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Abstract

Early detection of cracks is a challenging task to prevent failures in working structures. In the
last decades the “flying spot” method, based on heating the sample with a moving laser spot
and detecting the surface temperature with an infrared detector, has been developed to detect
cracks in a fast manner. The aim of this work is to measure the width of an infinite vertical
crack using lock-in thermography. An analytical solution for the surface temperature of a
sample containing such a crack when the surface is illuminated by a modulated and focused
laser spot close to the crack is obtained. Measurements on samples containing calibrated
cracks have been performed using an infrared camera. A least square fit of the amplitude and
phase of the surface temperature is used to retrieve the thickness of the crack. A very good
agreement between the nominal and retrieved thickness of fissure is found, even for widths

down to 1 wm, confirming the validity of the model.
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1. Introduction

Early detection of both hidden and surface breaking cracks is a challenging task to
prevent failures in working structures. Conventional nondestructive testing methods like dye
penetrant, magnetic particles, eddy currents, and x-ray have been widely used to detect
fissures. Since the pioneering work by Kubiak [1] infrared thermography has been proposed
as a noncontact, nonintrusive and health safe method to detect near-surface defects.
Vibrothermography, where an ultrasonic wave is launched into the material and the heat
dissipated at the defect propagates to the surface indicating the presence of the defect on a
cold background, has received an increasing attention in the last decade because of its ability
to detect and characterize cracks in a wide variety of materials [2-7]. However, in this
technique the ultrasonic transducer must be coupled to the sample surface, thus reducing the
versatility of this technique. Moreover, open cracks with virtually no rubbing surfaces might
be difficult to characterize [8]. Optically stimulated thermography is fully noncontact instead,
but the presence of the defect produces just a perturbation of the existing surface temperature
field, generated by the external excitation. In addition, the spatial configuration of the
illumination strongly affects the detectability of cracks. In the case of vertical cracks, if the
sample is excited by a homogeneous illumination producing a heat flux perpendicular to the
sample surface, the crack will barely disperse the flux thus producing a negligible signature
on the surface temperature distribution. This kind of cracks can be detected only when an
asymmetry in the heat flux is produced. In this way, the so-called flying spot method was
introduced in the early nineties [9]. It is based on heating the sample with a moving laser spot
or line and detecting the time evolution of the surface temperature with an infrared camera
[10-16]. This technique has been implemented for different excitation regimes, mostly
continuous wave [9-12] and pulsed illuminations [13-16] and, less often, modulated [14]
excitations. Using this method, cracks with openings as small as a few micrometers can be
detected [13]. In the last years several approaches to characterize the geometrical parameters
of the crack (depth, length, width, orientation...) have been published [17-18]. They take
advantage of the asymmetry of the temperature field at both sides of the crack arising from
the thermal resistance produced by the crack, which partially blocks heat flux when the laser
spot is focused close to the crack.

In Part I of this work, we deal with the characterization of infinite vertical cracks using
lock-in thermography, which is able to provide surface temperature amplitude and phase
images with a very low noise level. First, we have found an analytical expression for the
surface temperature of a sample containing such a crack when the surface is illuminated by a
modulated and focused laser spot close to the crack. Two geometries of the laser spot are
considered: a circular Gaussian spot and a line Gaussian one. The presence of the defect
produces an abrupt jump in the amplitude and phase of the temperature profile at the crack
position. The influence of the experimental parameters (laser beam radius, distance spot-
crack, modulation frequency and width of the crack) on the jump height is analyzed. The goal
is to measure the thermal contact resistance Ry of the crack, which quantifies the width of the
crack.

In order to prepare calibrated infinite vertical cracks, very thin metallic tapes down to
1 um thick are inserted between two identical blocks under pressure. A modulated laser beam
is focused close to the crack. An infrared video camera equipped with a lock-in module
provides the amplitude and phase of the surface temperature around the crack. A microscope
lens with a spatial resolution of 30 wm is used to collect the infrared emission from the
sample. A least square fit of the temperature profile crossing the center of the laser spot and
perpendicular to the crack is used to retrieve Rs. A very good agreement between the
thickness of the metallic tapes and the obtained Ry is found, confirming the validity of the



model. Moreover, by putting the two blocks directly in contact an extremely narrow crack is
obtained that remains undetectable for our thermography setup. We can establish that the
upper limit for the thermal resistance of this crack is Ry <10° m’K/W.

In Part II of this work, we deal with vertical cracks of finite size and arbitrary shape.
In this case there is no analytical solution for the temperature field. We have developed a
discontinuous finite element method which allows us to calculate the surface temperature
distribution in the presence of cracks of any size, shape and thickness. Discontinuous finite
elements is a natural tool to tackle physical problems with discontinuous solutions where
classical finite element methods fail [19].

2. Theory

Let us consider a semi-infinite and opaque material with an infinite vertical crack
placed at plane y = 0. The sample surface is illuminated by a laser beam modulated at a
frequency f (w = 2xf). The center of the laser spot is located at a distance d from the crack.
The geometry of the problem is shown in Fig. 1. We assume adiabatic boundary conditions at
the sample surface, i.e. heat losses to the surrounding air are neglected. Two kinds of laser
profiles are used: (a) a circular Gaussian profile of radius a (at 1/e? of the intensity) and (b) a
line Gaussian profile of width a. The aim of this section is to calculate how the crack modifies
the surface temperature distribution.
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Figure 1. Scheme of the infinite vertical crack (in gray) inside a semi-infinite sample. (a) Circular
illumination and (b) line illumination.

2.1. Circular Gaussian illumination

Let us start considering an infinite material containing an infinite crack at plane y = 0,
together with a modulated point-like heat source located at (0,d,0), whose maximum power is
P,, see Fig. 1a. The expressions for the spherical thermal wave T generated at the heat source,
and the thermal waves scattered at the crack travelling through y > 0 and y < 0, T+ and T-
respectively, are given by [20,21]
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where g =+/iw/D is the thermal wave vector, K and D the thermal conductivity and
diffusivity of the material respectively, S =.0°+q*, R :\/ x*+(y-d)*+z* and
r =+ x* +z% . Note that the last expression in Eq. (1) represents a spherical thermal wave in

the Hankel space. The temperature of the material at y > 0 is given by T. = T +7,, and the

temperature of the material at y < 0 by T. =T +7_. Finally, the values of A and B are

determined from the boundary conditions at the crack: heat flux continuity and temperature
discontinuity due to the lack of thermal contact:
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where Ry is the thermal contact resistance of the crack, which is related to the air gap L
through the equation R, =L/K,, [22]. By solving Egs. (4) and (5) we obtain
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Accordingly, the temperature inside the material at both sides of the crack is given by

T.(x,y,z) = ds . (7)

As a further step we consider now a semi-infinite sample whose free surface is located
at plane z = 0. By applying the image method, the temperature in the material is twice the
value given by Eq. (7) for the infinite material
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Finally if we consider not an ideal point-like heat source but a real circular Gaussian
spot of total maximum power P, and radius a (at 1/e? of the intensity), the temperature inside
the material is obtained by adding the contribution of each point of the Gaussian spot
weighted by its intensity
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where R :\/(x- x)+(y-y)+z and r, ={(x- xo)2 +z°. Equation (9) gives the

temperature at any point of the semi-infinite material but its numerical evaluation is rather
time consuming since a triple integral is concerned. By considering the surface temperature
profile along the y axis, i.e. perpendicular to the crack and crossing the center of the laser
spot, the order of the integrals drops, drastically reducing the computing time.
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Here R =\x,>+(y- y,)’, L is the modified Bessel function of order zero, erf is the error

function, and erfc is the complementary error function [23].
2.2. Line Gaussian illumination

The geometry we are dealing with is shown in Fig. 1b. As in the previous subsection
let us start considering an infinite material containing an infinite crack at plane y = 0. It is
heated by an infinitely thin modulated line heat source located at y = d, whose maximum
power per unit length is P’, The expressions for the cylindrical thermal wave T generated at
the heat source, and the thermal waves scattered at the crack travelling through y > 0 and y <

0, T+ and T. respectively, are
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where R, =,/(y- d)* +z° and K, is the modified Bessel function of the second kind order

zero. The last expression in Eq. (11) represents a cylindrical thermal wave in the Fourier
space. The temperature of the material at y > 0 is given by T; = T +7,, and the temperature of

the material at y < 0 by T. = T +7. . Using the boundary conditions at the crack given by Egs.
(4) and (5) we obtain the same values of A and B given Eq. (6).
Accordingly, the temperature inside the material at both sides of the crack is given by
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For a semi-infinite material whose free surface is located at plane z = 0 the
temperature is twice the value given by Eq. (14) for the infinite material
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Finally if we consider not an ideal infinitely thin line heat source but a real line
Gaussian spot of total power per unit length P’, and radius a (at 1/e* of the intensity), the
temperature inside the material is obtained by adding the contribution of each line of the
Gaussian spot weighted by its intensity
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where R, =\/(y- y,)" +2°.

If we confine the temperature calculations to the surface of the sample (z = 0) the
order of the integrals is reduced
20,-d)
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where R, =/(y- y,)* .

3. Numerical simulations

In this section, we analyze how the presence of a vertical crack modifies the surface
temperature of a semi-infinite sample. The influence of parameters d, a and f in the visibility
of the crack is studied. All the simulations are performed for AISI-304 stainless steel (D = 4.0
mm?*s and K = 15 Wm'K™). Figure 2 shows the calculation of the natural logarithm of the
temperature amplitude LnlTl and phase W along the y axis for a semi-infinite AISI-304
sample containing an infinite vertical crack (y = 0) and illuminated by a circular Gaussian
spot. Calculations are performed using Eq. (10) with d = 1 mm, a = 0.75 mm and f = 1 Hz.
Four thermal resistances ranging from 10° m’K/W to 10” m’K/W are analyzed. As can be
observed, there is an abrupt discontinuity at the crack position in both LnlITl and W. Note that
the same scale level is used in LnITl and W in order to clearly show that the jump at the crack
is much higher for the former. Regarding LnlTl, the height of the leap increases with Ry.
However, the behavior of W is more complicated since for high R values the phase jump is
reversed.
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Figure 2. Simulation of (a) the natural logarithm of the temperature amplitude and (b) phase along the
y axis for a semi-infinite AISI-304 sample (D = 4 mm?®s and K = 15 Wm'K™) containing an infinite
vertical crack. The sample is illuminated at d = 1 mm with a circular Gaussian laser with a = 0.75 mm
modulated at f = 1 Hz. The effect of the value of the thermal resistance R (m*K/W) is shown.

Figure 3 shows the same type of simulations as in Fig. 2, but for a line Gaussian laser.
Calculations are performed using Eq. (17) with the same parameters as in the previous figure.
As can be seen, the general trend is similar for both kinds of illumination. The only
remarkable difference between both illuminations is that LnlTl is steeper for circular
illumination than for line illumination. This result is related to the fact that for the former a
spherical thermal wave is generated while for the later the thermal wave is cylindrical.



Anyway, as the crack jumps are almost the same for both kind of spots, in the remaining of
the section only simulations with circular Gaussian illumination are shown.
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Figure 3. The same as in Fig. 2, but for a line Gaussian laser.

In order to quantify the strength of the temperature jump at the crack position we
introduce two parameters: (a) the temperature amplitude contrast at the crack Am, which is

defined as
_|1,(0,0,0)|- |T. (0,0,0)|
o4 (18)
and (b) the phase contrast A, , defined as
Ay, =%,(0,0,0)- ¥_(0,0,0). (19)

Egs. (10) and (17) show that both A\T\ and A, depend on the factor KRy. This means
that narrow cracks are better detected in high thermal conducting materials (metals, alloys,
ceramics...) than in thermal insulators (polymers, composites...). Moreover, A\T\ and A, do
not depend on the laser power P.,.

First, we analyze the dependence of A\T\ and A, on the thermal resistance of the

crack. The results are shown in Fig. 4 for d = uw and a = w2, where u =\/D/xf is the
thermal diffusion length. Three modulation frequencies are tested: 0.01, 1 and 100 Hz.
Continuous lines correspond to A\T\ and dashed lines to A, . As can be seen, both A\T\ and A,

exhibit a sigmoid shape. For low Ry, (very narrow cracks) there is no temperature contrast and
the crack remains undetected. For large Ry (thick cracks) the temperature contrast saturates,
indicating that these cracks are easy to detect, but Ry, is difficult to quantify. The highest
sensitivity to the thermal resistance appears for intermediate R; values. Note that as the
modulation frequency is increased by two orders of magnitude, the sensitivity to Ry is
displaced to lower values by one order of magnitude. This result means that the high
frequencies are better suited to detect and characterize thin cracks.
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Figure 4. Numerical simulation of the dependence of A on the thermal contact resistance Rj.
Calculations are performed for an AISI-304 material (D = 4 mm?s and K = 15 Wm'K™) with d = u

and a = w/2. Three modulation frequencies are tested. Continuous lines correspond to A\T\ and dashed

lines to A, .

Anyway, the results shown in Fig. 4 have no general validity. In Fig. 5 we shown the
same kind of calculations as in Fig. 4 for f= 1 Hz and three combinations of d and a: (1) d =
uand a = w2, (2)d=wanda =y, and (3) d = w2 and a = w/4. As can be seen, the amplitude

contrast A\T\ is always a sigmoid function, but as a approaches d the shape of the phase
contrast Ay, is no longer a sigmoid. In fact, the phase contrast can be even negative, as it has
been shown in Fig. 2b. It is worth noting that for a fixed frequency the region of the highest
sensitivity of A\T\ to Ry (the region with the steepest slope) is independent of the couple (d, a).
In fact, it only depends on f.

0.5 L T T TTIT T TTTII T \HHH‘ T \HHH‘ T TTTII T IHIIE 40

041 -
i E &
& - - D
< E-== e o
02 - S
[ | in/

0.1- E

0 E HHH\‘ | H\HH‘ I HHH\‘ | H[[H[I L _

107 10° 10° 10™ 10 102 10"
R (m’K/W)



Figure 5. The same as in Fig. 4 with a fixed frequency f = 1 Hz. Continuous lines correspond to A\T\

and dashed lines to A, . Three combinations of laser distance and radius are analyzed: (1) d = w and a
=w2,(2)d=wand a =w, and (3) d = w2 and a = w4.

The dependence of Am and A, on the laser spot radius is analyzed in Fig. 6.

Calculations are performed with d = w. Three thermal resistances are studied: 10°, 10 and 10
> m’K/W. As can be observed, the highest amplitude contrast corresponds to a & 1.25y, i.e.
when the laser spot slightly overlaps the crack. This result is independent of R;. On the other
hand, the highest phase contrast appears for a tightly focused laser beam. Note the negative
phase contrast for some combinations of R, and a. A negative contrast means that the phase
increases at the other side of the crack with respect to the heating spot. This result has already
been shown in Fig. 2b for Ry, = 10 m*’K/W.
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Figure 6. Numerical simulation of the dependence of A on the laser radius a. Calculations are
performed for an AISI-304 sample with d = w. Three Ry values are analyzed: 10°, 10* and 10°

m’K/W. The continuous line corresponds to A\T\ and the dashed line to A, .

Finally, in Fig. 7 the dependence of A\T\ and A, on the distance of the laser spot to the

crack is analyzed. Calculations are performed for a fixed laser beam radius a = 0.75u. The
same three thermal resistances as in the previous figure are studied. As expected from Fig. 6,
the highest amplitude contrast is produced when the laser spot overlaps the crack d = 0.5u ~
0.7a. Note that this result is independent of Ry. It is worth mentioning that as the laser spot
moves away from the crack the contrast in amplitude decreases, but surprisingly the phase
contrast increases till it reaches an asymptotic value.



0.7 g 50
0.6 107 S 10° 40
0.5- . [:/“1047‘::30 >
o 045/ 20 2
< osl 107 10 -
0.21;0;/’ ET
0.1}/ "\ - -10
% s 4

d (w)

Figure 7. Numerical simulation of the dependence of A on the distance of the laser spot to the crack.
Calculations have been performed for an AISI-304 sample (D = 4 mm?s and K = 15 Wm'K™) with a
= 0.75w and f = 1 Hz. Three Ry, values are analyzed: 10°, 10* and 10° m*K/W. The continuous line

corresponds to A\T\ and the dashed line to A, .

According to the simulations shown in this section, we arrive at the following
conclusions:
(a) For a given thermal resistance the largest amplitude and phase contrast are not obtained
with the same set of experimental parameters (d, a). The highest amplitude contrast appears
when the spot slightly overlaps the crack a = 1.25d. On the other hand, tightly focused spots
(a < d) produce the highest phase contrast. We propose d ~ u ~ 1.25a as a rule of thumb to
obtain good enough amplitude and phase contrast simultaneously.
(b) In order to detect very narrow cracks the appropriate experimental conditions are a high
frequency with d ® a = u. These conditions mean a tightly focused laser spot. For instance,
using a = d = 0.1 mm on metallic samples together with a frequency f ~ 100-1000 Hz allows
to detect thermal resistances as low as 10 - 107 m?K/W. It is worth noting that under these
experimental conditions thicker cracks are also clearly detected.
(c) In order to retrieve Ry, frequencies producing the highest temperature amplitude/phase
contrast must be avoided, since they are insensitive to Ry Lower frequencies showing an
amplitude contrast half of the maximum one are the most sensitive to Ry, variations.

4. Experimental results

The scheme of the experimental setup is shown in Fig. 8. A continuous wave laser
(512 nm), whose intensity is modulated by an acousto-optic modulator, is directed to the
sample surface by means of a mirror and a silicon window, which is transparent to IR
wavelengths. By means of a 10 cm focal length lens the laser beam is focused onto the sample
surface. The laser power is changed at each frequency (50 mW - 200 mW) in order to obtain a
similar temperature rise at the center of the laser spot of about 5 K. An IR video camera
(FLIR, model SC7500) with an InSb detector operating in the 3 - 5 wm spectral range, records
the sample surface temperature. A microscope lens has been used to improve the spatial
resolution; each pixel measures the average temperature over a square of 30 um in side. In
order to increase the signal to noise ratio a large number of images have been recorded, since
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in lock-in measurements the average noise level in temperature amplitude is given by the
following relation [24]

2
(Noise,, ) =—==—— NETD 20
LN (20)
where NETD is the Noise Equivalent Temperature Difference of the detector (20 mK in our
camera) and Nimages iS the total number of images collected for the lock-in analysis. According
to Eq. (20), by processing 2x10* images the noise level of the data was kept below 0.3 mK.
As our camera works at a maximum rate of 350 images/s, collecting 2x10* images requires
measurements of about one minute.

Reference frequency

Mirror
cw Laser AOM ﬂ

«— Lens

Cracked IR
M —
sample 2 [ ] camera bC
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Figure 8. Diagram of the experimental setup. AOM is the acousto-optic modulator and M is the
microscope objective.

In order to obtain calibrated vertical cracks we have used two glassy carbon plates (D
= 6.0 mm*s and K = 6.3 Wm'K™) 6 mm thick, which are put together under some pressure.
The two large surfaces in contact are mirror-like polished. In order to calibrate the air gap
between the plates, nickel tapes 25, 10, 5, 2.5 and 1 wm thick are placed between the carbon
layers. They represent thermal resistances of 102, 4x10* 2x10*, 10* and 4x10° m’K/W
respectively. The main advantage of using glassy carbon is that this material is at the same
time highly absorbing at visible wavelengths and highly emitting at IR wavelengths. This
means that its surface does not need to be prepared (painted or coated) in order to obtain a
high enough signal to noise ratio, as it happens with metals and alloys.

In Figs. 9a and 9b we show the amplitude and phase thermograms corresponding to a
1 um thick crack obtained with the following experimental parameters: f = 0.6 Hz, d ~ 0.65
mm and a ~ 0.35 mm. It is remarkable that such a thin crack is clearly featured using lock-in
thermography. In Figs. 9c and 9d we show by dots the temperature profiles along the y axis.
The continuous lines are the least squares fits to Eq. (10) using three free parameters: P,, a
and Ry. The values of LnlTl and W of each profile have been shifted to better appreciate the
jump at the crack. Note that the fit quality is better for LnITI than for W. This is because the
jump at the crack is much higher for LnlTl than for W. All measurements shown in Figs. 9c
and 9d have been performed with f = 0.6 Hz, d # 0.65 mm and a = 0.35 mm. The retrieved
thermal resistance values are 8.0x10%, 4.2x10%, 2.2x10* 9.8x10° and 4.5x10° m*K/W,
which correspond to air thicknesses of 21, 11, 5.7, 2.6 and 1.2 um respectively. They are very
close to the nominal values of the nickel tape thicknesses. On the other hand, in all fittings the
radius of the laser spot is in the range a = 0.35-0.37 mm. To assess the robustness of the
procedure we have performed complementary measurements changing the modulation
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frequency f = 4.4 Hz, the distance between the spot and the crack d = 1.2 mm and the laser
focus a = 0.82 mm. In all cases we have obtained the same thermal resistance, within an
experimental uncertainty of +15%.
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Figure 9. (a) Amplitude and (b) phase thermograms for two glassy carbon plates put in contact to
simulate an infinite vertical crack 1 um thick. The following experimental parameters have been used:
d = 0.65 mm, a = 0.35 mm and f = 0.6 Hz. (c) Experimental natural logarithm of the surface
temperature amplitude and (d) phase profiles along the y axis for several crack widths. Dots
correspond to experimental data and continuous lines to the fit to Eq. (10).

We have performed the same kind of measurements in two blocks of AISI-304 2 cm
thick. As this metallic alloy has a shiny surface, a thin graphite layer about 3 um thick has
been deposited onto the surface in order to increase both the absorption to the heating laser
and the emissivity to infrared wavelengths. The amplitude and phase thermograms
corresponding to a 1 wm thick crack are shown in Figs. 10 a and 10b. The same experimental
parameters as in Fig. 9 have been used. The temperature profiles along the y-axis together
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with the fits to Eq. (10) are shown in Figs. 10c and 10d. We have obtained the following
thermal resistance values: 7.0x10% 4.7x10* 2.0x10* 1.1x10* 3.5x10®° m’K/W, which
correspond to air gaps of 27, 12, 5.2, 2.8 and 0.9 wm respectively. As in the case of the glassy
carbon, they are very close to the thicknesses of the nickel tapes.
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Figure 10. The same as in Fig. 9 for AISI-304 stainless steel.

Finally, we have put the two glassy carbon plates in direct contact, i.e. without
inserting nickel plates. As the surfaces in contact are polished, they simulate an extremely thin
crack. The result depends slightly on the position in which the sample is excited. At some
positions we observe neither temperature amplitude contrast nor phase contrast. Moving the
positions of the excitation spot on the same sample, we have obtained amplitude and phase
contrasts corresponding to air gaps below 300 nm, probably due to different surface
conditions. At the locations where we do not detect the crack, it remains undetectable even
when the modulation is increased up to 100 Hz and the laser beam is focused down to 100
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um. This result allows us to conclude that the upper limit for this thermal resistance is R <
10° m’K/W.

It is worth noting that detecting very narrow cracks requires using a high frequency
together with a laser beam tightly focused close to the crack. However, in our infrared
thermography setup the spatial resolution is 30 um so measurements with a thermal diffusion
length u < 100 um are not allowed. Under these experimental conditions, thermal resistances
verifying KR4 < 1 um will remain undetectable.

Note that the experimental results shown in Figs. 9 and 10 do not exhibit a sharp
discontinuity at the crack but a smooth transition involving around 4 pixels. This result is due
to the imperfect imaging system of the IR camera (diffraction, multiple reflections, flare...).
The so-called Point Spread Function (PSF) of the optical system quantifies its effect, which
depends on the lens quality. As in our system the effect is quite small, it has not been taken
into account in the fittings. Anyway, it is worth noting that the microscope lens (with a
resolution of 30 wm) produces a much smaller PSF than a 50 mm focal length lens with two
extension tubes (providing a comparable resolution of 40 wm), with more than 10 pixels
affected.

5. Conclusions

In this work, we have dealt with the width characterization of infinite vertical cracks
using lock-in thermography with optical excitation. First, we have found an analytical
expression for the surface temperature of a material containing such a crack when a
modulated and focused laser beam impinges close to the crack. Both circular and line
Gaussian spots are studied. The presence of the crack produces an abrupt jump in the
amplitude and phase of the surface temperature at the crack position. Numerical simulations
indicate that the highest amplitude temperature contrast is produced when a, d and u satisfy
the following condition: d ~ w = 1.25a. The validity of the model has been tested by
performing lock-in thermography measurements on stainless steel and vitreous carbon
samples containing cracks of calibrated width. By fitting the amplitude and phase of the
surface temperature to the analytical model, the width of the crack is obtained. The agreement
between the optically calibrated width and the retrieved one is very good even for widths as
narrow as 1 um. In Part II of this work, the characterization of vertical cracks of finite size
will be addressed.
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Figure captions

Figure 1. Scheme of the infinite vertical crack (in gray) inside a semi-infinite sample. (a)
Circular illumination and (b) line illumination.

Figure 2. Simulation of (a) the natural logarithm of the temperature amplitude and (b) phase
along the y axis for a semi-infinite AISI-304 sample (D = 4 mm?%s and K = 15 Wm'K™)
containing an infinite vertical crack. The sample is illuminated at d = 1 mm with a circular
Gaussian laser with a = 0.75 mm modulated at f = 1 Hz. The effect of the value of the thermal
resistance Ry, (m°K/W) is shown.

Figure 3. The same as in Fig. 2, but for a line Gaussian laser.

Figure 4. Numerical simulation of the dependence of A on the thermal contact resistance Ry.
Calculations are performed for an AISI-304 material (D = 4 mm?s and K = 15 Wm'K™) with
d = n and a = w?2. Three modulation frequencies are tested. Continuous lines correspond to

Ay and dashed lines to A, .

Figure 5. The same as in Fig. 4 with a fixed frequency f = 1 Hz. Continuous lines correspond
to A\T\ and dashed lines to A,,. Three combinations of laser distance and radius are analyzed:
(1)d=wanda=w?2,(2)d=wanda =y, and (3) d = w2 and a = w/4.

Figure 6. Numerical simulation of the dependence of A on the laser radius a. Calculations are
performed for an AISI-304 sample with d = u. Three Ry, values are analyzed: 10°, 10* and 10°

* m’K/W. The continuous line corresponds to Ay and the dashed line to A, .

Figure 7. Numerical simulation of the dependence of A on the distance of the laser spot to the
crack. Calculations have been performed for an AISI-304 sample (D = 4 mm?/s and K = 15
Wm'K™") with @ = 0.75u and f = 1 Hz. Three Ry values are analyzed: 10, 10* and 10

m’K/W. The continuous line corresponds to A\T\ and the dashed line to A,, .

Figure 8. Diagram of the experimental setup. AOM is the acousto-optic modulator and M is
the microscope objective.

Figure 9. (a) Amplitude and (b) phase thermograms for two glassy carbon plates put in
contact to simulate an infinite vertical crack 1 wm thick. The following experimental
parameters have been used: d = 0.65 mm, a = 0.35 mm and f = 0.6 Hz. (c) Experimental
natural logarithm of the surface temperature amplitude and (d) phase profiles along the y axis
for several crack widths. Dots correspond to experimental data and continuous lines to the fit
to Eq. (10).

Figure 10. The same as in Fig. 9 for AISI-304 stainless steel.
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