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Abstract

Sizing hidden defects is a major challenge in many industries. In the last years we have successfully used optically excited
lock-in infrared thermography to size the geometrical parameters of both infinite and semi-infinite uniform delaminations.
In this work, we study more realistic flaws, by dealing with wedge delaminations of continuously varying width, depth,
thickness and combination of two of them. As these parameters vary slowly, the previously developed analytical model for
semi-infinite delamination remains valid. We present experimental data taken by applying lock-in infrared thermography
on stainless steel samples containing calibrated wedge delaminations. The resulting amplitude and phase thermograms are
fitted to the analytical model to obtain the parameters describing the geometry of the delaminations. The agreement found
between the retrieved geometry and the true varying parameters strengthens lock-in infrared thermography as a powerful

tool to size hidden defects.

Keywords Lock-in infrared thermography - Delaminations - Thermal resistance - Defect detection - Quantitative

thermography - Nondestructive testing

1 Introduction

Delaminations refer to flat subsurface flaws oriented parallel
to the sample surface. They are recurrent defects in layered
metals and composites, reducing the material stiffness and
the structures’ reliability [1, 2]. Optically excited infrared
thermography (IRT) is a very powerful technique for detec-
tion and characterization of hidden defects [3-5]. In this
technique, a light beam illuminates the sample surface while
an IR video camera records the evolution of the surface tem-
perature. Roughly speaking, abnormal features in the surface
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temperature reveal the presence of subsurface defects. The
main advantages of IRT are its non-contact (both excita-
tion and detection) and non-destructive nature. Moreover,
no sample preparation is needed. Sometimes, just reversible
black painting of the surface to enhance light absorption
and IR emission is used. Accordingly, IRT is specially well
adapted to deal with real parts in industrial environments. In
fact, for decades, optically excited IRT has been extensively
applied to detect delaminations; see Ref. [6] and the refer-
ences therein for a recent review on this subject and Ref. [7]
for latest experimental approaches.

Lock-in IRT, which uses an intensity modulated light
beam, is the ideal illumination scheme for scouting the siz-
ing limits (deepest, thinnest and/or narrowest delamination),
because it provides low noise thermograms. The lock-in
analysis of the IR film recorded for several illumination peri-
ods delivers amplitude and phase thermograms with reduced
statistical noise [8].

In the last years, in our laboratory we have used
optically excited lock-in IRT to size the morphologi-
cal parameters of delaminations with increasing geo-
metrical complexity. As a first step, we studied infinite
and homogeneous delaminations, i.e. delaminations of
very large area featuring uniform thickness [9]. Using
the analytical expression of the surface temperature we
obtained successfully the depth and thickness of calibrated
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delamination. In a second step, we studied semi-infinite
delaminations, i.e. rectangular delaminations of infinite
length and finite width [10, 11], still featuring uniform
thickness. In this 2D problem, the surface temperature
was calculated analytically using the thermal quadrupoles
formalism [12—15]. Then, as an extension of the previ-
ous work on 2D delaminations, we studied semi-infinite
delaminations with non-uniform transverse thickness, i.e.
thickness variation along the delamination width [16]. In
all cases, the method was assessed on metallic samples
with calibrated delaminations.

In this work, we take a step forward to approach real-
istic delaminations but keeping both simple geometries
and analytical solutions of the surface temperature, we
study semi-infinite wedge delaminations. This means
that the rectangular delamination has infinite length and
continuously varying width, depth or thickness. Moreo-
ver, we also include combined variations of depth and
thickness. This configuration has two advantages. On the
one hand, as these parameters vary slowly, the previously
developed analytical model for semi-infinite delamina-
tions [10] remains valid. On the other hand, it is possible
to manufacture metallic samples with calibrated wedge
delaminations.

We perform optically excited lock-in IRT experiments
on a set of calibrated wedge delaminations, i.e. we control
at micrometric level the dimensions of the three geometri-
cal parameters: width, depth and thickness. Then, by fit-
ting the analytical expression of the surface temperature
to the experimental data to obtain the three unknown geo-
metrical parameters. We verify that they agree very well
with the nominal parameters, confirming optically excited
IRT as an invaluable tool for NDT testing of subsurface
delaminations.

z
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Fig.1 (a) Diagram of the cross-section of a 2D delamination of
width w, thickness ¢ and depth d, and infinite length (y direction)
located inside an opaque sample. The sample is very long in the y
and z directions and has a size L in the x direction. (b) Sketch of the
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2 Theory

Figure 1a shows the cross-section of an opaque sample of
thermal diffusivity D, with a buried delamination. The sam-
ple is infinitely long in the y and z directions whereas in x
direction its size is L. The 2D delamination is very long in
the y direction and is defined by the following geometrical
parameters: width w, thickness ¢ and depth d beneath the
surface. We consider that a CW uniform laser beam of inten-
sity 1,, modulated at frequency f(ew = 2zf), illuminates the
sample. Heat losses from all sample surfaces are neglected.

The oscillating component of the temperature, 7(x, z),
resulting from the modulated excitation of the flawed speci-
men can be obtained by solving the following partial deriva-
tive differential equation:

2 2 .
%+%—%’q=o,i=1,2 )
with sample boundary conditions corresponding to the inci-
dent flux, /,/2 at the illuminated surface (z=0), and adiabatic
boundary conditions at the rest of the sample surfaces.

The geometry for modelling the problem is sketched in
Fig. 1b. The delamination is modelled as a bounded thermal
contact resistance R(x) that keeps flux continuity. For modelling
purposes, the sample is divided into two layers: layer 1 above
the horizontal through the delamination and layer two below the
delamination. The thermal contact resistance results in a tem-
perature discontinuity boundary condition at the delamination:

71z =d) = 1y(z = d) = R(X)p,(x,d) )

where @, is the heat flux perpendicular to the interface.
The distribution of thermal resistance values in the x direc-
tion, R(x), representing a delamination of uniform thickness

(b)

geometry for modelling: the sample is divided into two layers of
the same material, 1 above- and 2 below the horizontal through the
delamination. The delamination is modelled as an interface with a
given thermal resistance R
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bounded between x; and x,, such as the one depicted in Fig. 1a,
can be written as

R(x) =Rforx; <x<x, (3a)

R(x) = 0forx< x; and x> x, (3b)

Assuming the delamination is filled with air, the con-
tact resistance R is related to the delamination thickness by:
R=1t/K,,, where K, is the thermal conductivity of the air
[17].

The solution to this problem was obtained analytically
in Ref. [10], by means of the thermal quadrupoles method
[12] and the cosine Fourier transform of the x-coordinate
[18]. In the following, we summarize the main steps of the
calculation. First, an x-coordinate cosine Fourier transform
is applied on the temperature z(x, z),

L
H(an,z) = / T(x, Z)cos(anx)dx, witha, = nfﬂ andn € N
0
4

which transforms Eq. (1) into an ordinary differential equa-
tion on the transformed temperature:

— %6, =0 6)

where y? = a? + jo/D

The boundary conditions also need to be transformed. In
particular, the transformation of the temperature discontinu-
ity (Eq. (2)) writes:

L
Aby, = Hl(a,l,d) - Hz(an,d) = / Rx)p,(x, d)cos(anx)dx
0
(6)

Equation 6 represents the transform of the product
R(x)@,(x,y). The transforms of these individual functions
can be expressed as:

L
p(an) =p, = / R(x)cos(anx)dx (7a)
0

L
@R(an) = Dy, :/0 @, (x, d)cos(anx)dx (7b)

In turn, the inverse of the transformed resistance distribu-
tion writes:

3 . g =1 fork =0
R@) = 2, 2o (ay). with = 2cos(a) fork £0
®

and the inverse of the transformed heat flux perpendicular
to the interface as

~ gn(x) = 1 form =0
@.(x,d) = En()Pg (a,,). with L
N ,;) R( ) = %cos(a x) form # 0 (9)

m

According to these expressions, Eq. (6) results in:

) -3 L 0
Abg, = z Dy, Z/ p(ak)gk(x)gm(x)cos(anx)dx = Z DN,
m=0 k=0 /0 m=0

10)

Then, application of the images method enables relat-
ing the temperature and heat flux at the front and rear
surfaces of the sample in a matrix form, and simplifies

the analytical expression of the transformed surface tem-
perature 6,(0):

0,(0) = [A}A, + B,C, + AN, G| [C1A, + A C, + C\N,G,] “'o,(0)
an
Here,®,(0) is I ,L/2, and A;, B; and C; are diagonal
square matrices of size N+ 1 whose coefficients are
cosh(y,d,), sinh(y,d;)/(Ky,) and Ky,sinh(y,d,), respec-
tively, N being large enough for the thermal resistance
distribution expressed in Eq. (8) to converge to the true
distribution with 2N + 1 harmonics.
Finally, Np is an N X N matrix whose coefficients are
obtained from Eq. (10)

Po 2p, 2p, 2py
1P Poth prtp3 e Pyo1 T PN1
N, = 7P Pites Pot Py o Pn2t Pyt

PN PN-1 T PNyt PN2 T PNy o Pot Pon

12)
From Eqgs. (3) the elements forming matrix N, take the
form,

po =R(x; —x;) (13a)

Py = aﬁ [sin((xnxz) - sin(anxl)]for n#0

n

(13b)

Finally, the inverse cosine Fourier transform of the sur-
face temperature 6,(0) is calculated to obtain the surface
temperature 7, (x, 0).

[~

Zel(an,O)cos(an) (14)

n=1

1
71(5,0) = 70, (a,,0) +

S~

As in this work we are studying wedge delaminations,
featuring slightly and continuously varying geometrical
properties (w,d,t), the 2D model remains valid. Although
we cannot quantify the slope of these “slightly varying”
geometrical properties, since it would require calculations
using a 3D model, we estimate that they are valid provided
the slope is smaller than ten degrees.
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Finally, we will work with the normalized surface tem-
perature, 7,(x), obtained as the ratio of 7(x) and the surface
temperature at any sound location (see Eq. 2.22 in Ref.

(19D
1 o

0 —iz
1'00 = e 4
2er/w (15)

where ¢ is the thermal effusivity of the sample [20, 21].
Equation (15) shows the well-known —45° phase delay
between the excitation and the surface temperature. We will
obtain the geometrical parameters describing the delamina-
tion as a function of the y axis by fitting surface temperature
x profiles measured at different locations along the y axis.

3 Experimental Results
3.1 Experimental Setup and Calibrated Samples

The experimental lock-in infrared thermography setup
used in this work is depicted in Fig. 2. The surface of
the sample is illuminated by a CW diode laser beam
(A=808 nm, up to 50 W), fiber coupled, with nominal
“top hat” profile. The defocused beam intensity actually
decreases from center to border. To overcome this issue,
we placed a beam homogenizer at the end of the fiber
head. By modulating the electric current that feeds the
laser driver we modulate the laser output.

The radiation coming from the sample surface is col-
lected and recorded by an infrared video camera (X6800
from FLIR, NEDT 20 mK, detector 640 x 512 px). The
camera is equipped with a 50 mm focal length lens and a
2 cm long extension ring providing a spatial resolution of
89 um per pixel. A dedicated software performs a lock-in
analysis of the IR images delivering the amplitude and
phase distribution of the surface temperature oscillations.

Function Reference IR g PC
generator > camera |
Optical L]
NN fiber
\/’/ \VA '\\\
/Y Beam I\ QO
homogenizer I\ NN
! \\ NN
Diode VN N\
laser Sample

Fig.2 Diagram of the experimental lock-in infrared thermography
setup
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The camera records images for 60 s at a frame rate of
50 images/s, i.e., 3000 images at each frequency. As the
noise level is inversely proportional to the square root of
the total number of images [7] the average noise in tem-
perature is below 1 mK. Finally, we normalize the data
by dividing the amplitude and subtracting the phase by
the corresponding values at locations distant from the
delamination.

We manufactured samples containing calibrated delami-
nations by eroding U-shaped through-thickness notches in
parallelepiped blocks made of AISI-304 stainless steel. The
delaminations were simulated by manufacturing an inde-
pendent insert of the same material tightly adapted to the
notch. By using metallic films between U-shaped block and
insert we control the delamination thickness (the thickness
of the embedded air layer). In fact, we measure the width,
the depth and the thickness of the delamination using differ-
ent callipers, with a precision of 0.1 mm, 0.01 mm and 1 pm,
respectively. In all cases we focus on thin delaminations
(t< 100 pum) to assess lock-in IRT for early detection of inner
defects. The sample was covered by a thin layer of graphite
aimed at enhancing absorption of the laser radiation and IR
emission. This layer can be easily removed by applying a
safe solvent such as isopropyl alcohol. In the case of porous
samples, a thin black tape (e.g. 5 um thick) can be pasted
on the sample surface which can be easily removed after the
experiments. In the following subsections we will describe
separately the geometry of each of the wedge delaminations
we worked with, together with the thermographic measure-
ments performed on them.

Although most delaminations appear in composite mate-
rials, we perform our experiments in stainless steel since
it is easier to manufacture calibrated features in this mate-
rial with micrometric precision. Anyway, the results can
be extrapolated to composites just considering their lower
thermal diffusivity.

For all samples studied in this work, we took data at sev-
eral frequencies verifying that the thermal diffusion length

(v = VD)

enough for the thermal waves to reach the delamination.

for AISI-304 stainless-steel was long

3.2 Delamination with Wedge Width

The geometry of this delamination is shown in Fig. 3. The
insert is tightly introduced in the notch of U-shaped cross-
section, whose width varies monotonically. In this way, we
obtain a calibrated delamination with fixed depth (d=1 mm)
and continuously varying width (from w=10 mm to 2 mm).
To control the uniform thickness of the delamination, i.e. the
thickness of the air layer between the notch and the insert,
we put two metallic films of known thickness (t=20 um) at
both ends of the U-shaped wedge hole.
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Fig.3 Scheme of the AISI-304 stainless-steel U-shaped piece
together with the tightly inserted part to obtain a calibrated delamina-
tion with wedge width from 10 to 2 mm

As an example, we show in Fig. 4 the amplitude and
phase thermograms obtained at f=0.3 Hz. Note that the
wedge width of the delamination is clearly detected. Then,
in order to size the three geometrical parameters defining the
delamination we select several temperature profiles along
the x direction through different y coordinates. Finally, we
fit each x-profile to the analytical model (see Eq. (16) in
Ref. 10) to obtain simultaneously w, d and ¢. We average
the results obtained at four frequencies (0.3, 0.4, 0.55 and
0.7 Hz) to obtain the mean value and the standard deviation.
In Fig. 5a we show in dots five experimental temperature
x-profiles at different y positions for f=0.4 Hz together with
the fits to the model (continuous lines). Figure 5b shows
by dots the retrieved values of the three parameters of the
delamination and by continuous straight lines the nominal
values. Note the overall good agreement between nominal

25- y i
20- i
15- X ;‘

and measured values. Regarding the width, it follows the
lineal trend except for narrow delaminations, where the
effect of the thermal resistance due to the lateral walls of
the artificial delamination cannot be neglected. On the other
hand, the depth is slightly overestimated and the thickness
slightly underestimated. Anyway, it is quite impressive how
the delamination thickness, which is the most hidden param-
eter and therefore the less sensitive quantity [22], is quite
well estimated.

For the sake of consistency, we have followed the same
protocol for the same sample with =50 um. We have found
very similar results, which are not shown here so as not to
lengthen the manuscript unnecessarily.

3.3 Delamination with Wedge Thickness

Now we consider a U-shaped notch of constant width
(w=10.0 mm) and depth (d=1.02 mm) but monotonously
varying the thickness of the air layer from O to 25 um, as
shown in Fig. 6. To achieve this configuration, we insert a
parallelepiped block, which is kept in direct contact with the
notch at one end, but separated by 25 pum at the other end by
means of a metallic film of such thickness.

Following the same steps as in the previous subsec-
tion, we show in Fig. 7 amplitude and phase thermograms
recorded at f=0.3 Hz. Note that a variation of the contrast
in both thermograms along the y-direction is visually distin-
guished, but it is not possible to ascribe it to # or d wedges.

Following the same procedure as in subSect. 3.2, we
characterize the three geometrical parameters of the delami-
nation by selecting several temperature profiles across the
delamination, which are fitted to the analytical model to
obtain w, d and ¢, simultaneously. We average the results
obtained at the four frequencies (0.3, 0.4, 0.55 and 0.7 Hz)
from which we calculate the mean value and the standard
deviation. In Fig. 8a we show five temperature profiles
across the delamination at different y positions at f=0.4 Hz.
Dots are the data and the continuous lines are the fit to the
model. Figure 8b shows by dots the retrieved values of the
three parameters of the delamination and by continuous
straight lines the nominal values.

Fig.4 Amplitude (left) and phase (right) thermograms at f=0.3 Hz for the sample outlined in Fig. 3
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Fig.5 Results for a delamina-
tion featuring constant depth
(d=1.02 mm) and thickness
(t=20 um), but varying width
from 2 to 10 mm. (a) Five
experimental x-profiles of |, |
and ¥, across the delamination
(dots) at f=0.4 Hz and fittings
(solid lines). (b) Retrieved
parameters of the delamination.
Continuous lines represent the
nominal values

Fig.6 Scheme of the AISI-304
U-shaped piece together with
the tightly inserted part. The
resulting delamination has fixed
width, w=10 mm, and depth,
d=1 mm, whereas the thick-
ness continuously varies from
t=25um to zero

Notice the very good agreement between nominal and
measured values, with very low uncertainty. Anyway, it is
worth discussing the amplitude and phase x-profiles for the
position y=19.6 mm (orange data in Fig. 8a). Note that
the profiles show a clear asymmetry indicating that the

@ Springer
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thickness is not constant along the x-direction: it is slightly
thicker on the right end of the delamination and thinner
on the left end. However, the thickness variation is very
small, perhaps about 1 um between both ends. Given that
the average fitted thickness is =3 pum, 1 um difference
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Fig.7 Amplitude (left) and phase (right) thermograms at f=0.3 Hz for the sample outlined in Fig. 6 with ¢ continuously varying from 25 pm to
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in thickness represents about a 30% variation. This result
confirms the theoretical prediction that thick delamina-
tions (> 100 pm) are easy to detect but difficult to size
because of the low sensitivity, while thin delaminations
(< 10 um) are difficult to detect, since they produce small
temperature contrast, but easy to size because of their high
sensitivity [22]. That is the reason why the uncertainty
bars in 7 (red dots in Figs. 8b) for small values of this
parameter are very short.

We have performed the same procedure for the same sample
with 7 varying from 50 um to zero. We have found very similar
results, which are not shown here for the sake of succinctness.

3.4 Delamination with Wedge Depth

We manufactured delaminations with wedge depth in AISI-
304 stainless-steel by eroding a U-shaped notch of constant
width (w=10.0 mm), but continuously varying thickness
of the remaining roof, from 3 to 0.5 mm. An insert of the
same material, which fits perfectly the inner surface of the
U-shaped notch, is tightly introduced in the hole, as can be
seen on the left part of Fig. 9. The thickness of the air layer
was kept constant by means of two metallic films of the same
thickness (=20 um) placed at both ends of the hole. Note
that both parts are larger than in the previous subsections.
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Fig.9 Scheme of the AISI- Front end
304 stainless-steel part with a ) 80 mm . .
U-shaped notch together with _ '.
the insert manufactured to Za Yy A0 0.5 O 3 mm v 20 pm
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with fixed width w=10 mm, > 8
fixed thickness =20 um and 3 4 ’ ’/J
wedge depth, varying from 3 to mm * L & -
0.5 mm o D&Q& 10 mm
1 Rear end
—
0.5 mmT ) 20 um
«—>
10 mm P E—
10 mm

This was intended to have a smoothly varying depth in order
to guarantee the validity of the 2D model.

To visualize the effect of the presence of a subsurface
delamination with wedge depth, Fig. 10 displays amplitude
and phase thermograms obtained at f=0.2 Hz. Notice the
variation of the contrast in both thermograms along the
y-direction which, at first sight, could be ascribed to either ¢
or d wedges. In Fig. 11a we show in dots five x temperature
profiles at different y positions at f=0.2 Hz. The continuous
lines are the fit to the model. In Fig. 11b by dots we plot the
retrieved average values of the geometrical characteristics of
the delamination and by continuous straight lines the nomi-
nal values. We have used lower frequencies (0.05, 0.07, 0.1,
0.2 and 0.3 Hz) than in the two previous subsections in order
to ensure that the thermal waves reach the deepest part of
the delamination.

It is worth noting that the depth is obtained with high
accuracy and low relative uncertainty. Regarding w and f,
both are slightly overestimated. The reason for the overrated
width values could be due to the influence of the lateral wall
between the U-shaped piece and the insert. In fact, in this

7o
65-
-
55-
50-
5-
e
3-
0
-
2-

new sample there is a certain lateral clearance between both
parts, which acts as an additional lateral thermal resistance
not considered in the model. Concerning the retrieved thick-
ness, it is remarkable the consistency of the results along the
whole length of the delamination, i.e. there is not a reduction
of precision when increasing the depth. Only the results for
the deepest value (first point from the left in Fig. 11b) shows
a small discrepancy with respect to the general trend prob-
ably due to border effects.

We have also taken data on the same sample with a
thicker air layer (=50 um) and we have obtained very simi-
lar results.

3.5 Delamination with Wedge Depth and Thickness

In this subsection we assess the ability of lock-in IRT to size
delaminations when both depth and thickness vary slowly. In
the first case d and ¢ follow the same trend, i.e. decreasing d
and decreasing ¢ along the y-axis. Then, we study the opposite
configuration: decreasing d but increasing ¢ in the y-direction.

Fig. 10 Amplitude (left) and phase (right) thermograms at f=0.2 Hz for the sample depicted in Fig. 9 with d continuously varying from 3 to

0.5 mm

@ Springer
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3.5.1 Decreasing Depth and Thickness

We use the same couple of parts as in the previous subsec-
tion. However, the thickness varies from 100 pum to zero, as
shown in Fig. 12, by putting the insert in contact with the
notch at the rear end and introducing a metallic film 100 um
thick at the front end.

In Fig. 13 we show the amplitude and phase thermograms
obtained at f=0.1 Hz. Note the expected contrast gradient
along the y-direction in the amplitude thermogram. How-
ever, the phase thermogram is not so easy to interpret. In
fact, the maximum contrast occurs in the middle of the ther-
mogram. This is because the maximum contrast in amplitude
and phase does not occur at the same frequency [10, 11].

Fig. 12 Scheme of the AISI- Front end
304 stainless-steel U-shaped < 80 mm, > !
piece together with the insert to — y — 3 mm ¢
obtain a calibrated delamination Zy Y / A i 0.5 et 100 pm
with constant width w=10 mm, x // yad E 5 T 4
but wedge depth varying from 3 3 ’/' ’/' b
to 0.5 mm, and wedge thickness //
varying from 100 pym to zero, mim t el ‘A\' «—
i.e., decreasing thickness for < N 10 mm
decreasing depth 1
Rear end
v
0.5 mmT
«—
«—
10 mm
10 mm
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Fig. 13 Amplitude (left) and phase (right) thermograms at f=0.1 Hz for the sample depicted in Fig. 12

This behavior is more evident when we look at the x temper-
ature profiles across the delamination, as shown in Fig. 14a
for the same frequency as in Fig. 13, f=0.1 Hz. It can be
observed that the amplitude contrast monotonously increases
as both d and ¢ decrease. However, phase contrast follows
an oscillatory behavior, that is faithfully described by the
model. Finally, in Fig. 14b we show by dots the retrieved
mean values of the parameters characterizing the delamina-
tion and by continuous straight lines the nominal values. We

use the same set of frequencies as in the previous subsection
(0.05,0.07, 0.1, 0.2 and 0.3 Hz).

Once again, the depth is obtained with high accuracy
and low relative uncertainty in the whole delamination
length. The thickness is well reproduced up to #=60 um and
d=2.0 mm. For deeper and thicker delaminations there is
a progressive underestimation of this parameter. Although
this disagreement between nominal and retrieved thicknesses
might be ascribed to the deeper locations at which thick
delaminations are located, as will be confirmed in the next
subsection, it is due to the loss of sensitivity for thick delam-
inations: let us recall that they produce high contrast, and are
thus easy to detect but the contrasts saturates, making them
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difficult to size [22]. Regarding the width, there is a system-
atic overestimation for the reason explained in the previous
configuration: the lateral thermal mismatch between both
metallic parts. Anyway, the overestimation is quite small,
about 5-8%.

3.5.2 Decreasing Depth but Increasing Thickness

We use the same metallic parts as in the previous sub-
section, but the 100 pum thick film is put at the rear end.
Accordingly, the thickness varies from zero to 100 um
along the y-axis, as shown in Fig. 15.

The amplitude and phase thermograms at f=0.1 Hz are
shown in Fig. 16. This result is very similar to that found
in the previous case: the amplitude contrast is maximum
at the shallowest depth, but the phase contrast is maxi-
mum in the middle. This behavior is clearly confirmed
in Fig. 17a, which shows the temperature profiles across
the delamination at the same frequency of f=0.1 Hz.
Note the very good agreement between data (dots) and

model (continuous lines). In Fig. 17b we show by dots
the retrieved mean values of the delamination parameters
and by continuous straight lines the nominal values. We
use the same set of frequencies as in subSect. 3.5.1 (0.05,
0.07,0.1, 0.2 and 0.3 Hz). As can be observed, the depth is
obtained with high accuracy and low relative uncertainty.
The thickness is measured accurately for small values of
this parameter (5—40 pm), even though they correspond
to deep positions. However, for high values of thickness
(50—100 pm) the accuracy is worse despite now they cor-
respond to the shallowest positions. This result confirms
the model's prediction that there is a high sensitivity for
low thickness values (¢ in the range 5-50 um) and that the
sensitivity decreases as the thickness increases [22].
Finally, the width of the delamination is clearly overesti-
mated by about 10%. However, the short error bars indicate
that the uncertainty is very small. Looking at Fig. 11b, 14b and
17b, which are shown in chronological order of data taking,
the overestimation of the delamination width is progressively
enhanced. We think that it is due to an increase in clearance
between the U-piece and the insert as it is introduced and

Fig. 15 Scheme of the AISI- Fronl‘ end
304 stainless-steel U-shaped < 80 mm > ¢
piece together with the insert to — —
obtain a calibrated delamination Za Yy ,/' //E t 0.5 W 3 mm T
with constant width w=10 mm, X ¢ /' /' ! g
but wedge depth varylng'from 3 3 7 7 b
to 0.5 mm, and wedge thickness ? e
varying from zero to 100pm, mm et (&{\ —
i.e., increasing thickness for 2l D‘Q 10 mm
decreasing depth T
Rear end
v |
v
0.5 mmT ' 100 um
«—
10 mm —

-20-|
70- == :
- |
- - |
- |

10 mm

Fig. 16 Amplitude (left) and phase (right) thermograms at f=0.1 Hz for the sample depicted in Fig. 15
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extracted several times for successive experiments. Accord-
ingly, in our opinion this overestimation is due to a manufac-
turing defect of the delamination rather than to a model defi-
ciency. This opinion is supported by the fact that, according
to Figs. 5b and 9b, which correspond to another smaller and
more robust sample, the width is obtained with high accuracy
and low uncertainty.

4 Conclusions

This paper on wedge delaminations completes previous works
on semi-infinite delaminations, where we dealt with homoge-
neous as well as inhomogeneous thermal resistances of trian-
gular cross-section. Elongated delaminations are expected to
feature slowly varying geometrical properties and therefore
the previously developed 2D model remains valid. The surface
temperature is obtained analytically by means of the thermal
quadrupoles’ formalism and the cosine Fourier transform. A
previous sensitivity analysis demonstrated that the three geo-
metrical parameters are not correlated, i.e. the amplitude and
phase temperature profiles at a given frequency correspond
univocally to a single set of parameters (w,d.f).

The purpose of this work was to check experimentally
the ability of lock-in thermography to size inhomogeneous

@ Springer

semi-infinite delaminations with variable geometrical
parameters (width, depth and thickness). We have per-
formed lock-in IRT experiments on stainless-steel sam-
ples containing a variety of artificial and calibrated wedge
delamination. The resulting amplitude and phase thermo-
grams have been fitted to the predictions of the 2D model.
The results show that this technique allows quantifying
the three geometrical properties of the delamination with
high accuracy when they vary independently, but also in
cases where both depth and thickness vary simultaneously
in the delamination.

We have also explored the limits of the technique in terms
of capability of quantification depending on the depth and
thickness of the delamination. It has been shown that in AISI
304- stainless steel, delaminations as deep as 3 mm can be
sized accurately. In terms of thickness, counterintuitively it
is easy to size thin delaminations (up to 50-60 um in AISI-
304), but the quantification of thicker flaws becomes a chal-
lenge because their high temperature contrast saturates.
This maximum sizable thickness would be higher (lower)
in materials of lower (higher) thermal conductivity. To the
best of our knowledge, this is the first time that varying
geometrical parameters of a semi-infinite delamination are
quantified. These findings boost IRT as a reliable technique
for the characterization of real delaminations.
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