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Inversion of thermal wave infrared images
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Abstract

Pulse-echo thermal wave imaging is becoming a very useful technique for
nondestructive evaluation of materials. However, the blurring created by lateral heat
diffusion remains as an important problem affecting the quality of the images. We
describe here an inversion technique, based on the Born approximation, which
permits the elimination of this blurring in the case of planar defects, such as
delaminations, which are parallel to the surface. Tested on experimental images, this
technique demonstrates that it is possible to make significant improvements in the
quality of thermal images.

Nomenclature
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Inverse Fourier transform
Convolution operator
Defect depth (m)
Time (s)
Thermal diffusivity (mz.s")
Space variables
Fourier space variables (spatial frequency domain)
Experimental thermal wave contrast image
) Propagation function
) Defect shape function
Inverse Fourier transform of the contrast image
Fourier transform of the propagation function
Fourier transform of the defect shape function
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1. Introduction

Recently, infrared thermal wave imaging has become an important means for
nondestructive evaluation. Non invasive and contactless, this technique provides a
good alternative for determination of thermal properties or for detection and evaluation
of defects. In particular, the "Pulse-Echo” technique represents a very rapid and
efficient solution for testing the structural integrity of a material. The principle is simple:
The discharge of powerful flash lamps provides a rapid heating of the front surface of
the material, generating a thermal wave pulse. This wave propagates in the material
and is reflected back towards the surface by any inhomogeneities in the sample. The
temperature of the surface is monitored by means of an infrared video camera. A real
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lime image acquisition system is used to obtain an image of the sample surface
temperature at a predetermined time. The time dependence of a defect-free region is
then eliminated to obtain the thermal contrast. The resulting image is a representation
of the scattered pulse from the subsurface defect [1]. However, because of the lateral
thermal diffusion of the thermal wave reflected toward the surface, the image of the
dlefect is blurred. The effect becomes more important when the defect is deep or when
the acquisition time is long, and is such that a precise estimate of the size and shape
of the defect is difficult. We demonstrate here a method which permits the recovery of
the real shape of the defect. This method is based on a deconvolution of the infrared
thermal wave echo image by a function which represents the attenuation and
dispersion which took place throughout the propagation and reflection of the heat
pulse. This type of technique is currently utilized in astronomy as well as in medical
and optical imaging [2]. After an introduction to the model utilized here, we will present
the algorithm used to invert our thermal wave images, then we will provide some
examples of the inversion.

2. Introduction to the model

~ In the case of a planar defect parallel to the surface, located at a distance 2 beneath

the top surface, a Green's function solution to the heat equation has been carried out
using the first order Born approximation and ignoring multiple scattering, giving us the
following expression for the propagation function:

2
[[x2+y2+ 22]1,2+ Jl}

1/2 Aot
oy =2 () 5 =

[x2+ y2+ le] (1)

This propagation function completely describes the phenomena which take place in
the thermal wave image formation: propagation and dispersion of the thermal waves,
both in transit toward the scatterer and, following reflection, during the return of the

pulse to the surface.

The following shape is assumed for the planar defect:

over the defect

o(xy) =1
0 elsewhere, 2)

finally obtaining for the thermal contrast the expression:

i(xy) = H h(x-x.y-y').0(xy") dx'dy’ @

The general principle of the method is based on the fact that, as seen in Eq. (3), the
thermal contrast image can be expressed as a convolution between the shape
function and the propagation function:
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i(x,y) = h(x,y)®o(x.y) (4)
or equivalently in Fourier space:

(u,v) = H(u,v).O(u,v) (5)

so that, since the form of the propagation function is known, from the experimental
image i(x,y) the shape of the defect can be obtained by:

-1

-1 v
L [O(u,v)] =L [i—li(ziw))]

)
3. Inversion Algorithm

280 The inversion procedure is as follows; the first step is to calculate the propagation
function corresponding to the experimental case under investigation. It, along with the
experimentally obtained contrast image, is transformed by means of a "Fast Fourier
Transform (FFT)" algorithm [3]. The FFT of the thermal wave image is then divided by
the FFT of the propagation function. An inverse FFT of the result of this division is then
carried out to obtain the correct shape and size of the defect.

In fact it is necessary to carry out one intermediate step in this procedure. In Fourier
space, the experimental image contains a considerable amount of high (spatial)
frequency noise. Some of this noise originates in the detector, etc., but there is also

" noise which arises as a consequence of the 8-bit digitization of the signal by our

i imaging system. The result of this noise is that when the inverse FFT is performed

L (following division), the essential features of the defect in the image (in real space) are

e totally obscured. Consequently, it is necessary to filter out the high spatial frequencies

prior to carrying out the inverse FFT. This filtering limits the resulting quality of the

inversion, rounding off some of the sharp features in the image. In practice, we utilize

a Wiener filter [4] and find that we are able to remove the high frequencies and still

preserve the essential features of the size and shape of the defects of interest to us.
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4. Applications

We have applied our inversion technique to two types of blurring which occurs in
infrared thermal wave images: one arising from the depth of the defect and the other
arising from the length of the acquisition time.

The first example is a specimen used to study the detection of second layer
corrosion. It consists of two aluminum alloy plates, 2 mm in thickness. On the rear
surface of one of the plates, three square (38 mm on a side) regions of corrosion are
simulated . Each region has had a different percentage of metal removed,
corresponding to 25, 50 and 75 % simulated corrosion. As seen from the top surface,
we thus have three identically shaped, known defects which differ only by their depths.
Figure 1 shows the thermal wave contrast image of this specimen. "This figure is a
composite of three separate images, each of which was taken at a delay time following
the flash heating such that the maximum contrast was obtained. Figure 2 shows the
result of carrying out the inversion as described above. One can immediately see a
better definition of the defect shapes, notably in the vicinity of the corners. The very
weak signal from the deepest defect makes the inversion difficult in this case.
However, even this inversion shows a definite improvement over the original image.
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The second example demonstrates the possibility of removing the blurring which
occurs at long times. The specimen is a stainless steel plate, in the back surface of
which has been machined a planar defect in the shape of a cross, 25 mm long overall.
The defect is located at a depth of 1 mm beneath the top surface. We have imaged
this defect at the following acquisition times following the heating pulse; 0.33, 1.33 and
2.33 seconds (Figs. 3, 4 and 5). One can see that the biurring has nearly obscured
the shape of the cross at the longest acquisition time (Fig. 5), such that it appears
more nearly to be a diamond shape. The results of our numerical inversions are
shown in Figs. 6, 7 and 8, respectively. It is clear that the inverted images all show
the same defect: the shape of the cross has been restored, even for the longest
acquisition time case.

5. Conclusion

We have demonstrated that it is possible to carry out inversion of thermal wave
images for which a large part of the blurring has been eliminated, thereby permitting a
better description of the shape of the defect. The quality of the numerical inversion can
be quite good, even for experimental images which contain high (spatial) frequency
noise. It should be possible to improve the quality still further by increasing the

dynamic range of digitization of the analog signal in the imaging system.
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Fig. 1: Contrast images of defects representing 3 identically shaped corrosion
regions, but a three different depths (see text).
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Fig. 2: Results of the inversion for the defects shown in Fig. 1.
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Fig. 3: Contrast image of the defect at 0.33s Fig. 6: Deconvolution result for
i the image of Fig. 3
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Fig. 4: Contrast image of the defect at 1.33s Fig. 7: Deconvolution result for
the image of Fig. 4

Fig. 5: Contrast image of the defect at 2.33s Fig. 8: Deconvolution result for
the image of Fig. 5
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