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ABSTRACT 3

High resolution, 2-D thermal diffusivity maps of carbon-carbon composites
were obtained by a state-of-the-art infrared thermal imaging system. Unlike the
traditional single-point IR detector used for thermal diffusivity measurements, the
IR camera is capable of capturing images in its 256 x 256 pixel Focal Plane Array
detector in a snap-shot mode. The camera takes up to 200 images at a rate of 120
frames/second. The temperature resolution of the IR camera is 0.015°C and the
spatial resolution is 20 um. Thermal diffusivity was calculated for each pixel.
Four-direction carbon-carbon composites were used for the thermal diffusivity
mapping study. The fiber bundles along the heat flow direction were found to have
25% higher diffusivity values than the surrounding matrix. The diffusivity map also
showed detailed local variations in diffusivity which were impossible to measure
using a single-point detector. Accurate diffusivity maps are very important to the
design of composite materials.

INTRODUCTION

Composite materials, such as carbon-carbon composites, have been used as
structural components for high-temperature applications. One of the important
characteristics of a composite is its thermal transport property, i.e. thermal
conductivity for steady state heat conduction or thermal diffusivity for transient heat
conduction. Accurate measurements of thermal transport properties are crucial to
the component design. Thermal diffusivity[1] is the most often used technique for
determination of transport properties since thermal conductivity, K, can be
calculated from the product of density, p, specific heat, C, and thermal diffusivity,
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a: that is, K = apC, . The flash diffusivity technique is an ASTM standard
material testing procedure[2]. Data analysis algorithms developed by Clark and
Taylor{3] and Koski[4] are often used to calculate thermal diffusivity.

The traditional flash diffusivity technique utilizes a single-point infrared
detector. It measures the average temperature rise at the back surface of a specimen
after a heat pulse. This technique requires the specimen to be homogeneous and the
heating of the specimen to be uniform. Most solid state materials with the exception
of composites can meet these requirements.

Composites can be divided into three basic groups: dispersed, layered and
fiber-reinforced composites. Thermal diffusivity of dispersed composites can be
measured by the flash technique as long as the specimen is thick enough to
represent the bulk material. Layered composites have been studied extensively for
many years[5-7]. Thermal diffusivity of two to four layered materals can be
calculated from various one-dimensional heat flow models. Fiber-reinforced
composites have more complex structures and the thermal diffusivity measurements
are less straightforward. Fibers can be continuous or chopped and the stacking of
the fibers can be periodic or random. Taylor[8] showed at least four unit cells are
needed to get an accurate measurement for composites having periodic structures.
In the case of aligned fibers, the volume percentage of the fibers must be very low
in order to get a good coupling effect between the fibers and the matrix. In
continuous fiber ceramic composites, the thermal transport property of the fibers
may be very different from the matrix and the fiber volume can be high. Heat
conduction can change significantly depending on the relative orientation between
the heat flow and the fibers.

Thermal diffusivity of fiber-reinforced composites has been measured using
the traditional flash technique. Some researchers have developed models to
estimate the thermal diffusivity of fiber reinforced composites[9-12]. Accurate
thermal transport properties of both the matrix and the fibers must be known in
order to apply the rule-of-mixtures. However, thermal properties of the material
may change after processing and sintering. It is very important to be able to
measure thermal diffusivity of different phases in a composite. Recently, thermal
diffusivity imaging of CFCC was studied by Ahuja et al{13]. They used an IR
camera to generate thermal diffusivity maps and studied artificial defects of at least 4
mm X 4 mm in dimension.

In the present study, a high-resolution infrared camera was used to create
thermal diffusivity maps of carbon-carbon composites. Unlike the single-point IR
detector, the camera has a 256 x 256 pixel InSb Focal Plane Array (FPA). Each
pixel in the FPA is an individual IR detector. The camera can operate in a snap-
shot mode where all the pixels are exposed to IR radiation simultaneously for the
same amount of time. This feature allows the camera to be used as a 2-D IR
detector in the flash technique. The camera can take up to 200 images at a rate of




120Hz. Thermal diffusivity of each pixel was calculated and formed a thermal
diffusivity map with 20 pum spatial resolution.

Four-direction (4D) carbon-carbon composites made by Fiber Materials Inc.
with Amoco Performance Products P-25 fibers were tested in this study. A
preliminary study[ 14] showed the possibility of generating diffusivity maps for the
carbon-carbon composites. More powerful image analyzing software and better
spatial resolution were utilized in the present study.

EXPERIMENTAL

An infrared camera manufactured by Amber, Goleta CA, was used as the
detector described in the flash technique. Figure 1 shows the experimental setup
for diffusivity mapping. A typical specimen was a disk about 12.5mm in diameter.
It was placed in a stainless steel sample holder and mounted in front of a high
power xenon flash lamp. A low thermal conductivity clay was used to hold the
specimen and minimize heat loss via the sample holder.

The IR camera monitored the back surface of the specimen. A photo diode
was used to detect the flash and send a trigger signal to the control workstation.
The camera took 200 images at a rate of 120 Hz following the trigger. The images
were stored in the computer. An Excel™ Macro program was written to calculate
thermal diffusivity pixel by pixel. Spatial resolution of 20 um was used (7.5 pum
resolution can be achieved using a microscope lens with a field of view of I mm x 1
mm). Parker’s technique[l] was used to calculate the thermal diffusivity. It
assumes no heat loss and measures the time for the back surface to reach half of the
maximum temperature, t,;. Knowing the specimen thickness, d, thermal
diffusivity is simply calculated as:

o = 0.1388dt,

where o is the thermal diffusivity in cm*s. The results were stored in a
spreadsheet and can be easily plotted by graphic software packages.

A 4D coarse weaved carbon-carbon composite sample, from Fiber Materials
Inc., 12.5 mm in diameter and 14 mm thick was used for thermal diffusivity
mapping. There were 4000 fibers in a bundle. The composite was produced from
P-25 pitch precursor carbon fibers woven in three directions in the horizontal plane,
120 degrees apart with the fourth fiber direction perpendicular to the plane. The
overall fiber volume was 48%. The carbon fiber preform was densified through a
series of repetitive impregnation, pressure carbonization and graphitization cycles
until a density of 2.02 g/cm’® was achieved. The inpregant was a coal tar based pitch
material manufactured by Allied Signal which infiltrated the spaces between the
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Figure 1. Flash diffusivity measurement using an IR detector or camera.

fibers as a liquid, and was converted to pure carbon by heating to 650°C. The
resulting carbon reinforced carbon block was heat treated at 2250°C to graphitize the
carbon. The specimen was cut parallel to the horizontal planes. The direction of
heat flow was parallel to the fourth set of fiber bundles.

RESULTS AND DISCUSSION

The rapid heating of carbon-carbon composite specimens was captured by
the IR camera. Figure 2 is an IR image 32 milliseconds after the heat pulse. The
background was subtracted to reduce the noise level. The fiber bundles in the same
direction as the heat flow showed higher temperatures which indicated they heated
up faster than the matrix and fiber bundles in the horizontal planes. The high
temperature sensitivity of the camera also showed temperature differences between
the matrix materials and the horizontal fiber bundles. The horizontal fiber bundles
showed slightly higher heating than the matrix. An intensity histogram of 65,536
pixels in the same image is shown in Figure 3. The first peak at zero intensity
comes from the black area representing the sample holder. The second broad peak
at intensity level 16 represents the matrix and horizontal fiber bundles. A third peak




Figure 2. IR image 32ms after the heat pulse.Fiber bundles are 1.5 mm in diameter.
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Figure 3. Intensity histogram of Figure 2. Three peaks can be found in the plot.
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Figure 4. Thermal diffusivity map of a 4D carbon-carbon composite. The grey
matrix area has an average diffusivity of 1.20 cm®/s and the bright fiber bundles
have average diffusivity of 1.50 cm%s. The black edge is the sample holder.

at intensity level 22 appeared as a shoulder. It represents the bright fiber bundles
parallel to the heat flow.

Using the whole sequence of 200 images, thermal diffusivity values of each
pixel were calculated. A 256 x 256 pixel thermal diffusivity map is shown as a
surface plot in Figure 4. Thermal diffusivity of the fiber bundles in the same
direction as the heat flow averages 1.50 + 0.17 cm?/s and the average thermal
diffusivity of the fiber bundles in the horizontal plane and the matrix was 1.20 +
0.15 cm?s. Averaging was done via the imaging software. The average thermal
diffusivity of the entire specimen was 1.30 cm?s.

The same 14 mm thick specimen was also tested using a single-point InSb
infrared detector. The measured half rise time was 132 + 5 ms and the thermal
diffusivity calculated using Parker’s method[1] was 1.52 + 0.01 cm?¥s. This result




indicated that the average thermal diffusivity measured by the single-point detector
tends to be closer to the high conductivity fiber bundle value. Therefore, it did not
represent the true average thermal diffusivity value of the specimen. The single-
point IR detector would respond first to the temperature rise of the fiber bundles
and subsequently to the horizontal fiber bundles and the matrix. Thus the single-
point detector output is a summation of several rise and fall signals with the fastest
and highest rise due to the fiber bundles parallel to the direction of heat flow. The
high fraction of the fiber bundle in the sample, nearly 25%, may contribute to the
high diffusivity value. The thermal diffusivity map provided more information on
the carbon-carbon composite than a single diffusivity value. The coupling effect
between the matrix and the fiber bundle showed as a gradual change in diffusivity at
the interface. The center of the fiber bundles showed the highest diffusivity.

The as-received P-25 fibers had low thermal conductivity, 25 W/mK, to
start with. During high temperature graphtization the microstructure of the fibers
changed and thermal conductivity increased dramatically. The fiber bundles in the
4D carbon-cabbon composite had thermal conductivities ranging from 170 to 200
W/mK. The carbon-carbon composite was chosen as an example to demonstrate
the thermal diffusivity mapping technique. The ability to generate detailed thermal
diffusivity maps will certainly be beneficial to the design of high temperature
materials.

SUMMARY

Thermal images of heat conduction through 4D carbon-carbon composites
were captured by an IR camera. Fiber bundles orientaed parallel to the heat flow
were found conducting heat faster than the matrix. A thermal diffusivity map of the
4D carbon-carbon composite was generated. This technique has shown promising
applications in characterizing thermal transport properties of composite materials.
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