0.286034370
D 6.8887380 0.283563370
E -6.8048830 -0.134032860
F 3.8566630 0.024077586
G -1.1677990 0.000000000
H 0.1465332 0.000000000

Expanding on Cowan’s findings, Clark and Taylor [20] developed an analytical
correction that considered radiative losses by using ratios. Unlike Cowan’s approach,
Clark and Taylor examined the thermogram before the maximum temperature was
achieved, and used ratios of partial times rather than partial temperatures. The establish
ratio for this correction was to7s/to2s, that is, “the time to reach 75% of the maximum
divide by the time to reach 25% of the maximum” [16]. The factor to correct for radiative
losses using Clark and Taylor’s approach was computed using the following formula:

Kr = —0.3461467 + 0.361578(t0.75/to25) — 0.06520543 (tg75/to25)> (3.15)
where Kg is the correction factor. The thermal diffusivity determined using the flash
method can now be corrected using the following Equation (3.16).

Uorrected = @ - Kr/0.13885 (3.16)

The Clark and Taylor’s correction was used in this research.
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3.1.1 Experimental Apparatus

The apparatus used in the research was Anter Corporation’s FlashLine™ 2000
Thermal Properties Analyzer seen in Figure 3.4. The FlashLine™ 2000 determines the
thermal diffusivity of materials using a high energy xenon discharge as the pulse source.
In addition, the FlashLine™ 2000 has the capability to determine the specific heat
capacity and thermal conductivity of the tested material. The thermal diffusivity can be
measured from ambient temperature to 330°C with a coverage range of 0.001 to 10 cm?/s
within an accuracy of 4% and repeatability of 2%. The FlashLine™ 2000 also meets
ASTM testing standard E1461, the Standard Test Method for Thermal Diffusivity by the

Flash Method.

Figure 3.4. FlashLine™ 2000 Thermal Properties Analyzer
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The thermal property analyzer consists of the following: flash source, specimen
holder, environmental enclosure, temperature response detector, and data acquisition
system [16]. The flash source on The FlashLine™ 2000 is a xenon pulse source capable
of generating a short duration pulse of substantial energy. A quadruple specimen holder
houses the samples in a vacuum tight environmental enclosure as the experiment is
executed. The temperature response detector provides a linear electrical output
proportional to a small temperature rise by means of an InSb infrared detector. The data
acquisition system must be prompt to ensure that time resolution in determining the half-
time is at least 1% for the fastest the thermogram for which the system is qualified. To
perform this task, the FlashLine™ 2000 employs a data acquisition system that is capable
of pre-programmed, multiple speed logging within a single time period. This enables
high-resolution logging prior to and during the rising portion of the thermogram, while
low-resolution logging during the cool down of the sample [21].

3.1.2 Test Specimen Preparation

Test specimens were prepared to the shape of thin circular discs with a front
surface area less than of the flash source. The diameter of the test specimens can range
from as large as 30 mm to as small as 6 mm, with 10 to 12.5 mm being the norm.
According to ASTM E1461, the thickness of the test specimens must be between 1 to 6
mm. The optimum thickness varies by the estimated thermal diffusivity, and is chosen so
the half-time falls within the 10 to 1000 ms range. To achieve the desired dimension, the
material was cut to the proper diameter using a drill press with a diamond plated drill bit,

then milled to the desired thickness when necessary.
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The faces of the specimens were flat and parallel within 0.5% of their thickness to
prevent any un-uniformity is the pulse. This reduces the error of thermal diffusivity
measurement due to measuring the thickness below 1%. A thin, uniform layer of graphite
is applied to both faces of the specimens to improve the capability of absorbing the
applied energy flash by reducing the reflectability of the specimen. Gold, platinum,
aluminum, nickel, or silver and then a coat of graphite are frequently applied to
translucent and transparent specimens. Specifications of the samples used in this

experiment can be seen in Table 3.2.

Table 3.2. Flash Method Test Specimens

Material Diameter Thickness Mass () Density
(mm) (mm) (g/em?)
T300 28.473 2.433 2.413 1.56
12.783 2.369 0.491 1.62
Graphitized 24.676 2.143 1.662 1.62
T300 12.662 2.158 0.441 1.62
I O A
AS4/3501-6 24.703 1.142 0.799 1.46
12.716 1.109 0.206 1.46

3.1.3 Experimental Procedure

The experiments were performed following the test standard ASTM E1461. Each
test specimen was cut into seven to nine samples that were approximately 12.5 mm or 25
mm in diameter to verify if diameter had an effect on the thermal diffusivity
measurement. The diameter, thickness, and mass were documented. Since the samples

were cylindrical, the density was calculated using the mass and volume of each sample. A
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thin coat of graphite was then sprayed onto each sample to reduce the reflectability, and
increase the energy absorption. The graphite coating does not significantly affect the
thermal diffusivity measurement. This is due to the coating having only an infinitesimal
effect on the sample thickness. Each sample was placed in the specimen holder housed
inside a vacuum seal environmental enclosure. The environmental enclosure was purged
using nitrogen gas to form an inert environment for the samples.

Approximately 1 L of liquid nitrogen was manually poured in the receptacle. A
Dewar flask was used due to the cold temperature of liquid nitrogen. The thickness,
diameter, and mass were inputted into the FlashLine™ 2000 System, and the test was
initiated at ambient temperature. Each sample was tested to a maximum temperature of
330°C. At each designated temperature, a minimum of three flashes were performed at a
time. The results were compiled, analyzed, and necessary corrections were made. The

thermal diffusivity results are presented in Chapter 4.

3.2 Differential Scanning Calorimetry

Joseph Black was a Scottish physician and professor of Medicine at University of
Glasgow during the 18" century. Black is recognized as the founding father of
calorimetry because of his pioneer work on latent and specific heat. The objective of
calorimetry is to “study the measurement of heat” [22]. To measure heat, heat must be
exchanged. Chemical reactions and physical transitions are generally connected to the

consumption and generation of heat, and the study of calorimetry investigates those
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processes. From Black’s founding many calorimetry techniques were developed
including differential scanning calorimetry.

Although, caloric measurements have been performed since the 18™ century,
accuracy of classical techniques cannot compare to current techniques due to the
advancement of technology. A popular method used today is differential scanning
calorimetry or commonly known as DSC. “Differential scanning calorimetry (DSC)
means the measurement of the change of the difference in the heat flow rate to the sample
and to a reference sample while they are subjected to a controlled temperature program”
[22]. Using the measure heat flow rate of the sample, differential scanning calorimetry
can determine how a material’s heat capacity varies with respect to temperature.

When performing a differential scanning calorimetry measurement a test
specimen and reference are enclosed in the same furnace together on a metallic block
with high thermal conductivity within the calorimeter. The metallic block ensures a good
heat-flow path between the specimen and reference. The two samples are subjected to an
identical temperature program. The heat capacity changes in the specimen leads to a
difference of temperature and heat flux relative to the reference. The calorimeter
measures the temperature difference and calculates heat flow from calibration data. As a
result, the specific heat of the sample can be calculated using the heat flow results.
Differential scanning calorimetry is an ASTM test method standard for determining
specific heat capacity [23].

To calculate the specific heat of unknown material, the heat flux of the unknown

and a reference must be measured using the differential scanning calorimeter. Using the
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measure heat flux values and the known specific heat of the reference, the specific heat of
the unknown material can be calculated using a technique ratio method.

Since the differential scanning calorimeter is at constant pressure, the change in
enthalpy of the reference is equal to the heat absorbed or released in by the reference
[24].

dH = Q (4.1)
Equation (4.1) leads to the following relationship:

,_do_aH “2)

dt dt
where dQ/dt is the heat flux, and dH/dt is the change of enthalpy with respect to time. At
constant pressure, the relationship for specific heat capacity of the sample is the

following [24]:

o= (29) - ()

Applying the calculus chain rule to Equation (4.3), the following relationship for specific
heat was developed:

dH dH dt
== 4.4
CP=ar = drar (44)
Using the relationship developed in Equation (4.2), a substitution was made in Equation
(4.4) to obtain the following equation for specific heat:

dQ dt

ek 4.6
P dt dT (46)

where dQ/dt is the heat flux, and dt/dT is the inverse of the change of temperature with

respect to time.
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Using the relationship derived for specific heat in Equation (4.6), the ratio method
equation can be determined. Since differential scanning calorimetry can only determine
the specific heat of materials by referencing a known material a calibration constant, E is

multiplied to the equation [26].

Coproy = E+ (dQ) 4.7
Pref T " AT \dt /ey (4.1

Co.ref IS the known specific heat for your reference, (dQ/dt)s is the reference’s heat flux
measured with the calorimeter, and dt/dT is the inverse of the heating rate used in the

temperature program. The calibration constant is solved for in the following expression:
. dT (dt) c
" dt \dQ ref pref (4.8)

To determine the specific heat for your unknown material Equation (4.6) is used again.

dQ dt
C,=E Q—

el 4.9
p dt dT (4.9)

Using the calibration constant found in Equation (4.8), the specific heat of the unknown
material can be determine using the following expression:

Cp = (%%) . (%) (%)ref “Coref (4.10)

Since both of the material used the same temperature program, Equation (4.10) can be

reduced to the following:

6 =(3) (j—é)f Corer (4.11)

or,
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daQ

L-C

Cp = (d_Q) pref (412)
ref

dt

Since enthalpy, H is defined as the product of specific enthalpy, h and mass, m. Equation

(4.12) can be written as [26]:

dQ
_Mrer  dt
Cp_ m (d_Q) 'Cp,ref (4.13)
dt ) er

where mys is the mass of the reference and m is the mass of the unknown sample.
Equation (4.13) is the equation used in the ratio method to calculate the specific heat of
an unknown material.
3.2.1 Experimental Apparatus

The calorimeter used in this research was the DSC 200 F3 Maia®, Differential
Scanning Calorimeter manufactured by NETZSCH (Figure 3.5). It is a heat flux system
that combines high stability, high resolution, and fast response time throughout a
substantial temperature range. With the addition of the Intracooler 40, the temperature
range extends from ambient temperature to cryostatic temperatures covering a larger
temperature spectrum. The heating rate is adjustable from as low as 0.001K/min to as
high as 100K/min while keeping a temperature accuracy of 0.1 K.

The DSC 200 F3 Maia® Differential Scanning Calorimeter consists of a furnace
block, sample chamber, cooling system, heat flux sensor, and purge gas. The furnace
block contains a miniature jacketed heater that provides the source of heat during the

experiment. The furnace temperature is measured by a thermocouple integrated into the
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furnace walls. The sample chamber is sealed within the instrument’s lid, and has two
additional lids to prevent a contamination from outside sources. The system’s
temperature is reduced using compressed air. This is provided by an additional add-on,
the Intracooler 40. The calorimeter uses a high sensitivity type E heat flux sensor for its
measurements [25]. A cross section of the DSC 200 F3 Maia® Differential Scanning

Calorimeter can be seen in Figure 3.6.

Figure 3.5. DSC 200 F3 Maia® Differential Scanning Calorimeter
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Figure 3.6. Cross Section View DSC 200 F3 Maia® [26]

3.2.2 Test Specimen Preparation

When testing a DSC sample, good thermal contact between the heat flux sensor
and sample is vital for optimum results. To achieve this, the sample should lay as flush as
possible with the bottom of the aluminum crucible. Each crucible is approximately 5mm
in diameter and 2mm deep. Each specimen was cut into small samples with a flat surface
using an uncontaminated razor blade making sure not to exceed the dimensions of the
crucible. Then, each sample was weighed three times, and the average mass was
documented. The mass of each test sample can be seen in Table 3.3. Each sample was
placed into the crucible, and a lid was positioned on top of the crucible to fully enclose
the sample. Using tweezers, the crucible was then carefully placed on the heat flux sensor

making sure the crucible was centered on the sensor.
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Table 3.3. DSC Test Specimens

Material Mass (m

T300

Sample A 34.4
Sample B 42.6
Sample C 44.9
Sample A 35.3
Sample B 36.6
Sample C 31.2
Sample A 15.5
Sample B 15.7
Sample C 15.1

3.2.3 Experimental Procedure

The differential scanning calorimetry experiment was performed following testing
standard ASTM E1269, Standard Test Method for Determining Specific Heat Capacity
by Differential Scanning Calorimetry. The differential scanning calorimeter and data
acquisition system was initialized and was allowed to reach thermal equilibrium. During
this period the apparatus was purged with argon gas at a rate of 50 mL/min to produce an
inert testing atmosphere. To measure the specific heat of a sample a minimum of three
runs must be performed.

Before the specific heat of the carbon composites was determined a baseline and
reference test were performed. Since the samples were placed inside an aluminum

crucible for testing, the crucible will add a contact resistance to sample. The baseline
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corrects for this contact resistance increasing the accuracy of your results. The initial
baseline run was performed by placing two empty crucibles in the designated location on
heat flux sensor as seen in Figure 3.7. The furnace was heated to the designated initial
temperature of the program, and held there isothermally at least four minutes while the
calorimeter recorded the thermal curve. The crucibles were heated to the final
temperature at rate of 20°C/min and held isothermally again while the calorimeter

recorded the thermal curve.

Figure 3.7. Crucible Placed on the Heat Flux Sensor
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Following the baseline run, the calorimeter testing chamber was cooled to
ambient temperature. The crucible on reference location in the testing chamber was
replaced with a sapphire reference. After applying the previous baseline to correct for the
aluminum crucible, the same temperature program used for the baseline was executed for
the sapphire reference. The measured specific heat of the sapphire was compared to the
known specific heat value for sapphire to determine the error. The test was repeated for
the carbon composite samples. To verify that the baseline did not alter, a baseline
established after every fourth test. Using the measure sapphire as a reference, the ratio

method was used to determine the specific heat of the carbon composites.
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CHAPTER 4

RESULTS AND DISSCUSSIONS

4.1 Thermal Diffusivity

The flash method was used to measure the thermal diffusivity in the transverse
direction of the carbon composites. The thermal diffusivity of the carbon-carbon
composites were measured between room temperature and 315°C. This was limited by
the temperature range of the apparatus. The carbon-epoxy composite maximum
temperature was reduced to 150°C due to the lower service temperature, 177°C of the

epoxy. Figure 4.1 displays temperature dependence of the transverse diffusivity for

AS4/3501-6.
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Figure 4.1. Transverse Thermal Diffusivity of AS4/3501-6 Composite

32



The thermal diffusivity of the AS4/3501-6 through the temperature 20°C to 150°C
ranged from 0.00375 cm?/s to 0.00461 cm?s. The thermal diffusivity of AS4/3501-5
decrease from room temperature to 80°C. After 80°C the thermal diffusivity remained
consistent throughout the remaining portion of the temperature range. Figure 4.2 displays
the thermal diffusivity of the T300 carbon-carbon composite. At the initial temperature of
25°C, the thermal diffusivity was 0.0165 cm?/s. The thermal diffusivity remained very
consistent throughout the temperature range until the end where a slight decrease was
noticed. There, the diffusivity dropped slightly to 0.0139 cm?/s. Overall, temperature had
a minimum effect on both the AS4/3501-6 carbon-epoxy and the T300 carbon-epoxy in

the tested temperature ranges.
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Figure 4.2. Transverse Thermal Diffusivity of T300 Composite
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It appeared that graphitizing the carbon fibers had an effect on the thermophysical
properties of the carbon composites. Unlike the other two carbon composites, the thermal
diffusivity of the graphitized T300 carbon-carbon composite was very temperature
dependent. The thermal diffusivity of the composite decreased from 0.143 cm?/s to 0.069
cm?/s, a 52% decline in thermal diffusivity due to temperature. This can be seen in Figure
4.3. By graphitizing the fibers, the thermal diffusivity increased by as much as 767% at

room temperature and 400% above 300°C. This effect is seen in Figure 4.4.
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Figure 4.3. Transverse Thermal Diffusivity of Graphitized T300 Composite
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Figure 4.4. Transverse Thermal Diffusivity Comparison of T300 Composites

According to the testing standard [16], the optimum thickness of the tested
samples should be chosen so that the time to reach half of the maximum temperatures
(half-time), ty, falls within the 10 to 1000 ms (0.01 to 1 s) range. To verify that the
samples were the proper thickness, an initial test was performed to check the half-times
of the tested material. The half-times attained at each temperature during this trial were
recorded. The results from the initial trial can be seen in Table 4.1. The half-time for each
material fell within the acceptable range according to the testing standard verifying that

the proper thickness was chosen.
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Table 4.1. Half-Time of the Test Materials

Material Temperature (°C) t1/2 (S)
AS4/3501-6 22 0.390339255
125 0.398739398
T300 27 0.440540105
125 0.447540224
247 0.570177555
315 0.477274060
T300 2500°C 23 0.042000044
100 0.054200251
247 0.077067301
314 0.086600795

To check the validity of the results obtained during the experiment, the diffusivity
must be calculated at a minimum of two other points besides the half-time on the rise
curve of the thermogram [16]. Using the general form of the flash method equation for
thermal diffusivity, the thermal diffusivity can be calculated at any point alone the
measure thermogram:

LZ
a = th— (51)

X

where t is the time required for the temperature to reach x percent of ATmax, and Ky is the
corresponding flash method diffusivity constant. The values of the constant can be found
in Table 4.2.

The calculated values for the thermal diffusivity on the rise curve should all be the
same when not considering heat losses. If the thermal diffusivity values at 25% and 75%
of ATmax lie within £ 2% of the half-time thermal diffusivity value, the overall accuracy

of the non-corrected thermal diffusivity value is within £ 5% at the half-time rise of that
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temperature. If the thermal diffusivity values lie outside this range, a correction using
Clark and Taylor’s analysis is necessary. To calculate the error between the thermal

diffusivity values on the rise curve of the thermogram, the following equation was used:

a, —a
% error = P 100 (4.2)

where o is the thermal diffusivity measured at the half-time of the thermogram, a, is the
thermal diffusivity at other instants on the thermogram. Table 4.3 displays the percent

error calculated at 25% and 75% of the thermogram for AS4/3501-6.

Table 4.2. Constant ky for VVarious Percent Rises [16]

X (%) Kx
10.00 0.066108
20.00 0.084251
25.00 0.092725
30.00 0.101213
33.33 0.106976
40.00 0.118960
50.00
60.00 0.162236
66.67 0.181067
70.00 0.191874
75.00 0.210493
80.00 0.233200
90.00 0.303520

Examining two flashes performed on AS4/3501-6, the percent error at 25% and
75% of ATmax Was within the + 2% range during a flash at 22°C. Looking at the percent
error obtained at 125°C, it is slightly above the + 2% maximum threshold. This

symbolizes that a correction was necessary to get proper thermal diffusivity values. The
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percent error of the carbon-carbon composites are displayed in the following Tables 4.4

and 4.5. When examining the percent error of thermal diffusivity for the carbon-carbon

composites, the percent error was outside of the 2% threshold but still acceptable. Clark

and Taylor correction was applied to compensate for the error.

Table 4.3. Thermal Diffusivity Validation of AS4/3501-6 Composite

Temperature °C X(%) Diffusivity cm®/s % Error
22 25 0.004617 0.45
50 0.004597
75 0.004648 1.11
125 25 0.004158 3.04
50 0.004289
75 0.004531 5.64
Table 4.4. Thermal Diffusivity Validation of T300 Composite
Temperature °C X(%06) Diffusivity cm?/s % Error
27 25 0.017618 4.28%
50 0.018405
75 0.019660 6.82%
125 25 0.016334 2.40%
50 0.016735
75 0.017511 4.64%
247 25 0.013759 4.51%
50 0.014409
75 0.015144 5.10%
315 25 0.015386 1.95%
50 0.015692
75 0.016391 4.45%




Table 4.5. Thermal Diffusivity Validation of Graphitized T300 Composite

Temperature °C X(%) Diffusivity cm®/s % Error
23 25 0.150846 1.89%
50 0.153748
75 0.160724 4.54%
100 25 0.116599 2.13%
50 0.119140
75 0.123136 3.35%
247 25 0.082122 1.99%
50 0.083789
75 0.086718 3.50%
314 25 0.070874 1.60%
50 0.072029
75 0.074412 3.31%

Visual analysis can be done by plotting the normalized thermogram of a flash

pulse against a theoretical model of the thermogram that assumes no losses. By plotting

the normalized thermograms against the theoretical model, one can observe radiation

loses and finite pulse time effect. Overshooting of the theoretical model by the

experimental data verifies there was a finite pulse time effect during the shot. In addition,

if the experimental data falls below the theoretical model then radiation losses were

present during that flash pulse. Clark and Taylor’s correction factor accounts for these

losses and adjusts the thermal diffusivity as necessary. Figures 4.5, 4.6, and 4.7 display

multiple thermograms at various temperatures of the tested carbon composites.
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Model

Visually examining the thermograms of the tested carbon composites, the
graphitized T300 carbon-carbon composite normalized thermograms were very consistent
with the theoretical model. This symbolized that the radiation heat losses were minimum
during the flash pulse. Unlike the graphitized T300 carbon-carbon composites, noticeable
losses due to radiation heat losses were noticed for the T300 carbon-carbon composite
and the AS4/3501-6 carbon-epoxy composites after the peak change of temperature was
achieved. This reflects the fact that a correction was need.

In addition to the numerical validation, the AS4/3501-6 and graphitized T300
carbon composites were tested at Oak Ridge National Laboratory on their FlashLine™
5000 laser flash apparatus. The experiment was performed using the same sample

preparation and procedures as mentioned before. The results obtained using laser flash
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apparatus were compared to the results obtained using the FlashLine™ 2000 xenon flash.
A comparison of the results can be seen in Figures 4.8 and 4.9.

Comparing the test results of laser flash apparatus and the xenon flash for the
AS4/3501-6 carbon epoxy composites, the diffusivity values were within 3.8% of each
other and overlapping in some portions of the data set. Similarly, the thermal diffusivity
values obtained from the graphitized T300 carbon-carbon composite were within 7%. In
addition, the carbon composites followed the same trend with both apparatus verifying

the accuracy and reproducibility of the results.
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Figure 4.8. AS4/3501-6 Composite Thermal Diffusivity Comparison
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Figure 4.9. Graphitized T300 Composite Thermal Diffusivity Comparison

4.2 Specific Heat

To confirm that the user-induced error of the differential scanning calorimeter
was insignificant, the specific heat of the reference sapphire was tested before and after
the carbon composites were tested. The heating curve was analyzed using the ratio
method. The experimental result was compared with the known value for the reference to
estimate the error induced by the user. Figure 4.10 displays the results from the
comparison. A maximum error of 1.45% was observed during the preliminary and post
runs. Next, the specific heat of the carbon composite samples was tested. The result can

be seen in Figures 4.11, 4.12, and 4.13.
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Figure 4.11. Specific Heat of the AS4/3501-6 Composite
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The carbon-carbon and carbon-epoxy composites followed the characteristic
specific heat trend with increasing temperature. Unlike the thermal diffusivity results
from the flash method, the heat treatment of the fiber appeared not to have an effect of
the carbon composite’s ability to store energy. The specific heat of the AS4/3501-6
carbon-epoxy composite increased from 1 J/g°C to 1.3 J/g°C. The specific heat of the
T300 and graphitized T300 carbon-carbon composites were consistent; increasing from
approximately 0.8 J/g°C to 1.8 J/g°C. From the initial temperature until approximately
400°C, the difference between the specific heat values was not greater than 3%. By the
end of the temperature range, less than a 6% difference was noted. A comparison of the

T300 carbon-carbon composites can be seen in Figure 4.14.
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Figure 4.14. T300 Composite Specific Heat Comparison
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4.3 Thermal Conductivity
Using the density, specific heat, and thermal diffusivity in the transverse
direction, the thermal conductivity in the transverse direction of the composites was
determined using the following relationship,
k=p-c, a (4.2)
The calculated thermal conductivity values for the carbon composites can be seen in
Figures 4.15, 4.16, and 4.17. In addition, the thermal conductivity of the T300 and

graphitized T300 carbon-carbon composites can be seen in Figure 4.18.
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Figure 4.15. Thermal Conductivity of the AS4/3501-6 Composite
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Figure 4.17. Thermal Conductivity of the Graphitized T300 Composite
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Figure 4.18. Thermal Conductivity Comparison of Carbon-Carbon Composites

The thermal conductivity of the AS4/3501-6 carbon-epoxy composite ranged
from approximately 0.6 W/mK to 0.7 W/mK over the temperature range. The effect of
heat treating the T300 carbon fibers was also noticed in the thermal conductivity results.
The thermal conductivity of the T300 carbon-carbon composite was found to range from
approximately 2 W/mK to 3 W/mK increasing with temperature similar to AS4/3501-6
carbon-epoxy composite. Temperature appeared to have very little effect on the
graphitized T300 carbon-carbon composite’s thermal conductivity in the measurement
temperature range. The thermal conductivity remained consistent at approximately 15

W/mk. Table 4.6 summarizes the results of the thermophysical properties.
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Table 4.6. Summary of Thermophysical Properties

Thermal Properties

AS4/3501-6

T300

Graphitized T300

Thermal Diffusivity
(cm?/s)

Specific Heat
(J/g°C)

Thermal Conductivity
(W/mK)

0.0037 - 0.0046

1.0-13

0.6-0.7

0.0139 -0.0165

0.8-138

20-30

0.0690 — 0.1430

0.8-138
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CHAPTER 5

CONCLUSION

In this research, the thermal properties of carbon-carbon composites produced by
the resin transfer molding process and the unidirectional, continuous carbon-epoxy
laminate, AS4/3501-6 were determined. The carbon-carbon composites consisted of
graphitized and non-graphitized T300 PAN based carbon fiber and PT-30 cyanate ester
resin. Using the flash method, the thermal diffusivity in the transverse direction of the
carbon composites was measured. Analysis was performed to validate the accuracy of the
thermal diffusivity results. In addition, the thermal diffusivity was measured at Oak
Ridge National Laboratory (ORNL) using their laser flash apparatus. The thermal
diffusivity determined at North Carolina A&T State University using the xenon flash
apparatus were in good agreement with those obtained at ORNL.

A differential scanning calorimeter was used to measure the specific heat of the
carbon composites. The specific heat of the reference material, sapphire was measured
and compared to the known values of sapphire to verify that the user induced error was
trivial. The specific heat of the carbon composites was determined using the heating
curve of the differential scanning calorimeter. Ultimately, the thermal conductivity in the
transverse direction was determined using the density, specific heat, and thermal
diffusivity in the transverse direction of the carbon composites.

Upon completion of this research several recommendations for future work were

made.
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Measure the thermal diffusivity, specific heat, and conductivity in the in-plane
direction of the carbon composites and confirm if there are any directional effects
of the thermophysical properties.

Measure the thermal diffusivity, specific heat, and conductivity of the individual
components of the carbon composites separately, and attempt to predict the
thermophysical properties of the entire composite from these.

Measure the thermal diffusivity, specific heat, and conductivity of the composites
while varying fiber volume of the composites, and validate the effects of the fiber
content of the composites.

Measure the thermal expansion of the carbon composites.
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APPENDIX

THE FLASH METHOD EQUATION DERIVATION

The following is a complete derivation of the flash method’s thermal diffusivity

equation.

Starting with Carslaw and Jeager’s [17] equation of temperature distribution
within a thermally insulated solid of uniform thickness L, Parker et al. [15] derived the

mathematical expression to calculate thermal diffusivity:
L
T(xt)————jT(xO)dx+ zaexp(_llfi£§] cosﬂfij(xxncosﬂffdx 1)
0

where « is the thermal diffusivity of the material. If a pulse of radiant energy Q is
instantaneously and uniformly adsorbed in the small depth g at the front surface x = 0, the
temperature distribution at that instant is given by the following:

for 0 <x<gand,

Q
T(x,0) =
(x )/TCQ )
forg<x<L.
T(x,0)=0 ©)

T(x,t)=— U- dx+f0dxl LZ nnat

. (4)
Y f . Y dx+f O-COS%dx
osL pCg cosL , I
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. 2 2 sm( ﬂXJL
T(x, t)—p [ P+ Zexp(_n il at]-cos nfx- L) . (6)

Qg Q-0 7. 2 i (Friztat)  qmx
— _ L2 -
T(x,t) = CngCgL+L 1e cos—
n=
.
o [sn("FDL_sin("T) "
.p-C-g nm B nm
. (nng
Tx=|—29 +gie ot ) oM. Q 5'”( - jL (8)
"l p-Chg-L Ln=1Xp L2 L p-C-g nz

o5 M. 2 . )

00§ — - —| ———~2— (10)
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.. N
sm—ﬂg

Q nzx L -n’zlat
T(x,t)= 1+2)» cos . e 11
O=——1 Zl L o ><p[ E (11)

L

Using initial conditions, Equation (2) and (3), Equation (1) can be written as the

following:
nag
sin——~ 2 2
Q n7zx L -N“zat
T(x,t)= 1+2) cos e 12
xO=—"oT ;Lnﬂgm(sz (12)
L

where p is the density and C is the specific heat capacity of the material. Since g is a very

small number for opaque materials,

sin—2 ~ —2 (13)

__Q NI o[ ot
T(x,t)_p'C L{1+Zz;cosLexp( T H (14)

At the rear surface, where x = L, the temperature history can be expressed by:

Qo | e nzl -n’z’at
T(L’t):p-C-L_l+2nZ_;‘COS i exp( E (15)
T(L,t)= Q _1+22cosn7rexpn—”at (16)

opCL H L2

T(L, t)—

[1+ 22 ( n:fz ottﬂ (17)

Two dimensionless parameters, V and o can be defined as the following:
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Tm represents the maximum temperature at the rear surface. The combination of

Equations (18), (19) and (20) yields the following:

T(Lt)= p.g L[1+ 2%:(—1)n exp(-n? a))}

TRy, Zi(—l)” e><p(—n2 a))

=

V(Lt)=1+ 22(—1)” exp(-n? - o)

V=1+ 22(—1)” exp(-n? - o)

SetV=20.5,
05=1+25 (1) exp(-n? - )
n=1
—O.5=Zi(—1)” exp(-n? - o)
n=1
—0.25=i(—1)“ op(-n?- o)
n=1
Atn=1
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(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)



-0.25 = -exp(-0) (27)

exp(w)=4 (28)

®w~1.38 (29)
The value of @ was then substituted into Equation (20)

wiat

1.38= = (30)
o= 1.38- L7
nzty (31)
2
L2
2

where ty/, is the time required for the back surface to reach half of the maximum

temperature rise.
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