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Abstract

Recent advances in infrared imaging have made active thermography an interesting non
destructive technique for sub-surface defect detection. Here, we present a method for the
estimation of the depth of open surface defects by infrared lock-in thermography, based on
the relation between the crack depth and the Laplacian of the surface temperature distribution
induced by a local heating using a laser. A comparison to numerical finite element modelling
for different depths allows an accurate determination of fatigue crack depth in Inconel alloy

test blocks.

Keywords: crack depth estimation, infrared lock-in thermography, finite element methods,

image processing

(Some figures may appear in colour only in the online journal)

1. Introduction

Systems that are submitted to mechanical stress usually
develop defects which influence their stiffness and lead to
failure. More than localization, depth is an essential infor-
mation to appreciate the possible dangerousness of a crack.
Testing for these defects in 3D is therefore of particular
importance.

Liquid penetrant has been the most common method to
detect cracks [1], but this technique cannot give much quanti-
tative information on the depth of the defect. Ultrasounds [2]
or Eddy Currents [3], can provide some quantitative estima-
tion, but they require a contact with the sample, which makes
them unsuitable for several inaccessible structures or samples
with irregular geometries.

In the most common types of non-destructive testing ther-
mography, a broad area of the object is heated by high power
flash lamps. The thermal energy deposited on the surface

0022-3727/14/465501+6$33.00

diffuses across the surface and into the bulk. The presence of a
crack changes the heat diffusion process and thus the thermal
footprint. Infrared thermography has been successfully used
in detecting defects such as impact damage [4, 5], delamina-
tions [5], and material loss defects [6]. However, cracks ori-
ented perpendicular to a surface cannot be detected with 1D
surface heating. Lateral thermal flows are indeed essential in
order to detect vertical cracks. They can be generated with for
instance a localised heating, either on the surface of the tested
material using optical sources, or in the bulk using ultrasounds
or eddy currents [7, 9].

Most methods take advantage of the wave-like properties
of the heating induced by space or time modulated excitations,
in order to control localization or to enhance signal to noise
ratio using lock-in detection [10]. Among these methods,
lock-in thermography is increasingly exploited for the quanti-
tative evaluation of defects [11-13]. The amplitude and phase
infrared images obtained by the diffusion of lateral thermal

© 2014 I0P Publishing Ltd  Printed in the UK
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Figure 1. (a) A(u) for two widths: [ = 30um and / = 200um. (b) Ax(n) for two widths: [ = 30um and / = 200um. The modulation
frequency f is chosen between 0.1 and 10 Hz. Finite elements simulation performed with the parameters: & = 3.3m?/s, h = 2mm,

r=0.5mm and d = 1.5mm. The crack length L is equal to 9 mm.

flows provide information concerning hidden defects with a
good contrast for vertical cracks [9]. The flying spot technique
[14-16] which uses a line-shaped laser beam that is scanned
over the investigated surface needs calibration curves to have
an evaluation of the crack depth. Other methods exploit the
asymmetry of the thermal footprint of a laser spot in the
vicinity of a crack [17-20] or combined lock-in infrared ther-
mography and ultrasounds (lock-in vibrothermography [21]).

The objective of this work is to use a lock-in thermography
procedure for depth evaluation of surface-breaking cracks in
metals without surface preparation. We report the implemen-
tation of the approach described in [22, 23] to evaluate linear
open surface cracks by the means of lock-in thermography,
and provide crack depth determination, taking advantage of
the modulation frequency and thermal diffusion length to
probe different regions of the sample. This approach exploits
the evolution of the second order derivative of the amplitude
image as a function of the thermal diffusion length. First, a
specific data analysis to extract quantitatively the value of the
crack depth independently of its width is presented. Then, an
abacus obtained by numerical simulation is used to deduce the
crack depth for a material with a known diffusivity.

2. Principle of the method: probing cracks
by frequency analysis

In this work, a modulated laser spot excitation heats the
sample surface. Using a lock-in thermography detection, the
unwanted dc component which depends on the emissivity
of the materials and on the ambient temperature is filtered
out from the raw images of the IR camera. The modulated
component of the IR emission induced at the surface of the
inspected sample by the thermal diffusion is then extracted
with an excellent contrast. In the presence of cracks, which act
as thermal barriers, thermal diffusion is disrupted. The spa-
tial second derivative of the amplitude image highlights the
thermal wave disturbance caused by these cracks.

In this work, the thermal diffusion length, which can be
adjusted by changing the modulation frequency, is used as a
3D probe of the crack depth. The crack signature is analyzed
via the changes of the spatial second order derivative of the
amplitude image versus the thermal diffusion length. The
evolution of this function allows the depth of a crack perpen-
dicular to the surface to be deduced.

In the methods and experiments described here, a laser
beam is focused to a circular and uniform spot of radius r to
heat up the sample at a distance d from the nearest edge of a
crack in a metal surface. This heating amplitude is square-
wave modulated.

A lock-in processing of the signal allows a retrieval of both
amplitude and phase of the sinusoidal infrared radiation com-
ponent at the fundamental frequency f. The thermal diffusion
length is: p = \/a/zf, where a is the thermal diffusivity of
the specimen. Notice that diffusivity can be directly extracted
from measurements [24].

Since the crack behaves as a thermal barrier, the crack
should be located inside the heat diffusion region, within a
distance from the source of the order of the thermal diffusion
length in order to optimally characterize the defect of the inves-
tigated structure. By varying the modulation frequency f, the
thermal diffusion length « can be changed. For x4 smaller than
the distance d between the heat source and the crack edge, the
modulated part of the heat flux that reaches the crack before
vanishing is very small. In the special case where the diffusion
length is of the order of the distance to the crack, the heat flux
reaches the edge of the crack on the surface and then is blocked.
For longer diffusion lengths, the heat flux diffuses deeper into
the volume along the crack and may bypass the defect.

Thus, using a modulated excitation associated to lock-in
thermography, the excitation frequency offers a way to change
the size of the modulated heat diffusion region. The second
order spatial derivative (Laplacian) of the amplitude image is
then calculated in order to emphasize the perturbative effects
of cracks on thermal waves [20]. In previous work [21], a
function A(u), which is the absolute value of the Laplacian
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Figure 2. (a) Top and front views of the specimen heated by a circular beam of radius r at a distance d from the nearest edge of the defect.
The depth of the crack is given by & and the width by [. (b) Typical mesh for FEM simulations of the specimen of thermal diffusivity
heated by a circular laser beam. The smallest mesh element size was chosen three times smaller than the width of the crack itself. The heat
source is a disc of radius r at a distance d from the nearest edge of the defect.

of the amplitude image obtained at frequency f was proposed.
Simulation results show that A(x) obtained from the crack
signature depends on the geometry (depth and width) of the
crack [21].

When both depth and width are unknown, the depth eval-
uation is therefore difficult. In this work we propose a new
function which mainly depends on the depth of the crack.

3. Normalized A function

In the following simulation results, the evolution of A as a
function of u is extracted from a point located on the edge of
the crack which faces the heating zone center.

The Afunction increases with the crack depth or width, and
reaches a horizontal asymptote when the thermal diffusion
region is larger than the crack, as can be seen in figure 1(a) in
the case of cracks having the same depth £ but different widths
[. The saturation level for the width / = 30 um is lower than for
the width / = 200 um.

To overcome this problem, we consider Anx(«), the values
of A(u) normalized by its maximum value, provided that the
chosen range of thermal diffusion lengths is sufficient to reach
the A(u) plateau. As can be seen in figure 1(b), the evolution of
Ay as a function of the diffusion length u is then independent
of the crack width.

4. Simulation results: defect depth abacus

The effect of a modulated localized heat flux on a cracked
surface is modeled by Finite Element Method (FEM) using
COMSOL and a heat transfer module. The developed model
(figure 2(a)) considers the same geometrical parameters as
the sample used in the experimental part. A mesh example is
shown in figure 2(b).

Dimensions of the block: 25 x 25 x 9mm?®. a = 3.310"
®m?s7!, r=0.5mm, d = 1.3mm, ~ = 2mm and [ = 30 um.

3D simulations have been performed for an excitation fre-
quency ranging from 0.06 to 4.2 Hz, for different crack depths
h, keeping constant the absorbed laser power and the distance

Ay (a.u)

35 3 ' ‘
p(mm)

Figure 3. Evolution of Ay as a function of u calculated by FEM for
different values of & for d = 1.3 mm. The modulated frequency f is
chosen between 0.06 and 4.2 Hz.

IR camera with lock-in module

function generator

Figure 4. Experimental set-up.

d between the center of the laser spot and the edge of crack.
The evolution of An(u) as a function of the thermal diffusion
length is shown in figure 3 for different values of & chosen
between 0.5 and 2 mm.

One can observe that the An(u) curves depend on the crack
depth. The evaluation of the position of the shoulder in the
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Figure 5. (a) Photography of sample B. The shaded arrows indicate the pressure points used to create the crack. (b) Visible optical
microscopy allows to measure the propagation distance of the fatigue crack (in the ellipse) on the lateral sides.

Table 1. Sample sizes measured by visible optical microscopy.

Depth (mm) on the two

averaged depth (mm) deduced

lateral sides of the sample from the values of the first column crack width (um)

Sample A 1.0 £ 0.1 and 2.1 = 0.1 1.5 40 = 0.5
Sample B 1.1 £0.and 3.1 £ 0.1 2.1 35+05
Sample C 1.7+ 0.1and 2.4 + 0.1 2 65 = 0.5

3

& 12000

g

& 10000

"]

5 8000

7]

@ 6000 »

...'é 0 50 100 150 200 250 300 px

(b)

Figure 6. (a) IR DC image in the presence of an excitation at frequency f = 0.2Hz (sample B); (b) amplitude profile along marker 1 (1 pixel,
px, corresponds to 50um) in (a). IR results obtained with Inconel samples heated by a modulated 2W laser are displayed in figures 6 and 7.

evolution of Ay with u is a good indicator of the crack depth.
These curves obtained by simulation can therefore be used as
an abacus to determine crack depths of studied samples.

In conclusion, the analysis of the Ax(u) function allows the
depth of the defect to be estimated, independently to its width
(as shown in section 3 [25]).

5. Experimental results for the depth evaluation

5.1 Experimental set-up

The experimental set-up shown in figure 4 includes a heat
source (a diode-pumped Ytterbium laser with 830 nm wave-
length and tuneable power), a function generator, and an
infrared camera (Jade III, CEDIP, FLIR), which has an
array of 240 x 320 of InSb detectors sensitive in the 3-5 um
wavelength range. The acquisition frequency of the camera
is 100 Hz.

The laser light outgoing from the multimode fiber is focused
onto the surface in an approximately uniform and circular spot
of 1 mm diameter. The intensity-modulated optical stimula-
tion has been targeted in the vicinity of the crack, at a dis-
tance d. The signals delivered by the infrared camera and the

reference frequency f are sent to a lock-in detection module
(FLIR R9902), which provides the continuous component
image (f = 0) as well as the amplitude and phase images of the
f-component to a computer. The acquisition duration depends
on the solicitation frequency f: the lower the frequency, the
longer the duration (around 1 min at f=0.1Hz).

5.2. Experimental determination of a crack depth

Three open vertical fatigue cracks (Sample A, Sample B and
Sample C) of 35-65 um width were obtained by exerting pres-
sure on 2 extremities of the samples, while keeping 1 point
fixed at the center of the opposite facet (see shaded arrows in
figure 5). These model samples are made of highly reflecting
130 x 27 x 9mm? Inconel metallic plates (figure 5(a)). Using
optical microscopy, it was possible to estimate the depth of the
defect on the lateral sides of the sample (see table 1) since the
crack is open all along the sample and is visible (figure 5(b)).

Because these specimens are highly reflective, the reflected
and emitted infrared radiation varies sharply in the presence of
surface roughness, and consequently the DC image is strongly
disturbed (figure 6). A heated area due to the laser absorption
at the sample surface is guessed in the center of the figure 6(a)
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Figure 7. IR amplitude image at the excitation frequency (f=0.2 Hz) obtained by lock-in detection (sample B). (») Amplitude profile along

marker 1 (1 pixel, px, corresponds to 50 um) in (a).
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Figure 8. Aimage obtained for f=0.2Hz (sample B).

I o
0.95 X ’
0.9¢ *
El
T 085 *
<Z * * sample B
0.8 * * sample C
*
0.75r .
0.7 2 3 4 5 6
pt (mm)

Figure 9. Experimental Ay values obtained with B and C samples
d = 1.1mm. The modulated frequency f is chosen between 0.03
and 0.3Hz.

but no crack footprint appears in the DC image in figure 6(b)
which is the cross section along the line shown in figure 6(a).
Using the lock-in detection system, however, the image of
the magnitude at the excitation frequency f has been obtained
(figure 7). We can observe on the surface of the sample that
the heat diffusion around the heated area is interrupted on the
right of the heated area (figure 7(a)) which reveals a crack. It
is also clearly visible in the cross section (figure 7(b)). The
second order spatial derivative of figure 7 is then calculated to
obtain the Aimage (figure 8): a crack appears clearly. Applying
the analysis procedure previously described in section 3, the
evolution of An(u) can be calculated.

First, we verify experimentally that, as shown above using
FEM calculations, the sample crack width has no influence on
the evolution of Ay. Figure 9, which represents the measured
An(u) curves obtained for samples B and C characterized by

Simulations: - 0.Smm

- 1Imm

1.5mm

AN(a.u)

== 2mm

0.4 -f',-" Experiments: | « sample A
:.:’ sample B
= sample C
2 . . .
0 1 2 3 4

pn(mm)

Figure 10. Experimental Ay values obtained on Inconel alloy
samples superimposed on the abacus of the simulated evolutions
of Ay obtained by FEM for different values of h in the 0.5-2 mm
range, and for d=1.3 mm. The modulation frequency f for the
experiments is chosen between 0.06 and 1 Hz.

Table 2. Thermography results.

Crack depth i (mm) eval-
uated by thermography
Sample A 1.2 +£0.2
Sample B 1.8 £0.3
Sample C 1.8 = 0.3

the same averaged depth but not the same crack width, shows
that the An(u) curves are indeed independent on sample width.

Figure 10 presents the measured An(u) values obtained for
samples A and B. These are superimposed with the simulation
results for different excitation frequencies (i.e. different dif-
fusion lengths u) for different depths (as shown in figure 3).

One can see in figure 9 that the behavior for experimental
An(u) values is similar to the simulation curves. Therefore,
the simulation results can be used as an abacus allowing the
quantitative determination of the depth of the cracks. Results
on sample A are contained between the 1 and 1.5mm sim-
ulation curves and, on sample B and C, between 1.5 and
2mm. Consequently, the depth of the cracks is evaluated by
averaging these values to 1.2 + 0.2mm for sample A and
to 1.8 = 0.3mm for samples B and C respectively. This is
in good agreement with the averaged depths deduced from
optical microscopy measurements (see table 1), showing that
a confrontation of the experimental results with the abacus
obtained by FEM simulations allows to find a good evaluation
of the crack depth of samples (see table 2).

These results will of course benefit from thorough testing
and error evaluation on various sample sizes and composition,
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but they offer a good experimental indication that, in samples
with known thermal properties, Finite Element Methods can
be used to produce abacuses allowing the quantitative deter-
mination of crack depths by comparison with experimental
measurements.

6. Conclusion

A lock-in thermography technique using a frequency analysis
combined to efficient image processing is presented. We pro-
pose the use of a function An(u) (normalized Laplacian of the
amplitude of the modulated surface temperature) to estimate
the depth of surface open cracks without any assumption
regarding the width of the considered crack. The proposed
technique is experimentally validated with 3 different Inconel
test blocks for the evaluation of surface-emerging fatigue
cracks. The experimental results compared to numerical simu-
lations show that the depth of the defects can be well estimated
by the presented method using a calibration abacus obtained
by FEM simulation.

It is shown that the developed method is well adapted to
measure crack depths in the 0.5-3 mm range. It is suitable for
local crack depth evaluation. Indeed, for a well known sample
(known diffusivity and calculated abacus) the measurement
duration is mainly due to the time of lock-in acquisition which
depends on the number of chosen heating frequencies and on
the value of the lower frequency. We can consider that the time
evaluation of one crack depth is typically 10 min. In addition,
for some samples with crack width larger than the camera
pixel resolution, the contribution of crack emissivity should
be taken into account.
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