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INTRODUCTION
The purpose of this study is to improve the quality of thermal wave infrared (IR)
images in terms of the real shape of the defect. Due to heat diffusion into the sampie,
thermal wave images are usually blurred, especially for deep defects or long times.
Because of this feature the use of traditional image post-processing (gradient image,
threshold... ) to assess the size and the shape of the defect quite often leads to false results.
In order to increase the accuracy in the shape recovery, we need to "unblur" the thermal
wave image, i.e. to reverse or invert the blurring process. To do so, our approach is to
model the physical process such that aspace description of the defect is involved
parametrically and from that model to invert the image.

MODELING
The defect is modeled as a planar scatterer which fits an important class of defects
such as delaminations. It has been shown [1] that it is possible from a pulsed experiment
to deterrnine the depth of the defect. Therefore, we will assume that the scatterer is at a
known depth, that the medium is serni-infinite, and that the sampie is flash-heated on its
front surface. The general he at transfer equation for this system can be solved by the use
of the Green's function in the first order Born approximation. The result at the surface of
the sampie for a scatterer at a depth ß. is given by:
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where ~T(x,y,t) represents the contrast image of a defect at an instant t and a the
diffusivity of the medium. The contrast image is the result of the subtraction of the
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Fig. 1. (a) 3-D perspective plot of a simulated thermal wave contrast image, and (b) an
experimental thermal wave contrast image of a cross-shaped scatterer 0.75 mm deep
in a stainless steel plate, 1 s after application of the heating pulse.
background from the thermal wave image. The function f(x',y') is the space description of
the scatterer. The most important feature of this model is that the contrast image is
ca1culated as a convolution of the "shape function" and a "heat spread function" which
describes the way the he at has spread out in the sam pIe from a point source at the instant t.
The result of the convolution of those two images is a simulated thermal wave contrast
image of the scatterer at the instant t. Figure 1(a) shows a comparison of the simulated
contrast image of a cross-shaped flat bottom hole in a stainless steel plate and Fig. 1(b)
shows the experimental contrast image of the actual sampIe under the same conditions .
The cross is 25 mm end to end and represents a subsurface scatterer which is 0.75 mm
deep. The imag~s were simulated and measured for an access time of 1 s (following the
heating pulse). The images have been normalized for comparison and are displayed as 3-D
perspective plots.

INVERSION OF THERMAL W AVE IMAGES
As seen in Eq. (1), the shape function, f(x,y), is one of the functions wh ich appears
in the convolution. Therefore, the deconvolution of the contrast image (inverse Born
approximation) should recover the shape of the scatterer.
Princip1e of the Deconvolution process
Before we attempt to deconvolve experimental images, we first use simulated contrast
images (such as Fig.1 (a» to verify that the deconvolution is possible and to find the
algorithm to be used for the shape recovery. The deconvolution can be separated into three
distinct parts. First, we need to take the Fourier transform (i.e. go to the frequency
domain) of the thermal wave contrast image and of the heat spread function, then secondly,
proceed to the complex division of those two transforms. The result of this division is the
Fourier transform of the shape of the scatterer. Finally, the shape itself is then given by
doing the inverse Fourier transform of the result of the division (i.e. come back to the space
domain). This procedure, when used with simulated contrast images faithfully recovers the
original shape, confirming that our approach was correct in principle. Therefore, knowing
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the heat spread function, it is possible to invert thermal wave images to determine the real
shape of the scatterer from the blurred images. However, a practical difficulty comes from
the finite level of digitization of the experimental images which are digitized at an 8-bit level
in our experiment. In Fig. 2, we show the influence of 8-bit digitization of the simulated
contrast image on the deconvolution result. Figure 1(a) shows the deconvolution result of
a simulated contrast image (without any digitization prior to the deconvolution), and Fig.
2(b) shows the same simulated image, but on which an 8-bit digitization has been imposed
before deconvolution. From Fig. 2(b), the shape of the scatterer would seem to have been
lost, because of the imposed 8-bit truncation of the data. The source of this apparent loss
may be found by exarr,ining Fig. 3, wh ich shows the Fourier spectra of the images shown
in Fig. 2. We notice that, in the frequency domain, the digitization of the image to be
deconvolved introduces high frequency noise into the spectmm of the recovered shape.
The lower the level of digitization, the more noise is introduced.

(b)
Fig. 2. (a) Result of deconvolution of a simulated thermal wave contrast image of a
rectangular scatterer, without artificial digitization, and (b) Deconvolution of the
same image after an 8-bit truncation of the data.
(a)

(a)
(b)
Fig. 3. (a) Fourier transform of Fig. 2(a) , and (b) Fourier transfonn of Fig. 2(b).
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(b)
(a)
Fig. 4. (a) Simulated contrast image of a rectangular scatterer and (b) Deconvolution result
after an 8-bit truncation, and a Gaussian low-pass filter.

Although Fig. 2(b) seems to indicate that it is not possible to recover the shape of the
scatterer after 8-bit digitization, we can see in Fig. 3(b) that the major features of the
information relating to the shape are still there (center part of the Fig. 3(b». The way to
recover this hidden information is to apply a low pass filter to the 8-bit truncated image in
the frequency domain. Figure 4(a) shows a truncated simulated contrast image and Fig.
4(b) the result of a Gaussian low- pass filter prior to the deconvolution of the image in Fig.
4(a). The filter is applied in the frequency domain at the beginning of the deconvolution
process. The image is 128 pixels by 128 pixels, and the radius of the filter is 20 pixels.
Because the high frequency components of the shape are masked by the digitization noise,
we have lost the sharpness of the edges in Fig. 4(b), but most of the shape information has
been successfully recovered.
Deconvolution of IR Experimental images
Next, we show shape recovery results for two experimental sampies in which the
scatterer is a flat bottom hole rnilled in the back side of the sampie. In both sampies the
scatterer is 0.75 mrn beneath the front surface. Results are presented for different times, i.e
for different degrees of blurring. The first sampie is a 20 mm thick Delrin plate in wh ich
the flat bottom hole is an 18 mm by 18 mrn square with rounded corners. We show in
Fig. 5(a) the experimental contrast images, and in Fig. 5(b), the corresponding recovered
shapes for four access times (20, 30, 40 and 50 seconds). For the deconvolutions we used
a Gaussian low-pass filter with radii of 17 , 16, 14 and 10 pixels, respectively. We notice
from Fig. 5 that, unlike the unprocessed thermal wave images, the recovered shapes are all
square with rounded corners, a result which is faithful to the ac tu al shape of the defect.
The second experimental sampie to which we have applied this method is a 5 mm
thick stainless steel plate with a 25 mrn (end to end) cross-shaped flat bottom hole. It
should be noted that the thermal wave images were taken with two different magnifications.
Figure 6(a) shows two images at the first magnification for access times of 0.33 sand
0.83 s. To recover the shape of the cross, Fig. 6(b), we used Gaussian filters with radii
of 9 and 7 pixels respectively. Notice that, although not observable in the unprocessed
images, the left horizontal arm of the cross is wider than the right one in Fig. 6(b).
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(a)

(b)

Fig. 5. (a) Experimental (unprocessed) thermal wave contrast images of the square flat
bottom hole at foUf access times of 20,30,40 and 50 seconds, and (b)
Deconvolved shapes using Gaussian low-pass filters with radii of 17, 16, 14, and
10 pixels.

421

(a)

(b)

Fig. 6. (a) Experimental (unprocessed) contrast images of the cross-shaped flat bottom hole
at two different access times: 0.33 and 0.83 seconds, and (b) Deconvolved shapes
for Gaussian low-pass filter radii of 9 and 7 pixels, respectively.

(a)

(b)

Fig. 7. (a) Experimental (unprocessed) contrast images of the cross-shaped flat bottom hole
at two different access times: 0.83 and 2.5 seconds, and (b) Deconvolved shapes
for Gaussian low-pass filter radii of 18 and 11 pixels, respectively.

This is a very accurate recovery of the shape of the cross, which in fact does have a slightly
wider left arm. This detail in shape recovery shows how accurate the inversion method can
be. Two thermal wave images (access time 0.83 and 2.5 seconds) at a different
magnification are presented Fig. 7(a) with their corresponding recovered shapes shown in
Fig.7(b). Even at these longer times, with greater blurring and poorer signal-to-noise
ratios, we can see that the deconvolution method gives a reasonable assessment of the
actual shape of the scatterer. Notice in particular that the thermal wave contrast image at
2.5 s is blurred to the point that it looks more like a diamond shape, and yet the recovered
shape is still a recognizable cross.
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CONCLUSION
We have described and demonstrated a new method to recover the shape of a
subsurface scatterer using athermal wave deconvolution process. Our method represents a
promising means for significantly improving the spatial resolution of such thermal wave
contrast images. Future work will be directed to improving the model by taking into
account multiple scattering of the thermal waves to match the physical process more
accurately, as weIl as refining the modeling of the defect by including thermal contact
resistance. The resulting improvement in resolution should ultimately make thermal wave
techniques competitive with other forms of imaging for NDE in terms of its capability for
sizing and characterization of subsurface delaminations and other planar defects, such as
disbonds in glue joints, welds, etc.
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