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ABSTRACT 
Composite materials were studied by Scanning Thermal Conductivity Microscope 
(STCM) and high speed thermography. The STCM is a qualitative technique which 
is used to study thermal conductivity variations on a sub-micrometer scale. High 
speed thermography is a quantitative technique for measuring thermal diffusivity 
with a variable spatial resolution from centimeters down to less than 25 pm. A 
relative thermal conductivity contrast map was obtained from a SiC/Si,N, 
continuous fiber ceramic composite using the STCM. Temperature changes of a 
carbodcarbon composite after a heat pulse were captured by an IR camera to 
generate a thermal diffusivity map of the specimen. Line profiles of the temperature 
distribution showed significant variations as a result of fiber orientation. 

INTRODUCTION 
Thermal transport properties of composite materials are very important to the 
performance of practical components, especially at high temperatures. The 
combination of high and low conductivity materials provides an opportunity to 
control thermal properties of the resulting composite[l]. For uniaxial composites, 
predictions of thermal properties from the rule-of-mixture[2] are often used. 
However, microstructure of the composite and processing conditions also play 
important roles in affecting the thermal transport properties. For example, the effect 
of the fiber/matrix interface was studied by Hasselman[3-4]. Fiber volume 
concentration as well as interface heat conduction coefficient were used to calculate 
the thermal conductivity of uniaxial composites. Traditional thermal transport 
measurements, such as flash diffusivity and steady state measurements, are 
performed on bulk specimens which yield the effective, average thermal properties. 
For composites, effective thermal properties measured by these two techniques 
have been used to evaluate the materials[l-4]. These measurements only provide 
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the average thermal conduction information of the material. In fact, detailed thermal 
properties are smeared out. Thermal transport properties on a microscopic scale i~11= 
needed to understand local thermal stress, thermal mismatch at the interface and of 
microcracking of composites. 

The Scanning Thermal Conductivity Microscope (STCM) was developed at Oak 
Ridge National Laboratory [5]. It utilizes the basic design of a highly sensitive 
atomic force microscope (AFM). A modifed thermal probe was installed to obtain 
both thermal and topographic images. This technique is very useful for the study 
microscopic thermal variations in a composite material. 

Thermal imaging, using a video or IR camera, is another rapidly developing 
technique for thermal property measurements of composite materials[6]. It has 
shown great potential for non-destructive, on-site inspection of components. 
Among the several thermal imaging techniques, infrared imaging shows the most 
promising applications. Today's most advanced infrared focal plane array can be 
used to make cameras with an adjustable temperature sensitivity to 0.015°C, and to 
take images at a rate up to 2 kHz. With high power optical lenses, the spatial 
resolution of an IR camera is less than 25 pm. These features make quantitative 
thermal imaging of composite materials possible. 

In this paper, experimental results on two composite materials are presented. 
Textron SiC/Si,N, composite materials were studied by the STCM. Relative 
thermal conduchwty contrast maps of the fiber and the matrix were obtained. 
Thermal images of carbodcarbon fiber composite were taken by the IR camera. A 
xenon flash lamp was used to send a heat pulse through the sample. Temperature 
line profiles as a function of time were recorded and the data were further processed 
to obtain the thermal diffusivity values of each pixel. The resulting thermal 
diffusivity map was used to evaluate detailed thermal properties of the specimen. 

EXPERIMENTAL 
The STCM is a modified Atomic Force Microscope (AFM) as shown in Figure 1. 
The maximum scanning range of the microscope is 130 pm x 130 p. The STCM 
records up to five hundred data points per scan line and five hundred scans per 
image. The probe is operated in a constant force mode and topographic images are 
obtained simultaneously with the thermal conductivi,ty contrast image. The thermal 
probe was made from 75 pm diameter silver wire with a 5 p platinum core. The 
wire loop is bent down to form the probe tip. The silver at the tip of the loop is 
etched away, exposing the platinum core. The probe forms one leg of a standard 
bridge circuit. During measurements, the probe is heated to 40°C above the sample 
temperature. When the probe tip comes into contact with the sample surface, heat 
will flow into the sample, and therefore lower the probe temperature. The bridge 
circuit can operate in a mode to keep the temperature, i.e.the resistance, of the probe 
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Figure 1. Scanning Thermal Microscope (STCM). The probe is modified to record 
thermal and topographic images simultaneously. 

constant. The bridge voltage required to maintain the probe at a constant 
temperature is then proportional to the relative thermal conductivity of the 
sample [SI. The STCM can become quantitative in thermal conductivity by using 
standard materials to calibrate the system. In this paper, relative thermal 
conductivity was used to study the thermal variations in composites. 

Textron SCS-6 fiber/Si,N, composite material was used for STCM measurements. 
The sample consists of S i c  fibers in a reaction bonded Si,N, matrix. The SCS-6 
S i c  fibers are 140 pm in diameter with a 33 pm diameter carbon core. A 4 mm 
thick sample was cut perpendicular to the fibers and the exposed cross section acea 
was polished. A 75 pm x 75 pm area was scanned at a scan rate of 150 pdsec .  

Thermography was also used to study carbodcarbon composite materials. A high 
speed infrared camera (Amber, Goleta, CA) uses a 256 x 256 InSb focal plane 
array. Each InSb detector forms a pixel of the display. The full-frame capture rate 
is 120Hz. When the camera is zoomed down to a 64 x 64 pixel window, the frame 
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Figure 2. Infrared imaging system. Thermal diffusivity maps are obtained by 
flashing the sample with a xenon flash lamp. 

rate can reach 2 m. The temperature resolution of the camera is adjustable down 
to 0.015OC. Figure 2 illustrates the thermography setup. 

A workstation is used to control the camera operation and image analysis. The 
software, ImageDeskTM, can show live images, take snap shots and take multiple 
shots in sequence. Line profile or bitmap analysis can be performed on the chosen 
image or on areas of interest (AOI). For thermal diffusivity mapping, a sequence of 
images are recorded. The data are then transferred to a spreadsheet program where 
the thermal diffusivity of each pixel is calculated using Parker’s technique 17 1. 
Carbordcarbon composites were studied using the IR camera. The 4directional 
weave composite was made from bundles of carbon fibers. One group of fiber 
bundles has longitudinal orientation and three other groups of fiber bundles form a 
3-directional weave in the transverse direction. This carbonkarbon composite 
exhibited high thermal diffusivity. The IR camera was used to image the 
temperature distribution. Line profiles along different orientations were examined 
to reveal local temperature variations. A thermal diffkivity map was generated by 
using a xenon flash lamp to send a heat pulse into the back surface of the sample 
and record the temperature changes of the front surface by the IR camera 
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RESULTS AND DISCUSSION 
A relative thermal conductivity contrast map of a SCS-6 fiber/Si,N, composite was 
taken by the STCM. Figure 3 shows the thermal conductivity mage of a SCS-6 
fiber. The graphite-coated carbon core of the fiber showed lower thermal 
conductivity compared to the surrounding CVD deposited p-Sic. The average 
bridge voltage, which can be related to thermal conductivity, in, a 30 pm x 30 pm 
carbon core area was 1.057 V and the average bridge voltage in the p-Sic area 
increased to 1.118 V. 

The outer surface of the SCS-6 fiber has a carbon-rich coating about 4 p  thick. As 
shown in Figure 4, the carbon rich surface and Si,N, matrix lform a low thermal 
conductivity interface. The average voltage of the p-Sic fiber \vas 1.062V and the 
average voltage at the Si,N, matrix was 1.056V. The average voltage at the dark 
interface area was 1.035V. 
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Figure 3. Thermal conductivity image of a SCS-6 fiber. The dark area is the carbon 
core. 
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Figure. 4 Thermal conductivity image of the SCS-6 fibe:r/Si,N, interface. 

Thermal images of the 4directional weave carbodcarbon composite were taken by 
the IR imaging system. Three cylindrical samples with different thickness were 
tested. The average density of the three samples is 2.005g/cm3. The sample was 
mounted on a sample holder and placed in front of a xenon flash lamp. The IR 
camera was focused on the opposite face of the sample. A sequence of images was 
recorded at 60 framedsec while the heat pulse from the xenon flash lamp was 
passing through the sample. A photodiode was used to trigger the sequence 
acquisition. The sequence showing thermal images at certain time was played back 
frame by frame. 

Figure 5 shows two thermal images taken at two different times after the heat pulse. 
The sample is 12.030 mm in thickness. Figure 5(a) was taken 60 milliseconds after 
the flash. The fiber bundles parallel to the heat propagation dirtxtion appear to heat 
up very quickly (the bright areas indicate the fiber bundle 1ocati.ons). The very fast 
heat propagation was consistent with the high thermal conductivity along the fiber 
axis. Over 20 images were obtained before the temperature nxiched a maximum. 
Fifty frames taken at 60Hz were recorded for further analysis. Figure 5(b) shows a 
frame taken about 200 milliseconds after the flash. The dark strips, representative 
of lower heat conduction, are associated with fiber bundles in the transverse 
direction. 
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Figure 5. (a) Thermal image of 4D carbodcarbon composite 60 milliseconds after 
the heat pulse. (b) Thermal image of the same sample 200 milliseconds after the 
heat pulse. The sample was 12.47 1 mm diameter. 
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Figure 6. Intensity as a function of time for two pixels in Figure 5, one from the 
bright area and one from the dark area. 



Two pixels were selected from the image sequence shown in Figure 5. One pixel 
was in a bright fiber bundle a m  and the other pixel was in the dark area. The 
software was able to trace the intensity of a specific pixel and show the values as a 
function of time. Figure 6 shows the plot of normalized intensity as a function of 
time for the two pixels. The fiber bundle parallel to the heat pulse propagation 
direction showed higher intensity and faster temperature rise compared with the 
fiber bundle perpendicular to the heat pulse propagation direction. 

Figure 7 is a line profde across the sample surface 200 milliseconds after the flash. 
The peak widths are consistent with the fiber bundle dimension. After subtracting 
the background, the average intensity variation was about 60%. This kind of 
thermal difference between the fiber bundles only lasted several hundred 
milliseconds. 
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Figure 7. Line profde taken across the 4-D carbodcarbon sample surface 200 
milliseconds after the flash. The peaks and valleys indicate the location of fiber 
bundles. 



Figure 8. Thermal diffusivity map of a carbodcarbon composite. The carbon 
bundles are 1.5 mm in diameter. 

Thermal diffusivity can be calculated from the curves shown in Figure 6. The same 
calculations can be repated for each pixel. To demonstrate this, an area of interest 
containing one fiber bundle was selected. The intensity data were transferred to a 
spreadsheet program. As a very small heat loss was present for the 4-D 
carbodcarbon composite, thermal diffusivity of each pixel was calculated via a 
Visual Basic Macro using Parker’s technique[7]. The results were used to generate 
a thermal diffusivity map of the carbodcarbon composite as shown in Figure 8. 
Thermal diffusivity of the bright area is 2.69 cm2/s and 1.86 cm2/s for the dark 
area. The difference in diffusivity between the bright and dark area is about 30%. 
At the frame rate of 60 Hz, the accuracy of the calculation is 7%. The ability to 
obtain thermal diffusivity value of each pixel is made possible by the high spatial 
and temperature resolution of the IR camera. This is also essential for on-site, non- 
destructive inspection of composite materials. 
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SUMMARY 
Two thermal imaging techniques have been demonstrated on composite materials. 
Relative thermal conductivity contrast maps were obtained for Textron SCS-6 
fiber/Si,N+ composite. Low thermal conductivity regions were found in the carbon 
core and SiUSi N4 interface areas. High speed infrared thermography was used to 
study a carbodcarbon composite. The IR camera has shown the capability to 
w o r d  the change in temperature as a function of time after a heat pulse. The high 
frame rate and high temperature and spatial resolution allowed thermal diffusivity to 
be calculated for each pixel. The resulting thermal diffusivity map showed that the 
fibers have a higher thermal diffusivity in the axial direction. 
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