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L e use of imposed temperature distributions in a specimen as a sensing technique 
for evaluating material properties provides inspection methods that are entirely 
nondestructive and noncontacting. These are important considerations as the field of 
nondestructive evaluation evolves to include process monitoring during manufacture, 
where there is great incentive to remove bad parts before additional fabrication cost is 
incurred or to adjust the parameters of the process on-line. This article describes our 
efforts in the maturing field of time-resolved infrared radiometry (TRIR). Our research 
has extended the TRIR technique to include new excitation and detection methods 
and new concepts for embedded sensors. 

INTRODUCTION 
The field of nondestructive evaluation (NDE) in­

cludes a wide range of methods for obtaining informa­
tion about material properties and defects within a 
structure of interest. Probing methods currently include 
the use of ultrasonic and acoustic waves, X rays, neu­
tron beams, eddy currents, holography, and interferom­
etry. Each of these methods has application to specific 
areas and is the subject of active research and industrial 
implementation throughout the world. 

The work described in this article focuses on another 
probing method for NDE: the use of time-dependent 
temperature distributions. Although thermally based 
sensing methods for NDE have been implemented for 
many years, they have not been the subject of as much 
quantitative analysis as most of the other NDE tech­
niques currently in use. A major goal of our effort has 
been to bring a fundamental understanding to the field 

and use this knowledge to extend thermal sensing tech­
niques to unique applications. 

We have conducted extensive research on the tech­
nique of time-resolved infrared radiometry (TRIR) 
using laser heating sources. This article gives an over­
view of TRIR and describes recent work in which we 
combine the use of microwave heating sources with the 
TRIR technique. Microwave heating provides unique 
capabilities for the NDE of technologically important 
materials such as composites. We have also extended 
the TRIR technique from conventional NDE applica­
tions to new approaches using embedded sensors for 
continuous monitoring of structures during manufac­
ture and service. 

Although our initial work on TRIR used infrared 
imaging devices as the sensor, we are currently working 
on other sensing methods. Our efforts are driven in part 

278 ]OH S HOPKINS APL TECHNICAL DIGEST, VOLUME 16, NUMBER 3 (1995) 



by the high cost of infrared imaging devices. Although 
the cost can be justified in a research environment, it 
limits the widespread implementation of these tech­
niques in field environments such as chemical plants, 
airline hangars, and nuclear power plants. Our research 
has shown promising preliminary results for two new 
sensing methods: time-resolved microwave thermo­
reflectometry and time-resolved shearography. 

PRINCIPLES OF TRIR 
The development and widespread availability of full­

field infrared imaging devices such as infrared scanners 
and focal-plane arrays during the last 10 years have led 
to a surge of inspection techniques based on imaging 
a specimen's surface temperature distribution. Often, 
the temperature distributions that are imaged result 
from heat generated within the structure itself, as in 
surveys of buildings for insulation deficiencies leading 
to heat loss, or inspection of electrical breaker boxes for 
excess heat generated at bad electrical contacts. These 
methods are often referred to as passive thermographic 
inspection. In the sensing techniques described in this 
article, a heat source is deliberately imposed on the test 
article, and the specimen's response to this heat load 
is monitored as a function of time. Such methods are 
often classified as active thermographic techniques. 

The TRIR technique 1 is an example of an active 
thermographic technique that has distinct advantages 
over other pulsed thermographic techniques2 that use 
a short, flash-heating method. In TRIR, the develop­
ment of the surface temperature is monitored as a func­
tion of time while a long heating pulse is applied to the 
specimen, as shown in Fig. 1. 

This approach has several advantages. First, the 
depth of the defect and its thermal characteristics are 
easily determined in a single measurement, without the 
need for a calibration measurement of a defect-free 
region of the specimen. Second, since the shape of the 
temperature-time curve, and not its absolute magni­
tude, yields the quantitative information about the 
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Figure 1. Schematic of the time-resolved infrared 
radiometry (TRIR) technique. Surface temperature 
development is monitored while a long heating pulse 
is applied to the specimen. 

defects, the technique provides an intrinsic calibration 
for spatial variations in emissivity and the sample's 
optical absorption. Finally, since heat is continuously 
applied to the specimen at low power, the temperature 
rise need be no more than a few degrees. This heating 
is in contrast to that produced by flash techniques, 
which deposit large amounts of energy in the sample 
in a short pulse with correspondingly high temperature 
excursions at the end of the pulse. These excursions can 
be large enough to damage the sample. 

Quantitative information on the thermal character­
istics of a subsurface structure is obtained from analysis 
of the TRIR temperature-time signatures, which dis­
play the surface temperature at a point on the sample 
as a function of the square root of time. The curves are 
obtained from a sequence of full-field images of surface 
temperature as a function of time after the application 
of a heat pulse, as illustrated in Fig. 2. The stack of 
infrared images (Fig. 2a) represents the time record of 
surface temperature distribution obtained during heat­
ing. Such images can be produced using different types 
of infrared imaging devices. Figure 2b shows tempera­
ture-time signatures obtained at different x, y positions 
in such a stack of images. These particular data were 
obtained for a specimen of epoxy coating on a steel 
pipe. An argon ion laser beam was used as a surface 
heating source, and regions of disbonded coating were 
identified. 

Note that the horizontal axis in Fig. 2b is labeled as 
the square root of time. This presentation is used be­
cause the surface temperature of a semi -infinite or 
thermally thick object undergoing surface heating will 
increase as a function of the square root of time. Plot­
ting the data in this manner provides a convenient 
presentation because the temperature-time signature 
for a thermally thick object appears as a straight line, 
as indicated in Fig. 2b. The appendix describes the 
theoretical time-dependent temperature distribution 
for a number of different cases. 

The curves in Fig. 2b illustrate several important 
capabilities of the TRIR technique. Note that all of the 
curves are superimposed and show a linear dependence 
until a time of about 0.55 sl /2 . Until this time, the 
sample follows the same response as a thermally thick 
sample, i.e., the coating appears to be infinitely thick. 
The curve deviates from linear behavior once the in­
terface between the coating and the substrate is sensed, 
at a point we term the thermal transit time.3 This time 
is dependent on both the thickness and thermal diffu­
sivity of the coating. 

The range of changes in slope at 0.55 SI/2 for the 
different curves indicates different heat flow phenom­
ena at the coating- substrate interface for different x, y 
positions on the sample. The bottom two curves were 
obtained at locations where the coating was well bond­
ed to the substrate. Since the steel substrate is more 
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Figure 2. (a) The output of an infrared camera provides a series of images as a function of time. (b) Temperature-time signatures for 
specific x, y locations in the images seen in (a). The signatures are analyzed to provide a measure of the specimen surface temperature 
at these locations as a function of time. These data were obtained for a disbonded epoxy coating on a steel pipe, where an argon ion laser 
beam was used as a surface heating source. 

thermally conductive than the epoxy coating, it pre­
sents a greater thermal heat sink, which slows the in­
crease in surface temperature during heating. The top 
three curves represent a different phenomenon. Here 
the increase in surface temperature during heating is 
enhanced after the thermal transit time because the 
coating is disbonded from the substrate, and a layer of 
air beneath the coating acts as a thermal insulator. 
Note also that there is a range of responses for the 
disbonded regions. Extensive work with disbonded 
thermal barrier coatings has shown that the TRIR 
technique not only detects regions of disbonding but 
also provides a measure of the severity of the disbond­
ing.4 Similar analyses have been used to assess the ef­
ficiency of different heat sink compounds for use in 
spacecraft electronics during thermal cycling.5 

Although the analysis of temperature-time signa­
tures in a graphical format is the heart of the TRIR 
technique and provides the quantitative basis of the 
method, an important characteristic of TRIR from an 
applications standpoint is that it can be used to exam­
ine large areas of a specimen in parallel. This capability 
is not provided by other NDE techniques, which re­
quire scanning a probe from point to point across the 
specimen's surface to generate an image. With TRIR, 
an area-heating source can be used, and full-field visu­
alization of the surface temperature can be obtained 
with an infrared imager. Further, both the heating and 
detection sides of the process are entirely noncontact­
ing and can be implemented with a significant standoff 
distance. These features are important for applications 

such as process control during manufacture, where it 
can be difficult to make contact with the object of 
interest. 

USE OF MICROWAVE HEATING 
SOURCES 

We recently introduced microwave heating methods 
into the TRIR technique.6-8 A microwave heating 
source has distinct advantages over conventional opti­
cal sources for analyzing optically opaque but micro­
wave-transparent materials containing localized ab­
sorbing regions, such as entrapped water in composites. 
For particular specimen geometries and material prop­
erties, the defect region can be imaged at higher con­
trast and better spatial resolution than with the surface 
heating technique. Since the heat has to diffuse only 
to the surface, the characteristic thermal transit times 
for the measurement are shorter. Further, the spatial 
resolution in these measurements is determined by the 
infrared wavelength and not by the microwave wave­
length as in conventional microwave imaging. Image 
resolutions of less than 30 fJ.,m can therefore be ob­
tained. 

Figure 3 shows the experimental setup used for the 
microwave TRIR method. All of the measurements use 
an HP 6890B oscillator (5-10 GHz) to produce micro­
waves at a frequency of 9 GHz. This signal is amplified 
to a maximum power of 2.3 W by a Hughes 1277 x­
band traveling wave tube amplifier and is fed into a 
single-flare horn antenna through a rectangular 
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2.7 s. The experimental data are 
shown along with smooth curves 
that represent a fit to Eq. AS in the 
appendix. The smooth curves were 
obtained using literature values for 
Teflon and water and the experi­
mental values for Teflon layer 
thicknesses (as shown), pulse 
length, and water layer thickness. 
The data are normalized to the 
peak amplitude to correct for a 
nonuniform microwave distribu­
tion from the hom. As the layer 
thickness increases, the time to 
reach a particular temperature also 
increases, as does the time of the 
peak temperature, because of the 

Figure 3. Experimental setup for microwave TRIR measurements. Sample temperature 
is monitored during the microwave pulse. This setup allows long observation times and 
small temperature rises, as with optical heating. 

longer time required for thermal 
diffusion through thicker layers of 
Teflon. The agreement between 

waveguide. The antenna has a beamwidth of about 500 
and is placed 15 cm from the sample. Both the angle 
of incidence and the polarization of the microwave field 
relative to the sample are controlled. In addition, the 
specimen is mounted on an x-y-z stage to allow accurate 
control of sample position. A 128 X 128 InSb focal­
plane array (Santa Barbara Focalplane) operating in the 
3- to 5-JLm band is used for detection of the infrared 
radiation. The camera has a temperature resolution of 
about 3 mK and a frame rate as fast as 305 Hz or 3.3 
ms per frame. The frame synchronization pulse of the 
infrared camera triggers the microwave oscillator, and 
the sample temperature is monitored as a function of 
time during the microwave pulse. This technique al­
lows longer observation times with low power input and 
hence small temperature rises , as in TRIR with optical 
heating. 

We created the structured multilayer test sample 
shown in Fig. 4 to demonstrate the microwave TRIR 
technique and to allow a comparison between theory 
and experiment. Teflon layers of three different thick­
nesses, with a water layer of constant thickness, are 
placed on a Plexiglas backing. The thicknesses of the 
Teflon layers, l, are 0.15, 0.30, and 0.45 mm, and the 
dimensions of the water layer are 4.5 X 4.0 X 0.8 mm. 
Both water and T eflon have a thermal diffusivity of 
about 10- 4 cm 2/s. The lateral thermal diffusion length 
for both materials is about 2 mm for an observation 
time of 30 s. For shorter times, and for structures whose 
lateral dimensions are larger than 2 mm, as in the 
multilayered test sample, diffusion through the speci­
men can be treated using a one-dimensional model. 

Figure 5 shows the temperature- time signatures for 
the three water layers for a microwave heating pulse of 

theory and experiment is good, but 
the finite microwave absorption 

depth and finite water layer thickness must be consid­
ered to obtain this agreement. 

Figure 6 demonstrates the benefits of microwave 
heating in specific applications. The specimen is a 

Figure 4. Multilayer test specimen fabricated to study the micro­
wave TRI R method. Teflon layers of three thicknesses and a water 
layer of constant thickness are placed on a Plexiglas backing. 
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Figure 5. Surface temperature normalized to the peak tempera­
ture for positions over the three water-filled voids of the test 
specimen in Fig. 4. The smooth curves were calculated using Eq. 
AS in the appendix. 
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sect ion of steel pipe with an epoxy coating that has 
undergone some disbonding. T his coating system is 
widely used for corrosion protection of buried gas pipe­
lines and consists of the same materials system shown 
in Fig. 2, which was obtained with laser heating. Figure 
6a is an infrared image of microwave heating of a dry 
disbonded region . There is no appreciable heat depo­
sition in the specimen because the epoxy coating is 
microwave transparent. Figure 6b was taken after the 
disbonded region was filled with water, a situation often 
encountered when a pipeline is in service. Here the 
water is readily heated by the microwaves, and the 
infrared image of the coating's surface provides an out­
line of the disbonded region. 

EMBEDDED-SENSOR 
IMPLEMENT ATIONS 

Another applicat ion of microwave TRIR is the 
detection of conducting fibers of carbon or metal in 

Dry 

on fiber length, and evidence of modal patterns is seen 
in the longer fibers, indicating the existence of reso­
nance phenomena. This observation suggests a method 
for turning on specific embedded sensors of different 
lengths by selecting the appropriate microwave fre ­
quency. Microwave absorption is also sensitive to po­
larization of the electric field with respect to fiber 
direction, thus providing another method of inter­
rogating specific embedded sensors. For thin fibers, only 
the electric field component along the fiber direction 
(E cos 0) can induce a current in the fiber. 

The thermal response of the heated fiber can be used 
as a probe of local thermal properties. A potential ap­
plication of such a probe is in monitoring the curing 
of composite materials. Figure 8 shows an infrared 
image of a 1-cm-Iong carbon fiber embedded in uncured 
and cured epoxy after 4 s of heating. The time depen­
dence of the temperature at different positions across 
the fiber is shown in Fig. 9. Since Eq. A9 in the ap­
pendix depends on time with only one parameter, 

Water-filled 

dielectric materials. Such small, 
conducting, one-dimensional struc­
tures are efficient microwave ab­
sorbers and scatterers. Microwave 
TRIR can detect and identify these 
fibers and determine their depth in 
the material and the degree of 
bonding between fiber and matrix. 
This work has led us to develop the 
concept of using small fibers as an 
embedded sensor. Such a sensor 
can be remotely excited using a mi­
crowave source and then remotely 
interrogated using an infrared de­
tection method. 

We have conducted experi­
ments in different polymer matrix 
composites to study the interaction 
of microwaves with linear conduc­
tors, including carbon fibers from 
10 to 500 Jkm in diameter. The 
electromagnetic interaction de­
pends on fiber length, thickness, 
and microwave polarization, 
whereas the thermal response de­
pends on the depth of the fiber in 
the material, its bonding to the 
matrix, and the thermal properties 
of the matrix. The dependence of 
the microwave-fiber interaction 
on fiber length is shown in Fig. 7, 
which d isplays a series of infrared 
images for carbon fiber bundles 100 
Jkm wide and of different lengths in 
fiberglass- epoxy. The intensity of 
the T RIR signal depends strongly 

Figure 6. Infrared images of a region of disbonded epoxy coating on a steel substrate after 
heating with a 10-s microwave pulse. The disbonded region is dry in (a) and filled with water 
in (b). An outline of the water-filled region is clearly seen . The image area is 5 x 5 cm. 
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Figure 7. Series of infrared images of carbon fibers of different lengths embedded in a 
fi berglass-epoxy composite. Note the wide variation in signal strength, wh ich depends on the 
length of the fiber, and the existence of modal patterns on the longer fibers. 
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Uncured epoxy Cured epoxy 

Figure 8. Infrared images of a carbon fiber embedded in uncured 
and cured epoxy after 4 s of microwave illumination. The image area 
is 2.8 x 2.8 cm. 

(x2 + 12)/4ex, it can easily be fitted to the experimental 
results for the time dependence at each position across 
the fiber. From the resulting set of data, a value of 
(x2 + 12)/4ex for each x, ex, and I can be determined. The 
curves in Fig. 9 were calculated using Eq. A9 and give 
thermal diffusivities of 0.84 X 10- 3 cm2/s for the un­
cured epoxy and 1.48 X 10- 3 cm2/s for the cured epoxy. 
This measurement allows the thermal parameters of the 
epoxy and the depth of the fiber to be determined 
simultaneously. 

NEW DETECTION APPROACHES 
The sensing techniques just described use infrared 

imaging systems to monitor the flow of heat in struc­
tures. Various infrared imaging systems are available, 
including portable versions with Stirling cycle coolers. 
However, the high cost of these units- more than 
$50,000-limits their use outside the laboratory to the 
characterization of expensive components, for which a 
high inspection cost can be justified. In an effort to 
extend the range of applications of thermal character­
ization, we are pursuing other detection methods for 
monitoring heat flow. Two new areas currently under 
development are time-resolved microwave thermo­
reflectometry and time-resolved shearography. 

Time-resolved microwave thermoreflectometry is a 
sensing method based on the observation that the 
reflection of microwaves from a metal surface varies 
with surface temperature. This effect is demonstrated 
in Fig. 10, which shows temperature and microwave 
thermoreflectance signal as a function of time during 
heating of an aluminum specimen. The microwave 
thermoreflectance signal can be used for noncontact 
temperature measurements through an optically 
opaque dielectric such as ceramic or brick because the 
microwaves pass through these materials. This capabil­
ity permits the technique to be used for process control 
in metal casting applications. We have monitored the 
solidification and melting of lead with this method and 
are now pursuing monitoring of alloys with higher 
melting temperatures. 

TEMPERATURE DISTRIBUTIONS FOR NONDESTRUCTIVE PROBING 
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Figure 9. Temperature rise at different pixel locations across the 
fiber in Fig. 8. Results are shown forthe fiber in uncured and cured 
epoxy. The curves were calculated with Eq. A9 and give thermal 
diffusivities of 0.84 x 10- 3 cm2/s for the uncured epoxy and 
1.48 x 10- 3 cm2/s for the cured epoxy. 

Another potential application of this technique cur­
rently under investigation is the NDE of highway bridg­
es and other civil infrastructures. Corrosion of bridge 
support members, such as reinforcing bar or "rebar" in 
concrete bridges, is a major factor in structural degra­
dation. The thermal methods described earlier, in 
which surface temperature is monitored, cannot be used 
on bridge structures because thermal diffusion from the 
metal member to the surface of the concrete is far too 
slow- on the order of hours. In the sensing technique 
under investigation, we are heating the rebar in a non­
contacting fashion using induction heating. Work is 
under way to evaluate how the condition of the metal­
concrete interface or the existence of corrosion can be 
determined from the temporal response of the ther­
moreflectance signal. The microwave reflection meth­
od is also helpful in determining the location of the 
rebar within the structure for concrete layers up to 
15 cm thick. 

The second detection method under study is the use 
of time-resolved shearography.9 Shearography is a full­
field optical technique that is sensitive to changes in 
out-of-plane displacement derivatives of a deforming 
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Figure 10. Temperature and microwave thermoreflectance signal 
during heating of an aluminum specimen. These results demon­
strate that the reflection of microwaves from a surface varies with the 
temperature of the surface. 

object. The method is based on the evolution of a 
speckle fringe pattern formed by laser light scattered off 
the object surface. Various stressing methods have been 
employed in the literature to produce characteristic 
deformations that may be monitored shearographically. 
Most of these techniques, including vibration, pressure, 
and mechanical methods, require contact to be made 
with the specimen. We have been pursuing controlled 
heating with a laser source as a stressing method. The 
position of the shearographic fringes is analyzed as a 
function of time and compared with simultaneous 

TRIR measurements made on the same specimen. Of 
particular importance is the demonstration that the 
depth of a defect can be determined accurately by 
measuring the time dependence of shearographic fringe 
development during heating, in a manner similar to 
that demonstrated with the previous techniques. In 
addition, the beam profile can be tailored to aid in the 
detection of different defect types. 

The thermal images presented in the top row of Fig. 
11 show surface temperature at various times during the 
heating and cooling cycle for a line heating source on 
a thermally thick specimen of Delrin, an alternating 
oxymethylene structure (OCHz). The fringe pattern 
development in the corresponding shearographic 
images in the bottom row coincides with the time­
dependent temperature field, as expected from the ther­
moelastic origin of the deformation. We analyze these 
fringe patterns by tracking the positions of individual 
fringes, which represent lines of constant surface slope, 
as a function of time. 

The time-dependent position of the first fringe is 
plotted in Fig. 12 for a specimen containing a I-mm­
deep, flat-bottomed hole 2.5 cm in diameter. The hole 
is milled into a Delrin specimen that is 1 cm thick and 
10 cm in diameter. Also shown are the TRIR temper­
ature-time measurements for the I-mm-deep and ther­
mally thick cases. The temperature-time signatures in 
Fig. 12 were obtained from a point on the specimen 
surface at the center of the laser heating beam. The 

Temperature rise 

6s 14 s 24 s 40 s 
Figure 11. Comparison between TRIR images (top) and shearographic images (bottom) at various times during heating of a thermally 
thick Delrin specimen. A line heating source was used. Time-resolved shearography holds promise for providing information similar to that 
provided by TRIR , but at a lower cost. 
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Figure 12. Analysis of simultaneous TRIR and shearographic 
measurements for a 1-mm-deep, flat-bottomed hole during laser 
heating. The duration of heating was 10 s. The figure shows the 
position of the first fringe and the responses for points over the flat­
bottomed hole and over the semi-infinite reference sample. The 
utility of the shearographic technique is confirmed by the fact that 
the maximum in the shearographic fringe position occurs at the 
same time as the thermal transit time. 

surface temperature curve for the flat-bottomed hole 
begins to deviate upward from that of the thermally 
thick reference sample once the temperature field in 
the thermally thin sample interacts significantly with 
the back surface, which occurs by about 2 s. The fringe 
measurements up to 2 s show an initial increase in the 
fringe position that corresponds to plate bending in 
response to the asymmetric thermal stressing. Once the 
heat reaches the back surface of the material, the ther­
mal gradient between the front and back of the plate 
is reduced and the amount of plate bending is subse­
quently reduced. The fringe position begins to decrease 
as the bending of the plate decreases. Upon cooling, 
when the heating source is turned off at lOs, the 
material returns to its undeformed state as evidenced 
by the rapidly receding fringes. 

Time-resolved shearography shows promise for pro­
viding information similar to that provided by TRIR 
about defect depth. Since a shearographic system can 
be constructed for considerably less than an infrared 
imager, this technique may be attractive for industrial 
applications. Further, since the parameter being sensed 
is a mechanical deformation of the sample, the fringe 
patterns contain information about the mechanical 
response of the specimen. Shearography may thus pro­
vide a method for actually measuring the strength of 
the bond between a coating and its substrate as opposed 
to inferring the strength from monitoring heat flow 
across the boundary, as with the TRIR method. 

CONCLUSIONS 
A variety of methods use time-dependent temper­

ature distributions as probes of material structure and 

TEMPERATURE DISTRIBUTIONS FOR NONDESTRUCTIVE PROBING 

properties. Although a number of these applications 
fall under the domain of conventional NDE, such as 
inspection of coatings for disbonding or location of 
subsurface defects and voids, newer applications in­
clude the development of embedded-sensor concepts. 
The versatility of these techniques for addressing a wide 
range of materials problems depends on selecting the 
appropriate heating and detection methods. We have 
conducted research using laser and other optical sourc­
es, microwave heating, and induction heating. The 
detection methods primarily consist of infrared imaging 
devices, but recent results obtained with time-resolved 
microwave thermoreflectometry and time-resolved 
shearography are promising. 
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APPENDIX: ANALYTICAL DESCRIPTION OF 
TIME-DEPENDENT TEMPERATURE 
DISTRIBUTIONS 

In all of the sensing techniques described in this article, the 
sample is heated either at the surface or at points below the 
surface, and the temperature of the sample surface is monitored 
as a function of time. The heating source can be optical illumi­
nation of the surface or microwave heating of subsurface absorb­
ers. In all cases, loss mechanisms create a source of heat, 
Q(x, y, z, t), where t is time, in the sample with a particular 
spatial distribution and time dependence. The surface tempera­
ture can be monitored using any temperature-dependent effect 
such as the optical beam deflection technique 10 (deflection of a 
laser beam in a temperature gradient), the photoacoustic effect 
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(pressure variation in air due to thermal expansion of air), 
infrared radiometry, thermoreflectance, and the interferometric 
methods described in thi article. This appendix addresses the 
analytical de cription of the temperature distribution for a vari­
ety of ca es. 

THERMAL DIFFUSIO EQUATION 

The diffusion of temperature is described by the thermal 
diffusion equation 

n lT( ) dT(x,y,z,t) Q(x,y,z,t) 
-O'Y x,y,z,t +-....:.-...:.~::.....:.. 

dt K 

(AI) 

where 0' is thermal diffusivity, defined by 0' = K/Cp (where K is 
thermal conductivity, C is specific heat, and p is density), and T 
is temperature. This equation describes the conversion of heat 
into temperature and the temporal and spatial distribution of this 
temperature as a function of time. 

The cases considered here are shown in the figure. In Case 1, 
the sample is heated uniformly on the surface, and the tempera­
ture diffusion is one-dimensional in the z direction. The surface 
temperature increases as ti ll for a continuous heat source on a 
semi-infinite specimen. For specimens of finite thickness, the 
analysis is more involved because thermal interactions with 
subsurface boundaries must be considered. This surface tempera­
ture-time response is analyzed using the thermal models de­
scribed in this appendix to infer information about the subsur­
face heat source and the properties of the adjacent medium. For 
specimens that are partially infrared transparent, the thermal 
diffusion equation is till valid, but the radiated energy is a more 
complex function of emissivity and temperature profiles of the 
specimen. This case will not be discussed here. 

ONE-DIMENSIO AL MODEL 

For a thin absorbing subsurface region whose lateral extent is 
much larger than its depth l, thermal diffusion occurs mainly in 

Case 1 

tePth

" 

I Thickness, d 

Case 2 

ickness, d 

Specimen geometries for the one-dimensional (Case 1) and three­
dimensional (Case 2) analyses of time-dependent temperature 
distributions. 

the z direction (see the figure) and can be considered one­
dimensional, assuming uniform heating. In a one-dimensional 
solution of Eq. Al for a planar heating source at depth l, we 
obtain, for the surface temperature, 11 

T(O,t)=Qo- - exp -- --erfc -- , (A2) -J(i r 2 
t ( II J l (l J] 

K --fi 40' t .ra 2.J(ii 

where the error function erfc is given by 

2 00 2 
erfc(x) = - f e-w~ dL 

--fix 
(A3) 

and Qo is the heat generated by the incident microwave power. 
To describe a layered system as shown in the figure, where heat 

is generated at the boundary between two layers of different 
thermal properties, we use the boundary conditions of continuity 
of temperature and heat flux,j = - KdT/dz, across the interface at 
depth l. The solution can be described as being equivalent to 
successive reflections of the temperature at the interfaces at 
multiples of the diffu ion time, and the surface temperature is 
given byl l 

This solution is a summation over all "reflected" temperatures 
found in Eq. A2. Here the thermal mismatch factor r 1 is given 
by r 1 = (El - EO)/(El + EO), and the thermal effusivity Ei, a 
quantity similar to an impedance, is given by Ei = .:JKiciPi . The 
temperature rise reaches the surface after a thermal transit time 
7 , given by 7 = l/ Fa, which allows the depth l of the defect or 
the thermal diffuslvity 0' of the front layer to be determined. If the 
absorbing layer is of finite thickness d, with a microwave absorp­
tion coefficient {3, both the thickness of the absorbing layer and 
its absorption coefficient influence the time dependence of the 
temperature. For an absorbing layer of thickness d, the surface 
temperature is given by 

T(O,t)=QO~(I+rl)I(-rlt{G[.[cil{3, 2nd + (2n+1)l ,t] 
K[ n=O .[cil Fa 

+ G[-.[cil{3, (2n + 2)d + (2n + 1)l , t] 

fol Fa 

- e -f3dG[.[cil {3, (2n + 1)(_d_ + _1_J ' t] 
.[cil Fa 

- e -f3dG[-.[cil {3, (2n + 1)(_d + _l J ' t]} , 
fol Fa 

(AS) 
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where 

G(h,x,t) = !exp(hx + h2t)erfc ( _ x_ + h tJ 
h 2--Jt 

temperature becomes important and a one-dimensional model is 
no longer sufficient. For a point source buried at a depth land 
heated continuously, the surface temperature at position x, y is 
given byll 

and 

+ 2--Jt exp( - x
2 

J -(x + !Jerfc(~J ' -J7r 4t h 2--Jt 

r - El -EO 
1 - --- ' 

El +EO 

r
2 

= E2 - El . 

E2 +El 

(A6) 

(A7) 

Qo (~x2 +i +l2 J 
T(x,y,t) = ~2 2 2 erfc ~ . 

47rK x + y +l -v 4at 
(AS) 

This solution allows the surface temperature to be calculated for 
arbitrary source (absorber) distributions. For an infinite line 
source with continuous heating buried at a depth l and heated 
uniformly, e.g., the embedded carbon fibers, the solution ofEq. 
Al is given by 

~=-_o-Ei-~ 
For strong absorption , when {3 becomes infinite, Eq. AS reduces 
to Eq. A4. Equation AS can be used to determine {3 in specific 
cases. 

-Ud Q ( 2 l2 J 
u 47rK 4at' (A9) 

(x 2 +12 )/4cxt 

f 
where Ei(x) is the exponential integral. This expression depends 
on only one parameter, (x2 + l2)/a, in a tabulated elementary 
function. Therefore, both the time dependence and the spatial 
dependence of the temperature distribution can be fitted to Eq. 
A9 to evaluate (x2 + l2)/a and determine l and a independently. 

THREE-DIMENSIONAL MODEL 

When the depth of the subsurface ab orber is larger than its 
lateral ex tent (see Case 2 in the figure), the lateral diffusion of 
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