Journal of Nondestructive Evaluation (2022) 41:49
https://doi.org/10.1007/s10921-022-00880-3

f')

Check for
updates

Progress and Trends in Non-destructive Testing for Thermal Barrier
Coatings Based on Infrared Thermography: A Review

Jianguo Zhu'? . Zhuangzhuang Mao? - Dongliang Wu3 - Jiangfan Zhou* - Dacheng Jiao? - Wenxiong Shi® -
Wenying Zhu? . Zhanwei Liu?

Received: 16 April 2021 / Accepted: 7 May 2022 / Published online: 19 June 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Thermal barrier coatings (TBCs), as effective thermal protection separating the substrate from high-temperature combustion
gases and reducing the substrate temperature, are widely used in aerospace and other fields. During the service cycle of
life, surface crack defects, interface disbond defects, and coating thickness changes are the main non-destructive testing
(NDT) objects of TBCs. In this paper, the main active infrared thermography NDT techniques including the optical infrared
thermography testing, the ultrasonic infrared thermography testing, and the microwave thermography testing techniques
are reviewed. Through the summary and highlight of the detection principle and application status of these state-of-the-art
techniques, the development of the active infrared thermography DNT technique in TBCs is presented. By comparing the
sensitivity, advantages, and disadvantages of the techniques in TBC NDT, can provide a significant reference for researchers
to choose an appropriate method. It is noteworthy that fabrication techniques of artificial defects for calibration of the active
infrared thermography NDT technique inspection of TBC systems are also reviewed. Moreover, future trends in NDT for the
TBC system based on the active infrared thermography NDT technique are also discussed and analyzed.

Keywords Non-destructive testing - Thermal barrier coatings - Optical infrared thermography - Ultrasonic infrared
thermography - Microwave thermography

1 Introduction

In recent decades, with the development of many high-end
industrial technologies, the performance of aero-engines,
which has the reputation of “the jewel in the crown”,
has also been continuously improved [1, 2]. However, as
aero-engines become more advanced, the temperature and
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pressure required for the turbine blades to operate in the com-
bustion chamber with a high temperature plume increases.
Although the turbine blade is made of high temperature resis-
tant materials and adopts cooling gas film technology, there
is still a 100400 °C temperature gap between the extreme
temperature it can withstand and the ambient temperature
inside the combustion chamber. In response to this situation,
the TBC technique, coating a certain thickness and durabil-
ity of insulating ceramic film on the surface of turbine blades
through atmospheric plasma spraying (APS), electron beam
physical vapor deposition (EB-PVD), or other methods [3,
4], come into being. TBCs separate the turbine blade from the
high temperature plume and achieves the purposes of reduc-
ing the temperature of the turbine blade, providing further
thermal protection for the blade base material, and improv-
ing the efficiency of the aero-engine. Figure 1 is a schematic
diagram of a turbine blade coated with TBCs [5]. The TBC is
generally composed of three layers of materials: super-alloy
substrate, bond coating, and ceramic coating. The super-alloy
substrate provides structural support for TBCs. The ceramic
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Fig. 1 Schematic diagram of turbine blade coated with TBCs [5]

coating has the function of thermal barrier and erosion resis-
tance. The middle bond coating connects the ceramic coating
and the super-alloy substrate and improves the oxidation
resistance of the super-alloy substrate. The TBC not only
enables turbine blades to operate at high temperatures that
they could not bear but also enables them to have high fracture
toughness, impact resistance, and high-speed friction perfor-
mance. Therefore, the TBC has also been applied to marine
propulsion, nuclear reactor, and many other industrial fields
[6-8].

Surface cracks in ceramic coating and interface cracks
along the thermally grown oxide (TGO) interface are the
two main failure modes in TBCs [9, 10]. Furthermore, the
TBC is a multi-layer structure system, and each layer has
different physical, thermal, and mechanical properties. The
complex structure and harsh service environment of TBCs
cause complicated stress distribution inside the coating and
at the interface position under the combined action of heat,
force, and chemistry. If the superimposed stress exceeds the
critical value that the coating or the interface can withstand,
cracks will occur and expand inside the coating [11, 12].
Besides, a deep surface crack with a certain width may form
a passage for high temperature and oxygen, which accelerates
the generation and extension of interface crack and eventu-
ally makes TBCs off from the substrate in advance [13, 14].
Therefore, as shown in Fig. 2, the TBC is prone to surface
crack defects and interface disbond defects. As the defects
in the TBC evolve, it can lead to premature failure of turbine
blades and even catastrophic consequences. The unique-
ness of TBC’s defect characteristics makes traditional NDT,
such as acoustic emission, penetration testing, eddy current
testing, ultrasonic testing, and ray testing [15-23], have lim-
itations in technology and testing efficiency. Therefore, it is
of great significance to develop novel NDT techniques for
TBCs defects.

The coating thickness of TBCs is not only a parameter
of the geometrical property of the coatings themselves, but
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Fig. 2 Surface crack defects and interface disbond defects

also an important indicator for evaluating the coatings’ qual-
ity, performance, and service life [24]. However, the thinning
and peeling-off of TBC could be found due to the effect of
harsh operating conditions, including erosion, corrosion, and
foreign object damage [25-27]. The loss in TBC thickness
poses a severe threat to the structural integrity of aero-engine
blade, causing the aero-engine failure and accidents. There-
fore, it is imperative to periodically and non-destructively
evaluate the thickness of TBC of the in-service aero-engine
blade [28].

Therefore, the NDT of TBC mainly focuses on surface
crack defects, interface disbond defects, and the coating
thickness changes.

2 Advanced Infrared Thermography NDT
Techniques

The active infrared thermography technique [29-31], as a
burgeoning and advanced NDT technique, has been widely
researched and applied in recent years. Under certain circum-
stances, surface defects, internal defects or coating thickness
changes of the specimen will cause the surface temperature
to change. By measuring and post-processing, the thermal
response signal on the surface of the specimen, surface
defects, internal defects, or coating thickness changes can be
detected non-destructively. The thermal response signal on
the surface of the specimen can be radiated by self-heating or
thermal excitation. Therefore, the active infrared thermogra-
phy NDT technique has the advantages of a large detection
area, intuitive detection results, fast detection speed, non-
contact detection, and simple operation.
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2.1 Theoretical Basis of Active Infrared
Thermography NDT Technique

The active infrared thermography NDT technique uses the
corresponding relationship between thermal radiation and
temperature. With different forms of active thermal exci-
tation, the heteromorphic structure of the object can be
represented by the difference in the surface temperature
distribution, and then the defects or coating thickness can
be accurately evaluated. The heat flow is associated with
measurable temperature scales, but it cannot be measured
directly. Therefore, once the temperature distribution 7'(r,
t) in an object is determined, the heat flow can be calcu-
lated using a law connecting heat flow with temperature, or
Fourier’s law [32]

q(r,t) = —AVT(r, t) (1)

where g(r, t) represents the heat flux per unit time on the unit
isothermal surface in the direction of temperature reduction,
A is the thermal conductivity of the material, and VT (r, t) is
the temperature gradient.

Fourier’s law shows the relationship between heat flux and
the temperature gradient, and it is useful for both steady and
unsteady fields [33]. Then, the differential equation of heat
conduction used to describe the internal relationship of the
temperature field in the time—space domain is

_19T(r, 1)
T ot

V2T(r, 1)+ qA—” @)
where @« = A/ pc is the thermal diffusivity, and g, denotes the
term of the heat source. From this, the theoretical model of
infrared thermography NDT can be analyzed by combining
this equation with the boundary conditions.

In terms of radiation, the total radiation intensity of a gray
body is equal to the total radiation intensity of a blackbody,
multiplied by the emission coefficient of the gray body; that
is, the radiation of a gray body satisfies Stephen-Boltzmann
law [34, 35]

W =eoT?* (3)

where ¢ is the emission coefficient of the gray body, o is
the Stephen—Boltzmann constant, W and T are the radiation
intensity and absolute temperature of the object, respectively.

When the thermal signal is applied to the surface of the
object, if the material is uniform and has no defects or coating
thickness changes in its propagation direction, the thermal
wave will propagate smoothly in the body. Finally, the ther-
mal response signal accumulated on the surface is uniformly
distributed, that is, the temperature distribution on the surface
of the specimen is the same, and there is no abnormality. If

there are defects in the specimen, the reflection will occur
when the heatwave propagates to the defect, resulting in
the sudden change of surface temperature distribution [36].
If there are coating thickness changes in the specimen, the
change will also occur with the surface temperature distribu-
tion.

2.2 Classification of Active Infrared Thermography
NDT Technique

According to the different thermal excitation properties, this
paper divides the active infrared thermography NDT tech-
nique into the optical infrared thermography testing [37—43],
the ultrasonic infrared thermography testing [44-46], and
the microwave thermography testing [47-54]. As shown in
Fig. 3, the three testing techniques are further classified
according to the characteristics of application objects of the
excitation, and all the corresponding principles are analyzed
theoretically.

2.2.1 Optical Infrared Thermography Testing

The optical infrared thermography testing is an NDT tech-
nique with optical waves as the excitation source. Accord-
ing to the characteristics of thermal excitation, the optical
infrared thermography testing can be classified into the opti-
cal pulsed thermography testing, the optical lock-in thermog-
raphy testing, the structural optical scanning thermography
testing, and the non-stationary thermal wave imaging testing.

Theoretical Basis of Optical Pulsed Thermography Testing
As shown in Fig. 4, the optical pulsed thermography test-
ing is usually applied to the specimen with internal defects.
When a pulsed heat source is irradiated to the surface of
the specimen (Fig. 4a), the abrupt change will appear in
the thermal response signal collected by the infrared cam-
era (Fig. 4b). Therefore, the surface of the specimen satisfies
the one-dimensional heat conduction equation

0°T(z, 1) _ pedT(@ 1) _  qod(1)
922 Aot A

“

where gq is the heating intensity, which refers to the power
of the heat source, §(¢) is the unit pulse function, z is the
direction of heat flow injection and propagation, A is thermal
conductivity, p is the density, c is the specific heat, T is the
temperature, and ¢ is the time.

Assuming that the specimen is a semi-infinite space, the
temperature of the specimen is then obtained by solving the
equation [36]

TH(Z’ t) =

TTpcht 4ot
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Fig. 3 Main testing technique of active infrared thermography
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Fig.4 Schematic diagram of optical pulsed thermography testing.
a Specimen with defects irradiated by pulsed heat source. b Thermal
response signal collected by infrared camera

where « is the thermal diffusion coefficient. When the ther-
mal wave propagates to the defect at a depth d from the
surface, it will be stopped and reflected. Then, the corre-
sponding surface temperature of the defect area is found by

d2
7400, 1) = —22 [14—26xp0—a;)] (6)

N TTPCAL

It should be noted that the Eq. 6 is the approximation of
the slab solution at the first term of the infinite summation.
Besides, the main application of Eq. (6) is that the depth of
the defect is a very small number for the thickness of the
specimen [55]. Finally, the surface temperature difference is
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obtained using the equation

AT =T40, t) —T,0, t) = @)

240 d?
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Therefore, after the pulse heating, the defect depth can
be determined based on time. This corresponds to the peak
temperature difference in the equation

2d?
Imax = —— (8)
o

Due to the short-acting time of the optical pulsed ther-
mography testing, it can be used for transient measurement,
so it has a wide range of application prospects. Although the
optical pulsed thermography testing is simple and practical,
it also has shortcomings. For example, this technique works
well for defect detection in flat panel components but has
difficulty with complex structural components. Moreover, it
is limited by the thicknesses of the specimen to be inspected.
When the specimen thickness is large, this technique is dif-
ficult to detect defects. In addition, this technique usually
requires high uniformity of the pulsed heat source.

Theoretical Basis of Optical Lock-In Thermography Testing
The optical lock-in thermography testing uses the periodic
modulated thermal excitation to heat the specimen, and it
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is usually applied to specimens with internal defects. The
temperature change caused on the surface of the specimen
will produce a difference in amplitude and phase compared
with the defect-free area, and then defects information inside
the specimen can be analyzed.

Assuming that the specimen is an isotropic slab material
and its plane area is much larger than its thickness, the longi-
tudinal diffusion process of the thermal wave in the specimen
satisfies the one-dimensional heat conduction constitutive
equation shown in Eq. (4). The heat flow intensity of the
thermal excitation of the optical lock-in thermography test-
ing is a sine or cosine function that changes with time, and it
can be calculated by the equation

q = %[1 + COS(Zﬂfet)] = Gtem t Gosc (9)

where Q is the peak value of the heat flow intensity, f, is
the modulation frequency of the thermal excitation, gz, is
the direct current part of the heat flow intensity, g,sc is the
alternating current part of the heat flow intensity.

The direct current part of the heat flow function makes the
surface temperature of the specimen continue to rise, but the
temperature also changes periodically under the influence of
the alternating current part, and its frequency is consistent
with the modulation frequency of the thermal excitation. As
time goes by, the heat exchange at various points inside the
specimen gradually reaches equilibrium. At this time, the
surface temperature changes periodically, which means that
the temperature change is in a steady state process. The initial
temperature is

T(z, D=0 = T (10)

The boundary condition of the upper surface of the spec-
imen is

0T (z, t
0T D

=q —h[TO, 1) — Tl (11)
9z

z=0

The boundary condition of the lower surface of the spec-
imen is

A8T@,ﬂ
9z

— h[T(L, t) — Tl (12)

z=L

where T is the ambient temperature, / is the heat transfer
coefficient of the surface of the specimen material, and L is
the thickness of the specimen.

Under the given conditions and without considering the
transient heat accumulation caused by the constant heat flow,
the Eq. (4) is solved, and the function of the temperature

response of the specimen with depth and time is

T(z, 1) = Ay exp<—5> OS2t fuf — =) (13)
1" u

where u is the thermal diffusion length, which represents the
physical quantity of the penetration depth of the heat flow in
the specimen, and it can be expressed as

w= s, (14)

where « is the thermal diffusivity of the specimen.
Ay is the temperature change the amplitude of the speci-
men’s surface, and it can be expressed as

0
Y 2mpef,

15)

According to Eq. (13), the relationship between the heat
flow phase and the depth is

oz) = = (16)
7

Thus, the quantitative relationship between the phase dif-
ference and the defect depth of the defect area and the
defect-free area can be obtained. Besides, according to the
empirical rule summarized before, the defect can be detected
only when its diameter is at least 2.5-3.0 times its depth [56].

The optical lock-in thermography testing is not affected
by uneven heating, and the phase diagram has nothing to do
with the emissivity of the specimen’s surface. In addition,
this technique improves the testing of phase and amplitude,
which facilitates the testing and measurement of defects.
One disadvantage of this method is that different modula-
tion frequencies must be tried during the testing process. If
the frequency is too low, the signal-to-noise ratio (SNR) of
the thermography is low, resulting in a much longer single
experiment cycle. Conversely, if the frequency is too high,
the penetration depth of the thermal flow is not deep enough
[36, 57-62].

Structural Optical Scanning Thermography Testing The
structural optical scanning thermography testing uses ther-
mal excitations with constant power and different shapes to
scan the surface of the specimen. As an emerging thermal
excitation method, laser scanning [63] has the advantages
of high power density, adjustable pulse width, and uniform
energy, so it is often used to generate structural thermal
excitation. This paper divides the structural optical scanning
thermography testing into three types: the linear scanning
thermography testing, the point scanning thermography test-
ing, and the grating scanning thermography testing.

@ Springer
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Fig.5 Schematic diagram of linear scanning thermography testing [65]

Theoretical basis of linear scanning thermography testing
The linear scanning thermography testing is usually used
to detect both interface disbond defects and surface crack
defects. As shown in Fig. 5, when the linear thermal excita-
tion scans an area on the surface of the specimen at a certain
speed, the extremely thin layer of material on the surface
of the area is rapidly heated in a short time [64, 65]. After
scanning, the rapidly heated area began to dissipate heat,
while the heat absorbed by the surface is transferred inside
the specimen.

When the linear scanning thermography testing is used to
detect interface disbond defects, the lateral diffusion of the
heat flow is ignored. Therefore, the linear scanning thermog-
raphy technique can be considered as the superposition of
the optical pulsed thermography technique, so the principle
of linear scanning thermography testing is similar to optical
pulsed thermography testing.

When the linear scanning thermography testing is used to
detect surface cracks, the emissivity of surface cracks of the
specimen is higher than in other defect-free areas. Besides,
many techniques [66—69] can be adopted to enhance the ther-
mal behavior of cracks. Balageas et al. proposed using the
flying spot camera to detect cracks [66, 67]. Salazar et al.
[68, 69] realized accurate quantitative detection of cracks by
using the laser-spot lock-in thermography. For a rectangular
crack with depth D and width W, the emissivity at the crack
can be expressed by the following Casselton equation [70]

2D+ W

_— 17
2D€A,surf " WS)\,surf > &), surf a7

Ex, crack =

where € crqck 1S the emissivity of the crack to the light
with the wavelength D, and &, s, ¢ is the emissivity of the
defect-free area on the surface of the specimen. The thermal
radiation intensity received by the infrared camera depends
on the thermal performance and the emissivity of the surface
of the specimen. The specimens and cracks are simplified as
gray bodies, and the radiation is considered independent of
the wavelength of incident light.

@ Springer

In the case that atmospheric radiation is negligible [65,
71], the radiation N4, received by the infrared camera can
be expressed as

Neam(x, y) = e(x, y)Nsurf(x’ y)+[1—e(x, y)]Nreft
(18)

where ¢ is the emissivity of the specimen, N,y is the envi-
ronmental radiation on the surface of the specimen, and Ny, ¢
is the radiation of the specimen. For specimens with high
emissivity, the radiation received by the infrared camera can
be approximated to the radiation on the surface of the com-
ponent. In addition, the influence of N, s can be removed
by subtracting the background temperature. When a linear
heat source irradiates the surface of the specimen, the sur-
face radiation of the specimen can be divided into two parts:
the radiation N, f—peqr Of the linear heat source heating
area and the radiation Ny, f—pack Of the unheated area. Sim-
ilarly, for the surface of the specimen with surface cracks,
the emissivity distribution can also be divided into two parts:
the emissivity e.,4cx Of the surface crack area and the emis-
sivity &, of the defect-free area, and e.rqcx > €,.When a
linear heat source irradiates the surface of a specimen with
cracks, the surface environmental radiation Ny, is omit-
ted, and the radiation received by the infrared camera can be
approximated as

Neam = {g} x {Nsurf} = {€0, &crack}
X {Nsur—back> Nsur—near}
= {80 X Nsur—backs €0 X Nsur—heat> Ecrack

X Nyur—backs Ecrack X Nsur—heat) (19)

where €, X Ngur—pack represents the radiation of the position
where the defect-free area of the specimen is not heated, ¢, x
Nur—near represents the radiation of the position where the
defect-free area of the specimen is heated, €crqck X Nsur—back
represents the radiation of the position where the cracked area
of the specimen is not heated, €crack X Ngyr—hear TEPrESents
the radiation of the position where the cracked area of the
specimen is heated. In the four parts, ecrack X Nsur—hear >
€0 X Nsur—heat > €crack X Nsur—heat > €0 X Ngur—back-

After the calibration of the radiation received by the
infrared camera, the temperature distribution 7" of the spec-
imen is obtained and 7' can be expressed as

4
Neam(x, y)
T(x,y) = Ao(—
Op
={(€0 X Nsur—back> €0 X Nsur—heats Ecrack
X Nsur—back> Ecrack X Nsur—heat)

= {T()—backv To—heat> Terack—backs Tcruck—heat} (20)
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Fig.6 Schematic diagram of point scanning thermography testing [65]

where o}, is the radiation constant of the black body, Ag is
the fixed parameter calibrated inside the infrared camera, and
¢ (Neam(x, y)) represents the temperature distribution of the
entire surface when the specimen is heated.

Theoretical Basis of Point Scanning Thermography Testing
As shown in Fig. 6, the point scanning thermography testing
[65, 71, 72] is usually used to detect surface cracks. When
the thickness of the isotropic material specimen is much
smaller than its area, after ignoring the heat conduction in
the thickness direction, the two-dimensional Fourier law of
heat conduction along the x and y directions on the surface
of the specimen can be expressed as

8T(.X, )’)-' BT(X’ )’)-'
i+ 7
ax ay

Gu(x, )i +qy(x, ¥)] = —A(x, y)X(
1)

where T is the surface temperature of the specimen, ¢ is the
heat flow density, and A is the thermal conductivity of the
material. Equation (21) shows that under the same heat flow,
there will be a higher temperature gradient at a lower thermal
conductivity. Under the heating of a point heat source, the
arc with the same distance from the heat source has the same
heat flow density in the radial direction, and the heat flow
density gradually decreases toward the propagation direction.
The heat flow density distribution is shown in the following
equation

Q

:2an - r

9—P 22
g, 0)= 3 22)

where P is the power of the point heat source, 6 is the polar
angle, r is the distance from a point on the specimen to the
center of the point heat source, and S is the heat flow area.
For the specimen whose thickness is much smaller than area,
S = 2mrL, where L is the thickness of the specimen. Let

Grating light injection Output signal

y 5 &

,' I
"Vl

Diffusion

vertical crack

Fig.7 Schematic diagram of grating scanning thermography testing
[36]

Q = P/2n L, then

q(r, 0) = % (23)

For the specimen with surface cracks, the thermal conduc-
tivity A distribution of the specimen can be divided into two
parts: the surface crack area A.rqcx and the defect-free area
Ap. Combining Eqgs. (21) and (22), the absolute value of the
temperature image gradient collected during the point heat
source scanning process can be expressed as

4, V) +ay(x, ]|

Ax, y)
B 1 1

o Exrbweeemy
r)\o)\’o r)tcrack)"crad( (24)

0T (x, y)» 0dT(x, y)-
i+ J
ox ay

where ry, is the distance from the center of the point heat
source to a certain point in the defect-free area of the speci-
men, 7, s the distance from the center of the point heat
source to a certain point on the crack, Q/r;,A¢ is the tem-
perature gradient in the defect-free area of the specimen, and
Q/Fioraer Mcrack 18 the temperature gradient at the crack.

Theoretical Basis of Grating Scanning Thermography Test-
ing The grating scanning thermography testing uses a
sinusoidal linear grating to scan the specimen surface rapidly,
forming high-density, pulse-modulated thermal excitation.
The advantage of this technique is that at the same frequency,
the conduction attenuation of thermal flow signals along the
depth direction is faster, and the thermal diffusion depth is
smaller [36, 73, 74].

In this method, a series of striped moving light is pro-
jected on the surface of the sample, i.e., a light grating with
sinusoidal spatial intensity along the x direction, as shown
in Fig. 7. The grating wavelength is the distance between
two adjacent stripes of light. The incident light moves with
a constant velocity along the x direction. After some time,
the temperature distribution, due to the injected grating light,

@ Springer
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reaches a steady state and it has as the following form
. 2m
Tx,y,t)="T sm(Tx — 2w ft + ¢o) (25)

where Tj is the amplitude of thermal flows at the surface; f is
the temporal frequency of the input signal; / is the wavelength
of the grating along the x direction at the surface; ¢ is the
initial phase angle. Therefore, this is a moving thermal wave
along x direction with a velocity v = f x [.

Controlling the grating wavelength by adjusting the dis-
tance of the light gratings through the projector, or the
temporal frequency f by changing the moving speed v of
the light grating under a fixed grating wavelength /, the ther-
mal wave propagates not only along the y direction, but also
along the x direction. When it meets a crack, a reflecting
thermal wave will propagate to the surface of the sample.
The output signal of thermal flows can be detected by an
infrared camera. By adjusting the temporal frequency and
moving velocity of the illuminating light in x direction, both
the vertical cracks and horizontal cracks can be detected and
located. The thermal flow response and thermal diffusivity
are followings:

T(x,y, 1)
x vt

, t
= Toe /" [005271 (% + ; — UT) +isin2n(% + 7~ 7):|(26)

where 7 is the length scale of thermal flow diffusing into the
solid, i.e., skin depth; « is the wavelength of thermal flows
in the vertical direction.

Theoretical Basis of Non-stationary Thermal Wave Imaging
Testing The non-stationary thermal wave imaging test-
ing mainly includes the frequency modulated thermal wave
imaging (FMTWI) and the quadratic frequency modulated
thermal wave imaging (QFMTWI), where QFMTWTI can
be applied to the coating thickness changes [75-77]. In
QFMTWI, a moderate peak power optical stimulus is mod-
ulated by a band of low frequencies provided from a set of
halogen lamps to the front surface of the object [78]. The
expression for quadratic frequency modulated input stimu-
lus is given by

0(r) = Qo sin(at + bt?) (27)

where a is the initial frequency, b is the bandwidth, and Qo
is the intensity of the heat flux. The applied optical stimu-
lus creates diffusive thermal waves into the subsurface layers
of the sample. The one-dimensional heat diffusion equation
is the same as Eq. (4), and it can be solved under bound-
ary conditions with quadratic heat flux at the front surface.
Therefore, the obtained thermal response in the Laplacian

@ Springer

domain is given by [24]

—20l
T(r. ) = E((1+R)(1+Re )

4r0" 1 — R%2e 20! %)

where o = (1+j)/u, To is the intensity of thermal wave, and
R is the reflection coefficient between coatings and substrate
given by R = (1 — ecoating)/(1 — esubstrate) since ¢ is the
effusivity of the material and u is the diffusion length of the
thermal wave for QFM given by [24],

_ 20 29
K=\ 7@+302) 29

where o is thermal diffusivity computed from thermo-
physical properties of the material. The thermal response
in Eq. (28) is subjected to pulse compression by cross-
correlating with a reference thermal profile given by

Teorr = Xeors (T % Tref) (30)

This results in a correlogram cube by rearranging the
compressed profiles in their respective spatial location. The
thickness changes from the correlogram are distinguished by
the correlation coefficient contrast, and the thickness of each
layer is estimated by the correlation peak delays.

2.2.2 Ultrasonic Infrared Thermography Testing

The ultrasonic infrared thermography testing is an NDT tech-
nique with ultrasonic waves as the excitation source, so
it combines ultrasonic excitation technology with infrared
thermography technology. The ultrasonic infrared burst ther-
mography testing [79-82] and the ultrasonic infrared lock-in
thermography testing [8§3—85] are the commonly used ultra-
sonic infrared thermography testing techniques. Compared
with the ultrasonic infrared burst thermography testing that
uses the ultrasonic pulse to excite the specimen, the ultrasonic
infrared lock-in thermography testing uses the ultrasonic
wave modulated by periodic signal amplitude [86, 87].

Theoretical Basis of Ultrasonic Infrared Thermography Test-
ing In the case of ultrasonic infrared thermography testing,
the excitation is accomplished by coupling an ultrasonic
transducer, typically, of a horn-type, to the specimen surface.
If there is a defect in the specimen, the ultrasonic energy
of the high-frequency vibration will cause friction heat at
the defect interface. The infrared camera captures changes
in the temperature of the specimen’s surface, thus detecting
the defect. Because the heat is generated through the defect
itself, this technique is less affected by background noise
and obtains high contrast thermal images. However, in the
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process of thermal excitation, the source must transmit ultra-
sonic energy into the specimen under certain pressure; this
pressure could easily cause secondary damage to the object
[36, 87].

Friction is the main cause of local heat generation in
the defect area when the defect interface is excited by the
ultrasonic wave. Assuming that the thermoelastic and hys-
teresis effects can be neglected, the propagation of ultrasonic
waves in thin metal plates can be expressed by the follow-
ing displacement partial differential control equation (Navier
governing equation) [36, 57]

2 2ul_

d Mi 0
+pofi = p—5 31
owmax, TP P 1)

9%
(k+w)—— +n
0x;

where ; and f; are the position and volume force tensors,
respectively, u is the trimming modulus, k is the lame con-
stant, and p is the component density.

The heat flux Q(¢) generated by ultrasonic vibration at the
contact interface of the defect is calculated by the following
equation

O(1) = [ua + (us — ug)e "'V Fy(t)v. (1) (32)

where v(¢) and v,(¢) are the relative and tangential veloc-
ity of the interface contact point respectively, u; and uy
are the static and dynamic friction coefficients at the defect,
respectively, Fi(¢) is the contact force, and c is the velocity
coefficient for converting static friction into dynamic friction.

The propagation of the heat flux caused by ultrasonic stim-
ulation at the defect satisfies the heat conduction Eq. (4).
Equations (31) to (32) establish an analytical model of
acoustic-mechanical-thermal energy coupling for ultrasonic
excitation of a metal plate with contact interface defects.
Under given initial and boundary conditions, these equations
can be solved to obtain changes in the specimen’s surface
temperature.

2.2.3 Microwave Thermography Testing

According to the excitation configurations of microwave
heating, the microwave thermography testing can be divided
into microwave pulsed thermography testing, microwave
pulsed phase thermography testing, microwave lock-in ther-
mography testing [88], and microwave step thermography
testing. Besides, the microwave thermography testing is also
known as microwave time-resolved thermography testing
[89, 90]. Besides, the heating style of microwave thermog-
raphy can be divided into dielectric loss heating and eddy
current heating [91], therefore the microwave thermography
testing can be classified into dielectric loss thermography
and eddy current thermography [90-92]. The eddy current

thermography testing has the characteristics of strong pene-
tration, selective heating, volume heating, significant energy
saving, uniform heating, and high thermal efficiency. The
theoretical basis of microwave thermography testing mainly
includes dielectric loss thermography testing and eddy cur-
rent thermography testing [90].

Theoretical Basis of Dielectric Loss Thermography Test-
ing For dielectric materials, such as glass fiber composite
materials, microwave heating is volumetric heating (i.e.,
dielectric loss heating). Considering glass fiber composites
for instance, material dielectric loss in the microwave radia-
tion field will generate heat. The dissipated power P per unit
volume can be expressed as follows [90, 93]

P =2nfe,e E? (33)

where f is the frequency of an electric field, E is the RMS
value of the electric field, ¢, is the permittivity of air, and
&' is the relative loss factor. Without considering the heat
diffusion, the temperature change per unit at heating time ¢
with a continuous microwave source is [93]

Pt weos//Ez
T@) = = t (34)
pCpp pCp

where p is the density of the specimen and C, is heat capacity.
Obviously, with constant microwave parameters and constant
properties of the specimen, the temperature increases linearly
with time. Due to the differences in density and heat capacity
between the materials under test and defects, information
about surface and internal defects can be obtained.

Theoretical Basis of Eddy Current Thermography For con-
ductive materials, like metals and carbon fiber composites,
microwave thermography testing is eddy current thermog-
raphy testing. According to the relative position of the
induction coil and the infrared camera, the eddy current
thermography testing can be classified into the eddy current
thermography testing under the reflection mode [94-96] and
the eddy current thermography testing under the transmission
mode [95-97]. The induction heating device and the infrared
camerain eddy current thermography testing under the reflec-
tion modes are placed on the same side of the specimen,
while the induction heating device and the infrared camera
in eddy current thermography testing under the transmission
mode are placed on both sides of the specimen respectively
[98]. Figure 8 is the schematic diagram of eddy current ther-
mography testing under transmission mode. According to the
difference in electromagnetic excitation time, the eddy cur-
rent thermography testing can be classified into pulse eddy
current thermography testing and lock-in eddy current ther-
mography testing.
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Fig.8 Schematic diagram of eddy current thermography testing under
transmission mode [97]

The eddy current thermography testing involves multi-
physical interactions [99] with electromagnetic-thermal phe-
nomena including induced eddy currents, Joule heating, and
heat conduction. After being triggered by a signal from a
generator, the induction heater generates an excitation sig-
nal, which is a period of high-frequency alternating current
with high amplitude. The current is then driven into an induc-
tive coil positioned on a sample at a small distance. When the
current passes through the coil, it induces eddy currents in
the specimen. These eddy currents are governed by a subsur-
face penetration depth 4, based on an exponentially damped
skin effect. The latter can be calculated from

§= (J'ruof)_l/2 (35)

where f is the frequency of the excitation signal, o is the
sample electrical conductivity, and u is the magnetic perme-
ability of the sample. The temperature of conductive material
increases due to resistive heating from the induced eddy cur-
rent, which is known as Joule heating. It can be expressed
as

Lo 1 2
Q= _lhsl"=—lok] (36)

where the sum of generated heat Q is proportional to the
square of the eddy current density J;. The heating style for
metallic materials is surface heating [92]. The resistive heat
will diffuse as a time transient until a heat balance is restored
between the bulk and its surface, at which time the signal
will come to a steady state. The heat diffusion process is
governed by Eq. (4). In this process, the temperature field on
the surface of the specimen will be captured by the infrared
camera.

When an induced eddy current encounters geometric dis-
continuity or local anomalies, the eddy current will be forced
to divert, resulting in distorted regions of eddy current densi-
ties. The eddy current diversion leads to heat distribution with
different thermal contrasts between defective and defect-free
areas, which makes the defect visible using the infrared cam-
era [100].

@ Springer

Fig. 9 Wedge-shaped cracks etched on circular specimen by high-
energy laser. a Top view. b Section view

3 Fabrication Techniques of Artificial Cracks
and Disbond Defects

After TBCs have been in service, surface crack defects and
interface disbond defects are diverse and complex in dis-
tribution. For those who want to effectively evaluate the
advantages and applicability of crack defects and disbond
defects testing technology, the real defects would bring many
interfering factors. Therefore, it is necessary to fabricate rep-
resentative surface cracks and disbond defects with known
parameters as the basis for evaluating NDT techniques in
TBC. This section reviews the artificial fabrication methods
for surface cracks and internal disbond defects in TBCs.

3.1 Fabrication Techniques of Artificial Cracks

In the fabrication of cracks for TBC, especially the ceramic
top coat, the tensile fatigue is often used to fabricate sur-
face cracks. In addition, by changing the parameters of the
ceramic top coat spraying process, such as shortening the
distance between the spray gun and the specimen to change
the size and shape of the ceramic particles, the density and
depth of the cracks can also be controlled within a certain
range [101-103]. The literature [104] proposed to use of a
high-power CO» laser to scan the surface of the ceramic top
coat. Due to the hard and brittle phase of the ceramic top
coat and the internal residual stress, cracks will form in the
ceramic top coat during the cooling stage. The literature [ 105]
used mechanical cutting to fabricate cracks with a width of
100 wm or more.

To accurately locate and quantify artificial cracks, Liu
et al. [65] used a narrow high-energy laser to etch the surface
of the specimen, which could fabricate a suitable wedge-
shaped crack. As shown in Fig. 9, the semiconductor laser
marking machine was used to etch a wedge-shaped crack
with a width of 30 wm and a depth of 207 wm on a circular
specimen with a diameter of 30 mm and a ceramic top coat
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Fig. 10 TBC specimen with three main cracks made by mechanical
stretching [65]

of 250 wm. The numerical control equipment of the semi-
conductor laser marking machine can control the position,
shape, and depth of the artificial crack.

In addition, it is necessary to fabricate TBC’s cracks that
are closer to the real situation for the research of crack
detection in the actual environment. Liu et al. [65] fabri-
cated surface cracks on the TBC specimen by mechanical
stretching method using TBC tensile specimens. As shown
in Fig. 10, the TBC specimens used here were conventional
plasma-spray deposited coating structure, which consisted of
a substrate of nickel base alloy, bond coat, and ZrO, ceramic
coat, and their thickness are 2000, 100, and 400 p.m, respec-
tively.

3.2 Fabrication Techniques of Artificial Disbond
Defects

The artificial fabrication technique of real disbond defects
plays an important role in the development of NDT in TBCs,
and the difficulty is that it occurs inside the TBC specimen.

Grzegorz Ptaszek et al. [19] proposed an artificial disbond
that provided a better representation of a real disbond of a
certain diameter. A flat bottomed hole was modified by tap-
ping it and introducing a screw made of the same material as
the substrate. The screw thread was filled with thermally con-
ductive metal grease so the material below the disbond was
effectively re-instated. Lateral heat flow below the disbond
could therefore occur, as with the real disbond. Heat could
also flow through the small air gap in the disbond, where the
thickness was controlled by the size of the quartz grain.

The above technique can fabricate internal disbond
defects, but in the specific production process, the following
issues may affect the fabrication effect and cost: (1) when
drilling screw holes on the structure that has been sprayed
with TBC, the ceramic top coat may be damaged during the
drilling process, resulting in the scrapping of the specimen;
(2) Due to the high hardness of the super-alloy substrate, the
diameter of the screwed hole is difficult to be further reduced,
making it impossible to observe the temperature response of
smaller size disbond defects;

Therefore, as shown in Fig. 11, Liu et al. [65] devel-
oped a new fabrication technique for disbond defects. The
detailed process is as follows: (1) a screwed hole was drilled
in the 202 stainless steel substrate; (2) a screw matching the
screwed hole was filled; (3) the excessed part of the screw
was removed by mechanical cutting; (4) the upper surface
of the screw was polished to be flush with the upper surface
of the substrate; (5) the upper surface of the specimen was
mechanically shot peened to form a plastic surface; (6) the
ceramic top coating were sprayed on the upper surface of
the specimen, and the thicknesses is 400 wm; (7) the screw
was loosened to form the air coating, and a TBC specimen
with artificial disbond defects is fabricated. When the screw
was fully removed from the threaded hole, a TBC specimen
with a blind hole defect was also prepared. Using this fab-
rication method, the sample with artificial disbonds and the
sample with blind holes are made, as shown in Fig. 12a—c.
The dimensions of their substrates are 50 x 40 x 2 mm?>,
and the diameters of the defects are 2 mm and 3 mm. The
detection results of the blind hole and disbond defect mea-
surements are shown in Fig. 12d and e.

A real TBC containing disbond defects generally meets
the following conditions: (1) neither the super-alloy substrate
nor the ceramic top coatis damaged, and the two are separated
in the disbond area; (2) no interface disbond defects can be
found on the surface of the TBC; (3) The thermal conductivity
of the filler at the interface between the super-alloy substrate
and the ceramic top coat is close to that of air.

To make the artificial disbond defect closer to the real
interface disbond defect, Liu et al. [ 102] proposed a new tech-
nique for fabricating disbond defects, namely the ceramic
hollow particle embedding technique. As shown in Fig. 13,
the specific process of the fabrication technique was as fol-
lows: (1) the schematic diagram of super-alloy substrate
(Fig. 13a); (2) the metal substrate surface was subjected to
mechanical shot peening to form a plastic surface (Fig. 13b).
(3) after shot peening, a bond coat was sprayed on the surface
(Fig. 13c). (4) the laser marking machine was used to engrave
the same groove as the prefabricated disbond defect on the
bond coat (Fig. 13d). (5) the optimized mixture with high-
temperature ceramic hollow particles and high-temperature
glue was poured into the area where the bond coat was
removed (Fig. 13e). (6) the zirconia ceramic coat was sprayed
onto the specimen surface (Fig. 13f).

Before the fabrication, an ultrasonic device was used to
crush part of the particles, and then particle debris sam-
ples were made to prove the internal hollow of the ceramic
particles and the feasibility of using ceramic particles as
an alternative to the air layer. The complete ceramic hol-
low particles and the destroyed ceramic hollow particles
were observed with an optical microscope. The complete
ceramic hollow particles after being magnified 500 times are
shown in Fig. 14a, and a destroyed ceramic hollow particle is
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Fig. 11 Process of fabricating
disbond defects

Fig. 12 TBC samples with two
kinds of defects and detection
results. a Subface of blind hole
defects. b Subface of artificial
disbond defects. ¢ Surface of
ceramic coating in both samples.
d NDT result of TBC sample
with blind holes. e NDT result of
TBC sample with artificial
disbands [108]

Fig. 13 Specific process of
fabrication technique [107]

shown in Fig. 14b. By changing the depth of field, the three-
dimensional microscopic images in Fig. 14c of the ceramic
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hollow particles are obtained. As shown in Fig. 14c, the arti-
ficially destroyed ceramic hollow particle fragments are a
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Fig. 14 Observation of particle
debris samples in optical
microscope. a Complete ceramic
hollow particles. b Destroyed
ceramic hollow particle. ¢ 3-D
microscopic image of ceramic
hollow particle [107]

Fig. 15 Artificial interface
disbond defect. a Surface of
specimen after removing part of
the bond coat. b Surface of
specimen filled with ceramic
hollow particle mixture.

¢ Surface of specimen sprayed
with the ceramic top coat

Fig. 16 Detection results of disbond defects by linear scanning ther-
mography testing. a Raw thermal image. b Thermal image processed
by line laser carrier algorithm

The artificial interface disbond defect made on the flat sub-
strate with super-alloy was shown in Fig. 15. Figure 15a was
the surface of the specimen after the laser marking machine
removed part of the bond coat. Figure 15b was the specimen
filled with a ceramic hollow particle mixture. Figure 15¢ was
the specimen sprayed with the ceramic top coat.

The detection result of the disbond defect shown in Fig. 15
by linear scanning thermography testing is shown in Fig. 16.
The thermal image when the line laser scans to the disbond
defect is shown in Fig. 16a, and the thermal image processed
by the line laser carrier algorithm are shown in Fig. 16b.
The detection result of the disbond defect shown in Fig. 15
by eddy current thermography testing is shown in Fig. 17.
The thermal image obtained by eddy current thermogra-
phy testing is shown in Fig. 17a, and the gradient thermal
image processed by the adaptive carrier algorithm is shown
in Fig. 17b.

In addition to plane specimens, Liu et al. [97] also used
the ceramic hollow particle embedding technique to fabri-
cate artificial interface disbond defects on real blades with
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Fig. 17 Detection result of disbond defects by eddy current thermogra-
phy testing. a Raw thermal image. b Gradient thermal image processed
by adaptive carrier algorithm

large surface curvature, complex shapes, and uneven thick-
ness distribution. The artificial interface disbond defect made
on the real blade as shown in Fig. 18. Figure 18a—e were the
super-alloy blade, the blade with the surface shot peening,
the blade sprayed with the bond coat, the blade filled with
the ceramic hollow particle mixture, the blade sprayed with
the ceramic top coat, respectively.

Figure 19 showed a real blade containing two artifi-
cial interface disbond defects and the raw thermal images
obtained by eddy current thermography testing.

4 Application Status of Various Active
Infrared Thermography NDT Techniques
in TBC

This section reviews the state-of-the-art application status
of various active infrared thermography NDT techniques in
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Fig. 18 Artificial interface
disbond defect on real blade.

a Super-alloy blade, b Blade
with surface shot peening.

¢ Blade sprayed with bond coat.
d Blade filled with ceramic
hollow particle mixture. e Blade
sprayed with ceramic top coat

The detected
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Fig. 19 Thermal images of real blade with artificial interface disbond
defects at different times. a Image at 0 s. b Raw image at 0.4 s. ¢ Image
at 0.8 s. d Image at 1.2 s. e Image at 1.6 s. f Image at 2 s [97]

the three aspects of TBC’s interface disbond defects detec-
tion, surface crack defects detection, and coating thickness
detection, and compares the application and characteristics
of various active infrared thermography NDT techniques.

4.1 Surface Crack Defects NDT

The structural optical scanning thermography testing is
mainly applied to TBC’s surface crack defects detection.

For detecting surface cracks in TBCs, Liu et al. [65] devel-
oped a laser multi-modes scanning thermography testing
technique, as shown in Fig. 20, combining linear scanning
thermography testing technique and point scanning thermog-
raphy testing technique. Figure 20a was the schematic of the
linear heat source in the vertical scan stage, Fig. 20b was the
linear heat source in inclined scan stage, Fig. 20c was the
linear heat source in the parallel scan stage, Fig. 20d was the
point heat source in fine scan stage.

@ Springer

Besides, they found that the changes in the thermal physi-
cal parameters at the cracks caused the temperature image to
show 5 features. In the process of vertical scanning, the direc-
tion of linear laser scanning and heating was perpendicular to
that of crack length (Fig. 21a). Since the radiation coefficient
at the crack was higher than in other positions, meanwhile,
the crack surface area available to adsorb heat was also larger
than other normal regions, thus the temperature at the inter-
section position of the linear heating source and crack had
a significant rise (Feature 1, Fig. 21b). The heat dissipation
rate at the crack was slower than in other positions, which
made the temperature image change near the crack, gener-
ating high residual temperature after linear laser scans of
the crack. A ‘tailing” phenomenon behind the linear laser
appeared for a relatively long moment along with the linear
laser scanning going through the whole crack defect (Fea-
ture 2). In the process of inclined scanning, the linear laser
is scanning at a certain inclined angle with the crack. It was
worth noting that, apart from a higher temperature region at
intersecting location between the linear laser and the crack,
another obvious phenomenon, ‘dislocation’ in temperature
images near the crack, often occurred for inclined scanning
(Feature3). This was because the upper end surface and the
lower end surface of the crack were disconnected and dis-
continuous, in which thermal conductivity was blocked and
drastic changes. When scanning on the crack, the linear laser
was heating on different stagger positions of the upper end
surface and lower end surface, respectively. These reasons
above caused the ‘dislocation’ phenomenon in the tempera-
ture image. In addition, a ‘tailing” dragged behind the linear
laser during inclined scanning was also distinct. In the pro-
cess of parallel scanning, when the linear laser had scanned
the crack, the temperature at the overlapping region elevates
to the highest. The area with high temperature increases to
the peak after the linear laser just scanned through the crack
and the dragged phenomenon also occurs (Feature 4). In the
line-scan stage, vague shape and low contrast in temperature
images with slightly high temperature might appear usually
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Fig. 20 Scanning schematic of laser multi-modes scanning thermography testing technique. a Linear heat source in vertical scan stage. b Linear
heat source in inclined scan stage. ¢ Linear heat source in parallel scan stage. d Point heat source in fine scan stage [65]
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Fig. 21 Reconstruction process of three cracks in vertical scanning. a Original temperature images in time series. b Temperature image at a certain

moment and its temperature distribution in one section. ¢ Threshold extraction result at this moment. d Reconstruction result [65]
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Fig. 22 Process of point laser scanning stage. a Temperature image at a
moment (above), temperature section (middle) and temperature gradi-
ent (below). b Gradient distribution of temperature filed at a moment.
¢ Thinning the binaryzation result of the temperature gradient at a

due to the narrow width of the tested crack and low resolution
of the infrared camera. For these suspected defect regions, the
point-scan method was developed to further ascertain them.
Therefore, when the point heat source was close to the crack,
the thermal obstruction phenomenon became more obvious
(Feature 5, Fig. 22a).

()

moment. d Original temperature images in time series. e Accumula-
tion result of temperature gradient at each moment. f Final result by
combining rough scanning with fine scanning [65]

Taking the vertical scanning as an example, the cracks
reconstruction process and the final result were shown in
Fig. 21. Figure 21a was the original temperature images in
the time series. Figure 21b was the temperature image at a cer-
tain moment and its temperature distribution in one section.
Figure 21c was the threshold extraction result at this moment.
Figure 21d was the reconstruction result.
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When a point laser moved toward the micro-crack in a cer-
tain direction, the heat conduction would be impeded by the
crack (upper image in Fig. 22a), and the temperature gradi-
ent value near the crack would have a significant abnormality
(lower image in Fig. 22a). Figure 22b was the full field tem-
perature gradient image, and after thinning the binarization
result of the temperature gradient (Fig. 22c), the shape and
location of the suspected crack could be visually presented.
By accumulating all of such thinning results of temperature
gradient binarization for all temperature images in time series
and combining them with the results of linear laser scanning,
all cracks could be displayed in the scanning range, as shown
in Fig. 22d-f.

Cernuschi et al. [106] obtained a semi-quantitative estima-
tion of cracks at the TBC interface from thermal diffusivity
values measured on coupons subjected to thermal cycling
using the active infrared thermography technique. For each
sample, the thermal diffusivity was measured at fixed life-
times, and the evolution of the cracked fraction of the
interface was estimated by adopting a two-dimensional inver-
sion model.

4.2 Interface Disbond Defects NDT

The optical infrared thermography testing and eddy current
thermography testing are mainly applied to TBC’s interface
disbond defects detection.

Liu et al. [107] developed a linear scanning thermogra-
phy testing technique for locating disbond defects in blades
coated with TBCs, and the linear scanning thermography
testing technique was shown in Fig. 23. Compared with pla-
nar specimens, the uneven temperature distribution in the
blade surface was an unavoidable problem when using a line
heat source because the complex shape of the blade made
the heat absorbed non-uniform. This unevenness shielded the
thermal response features of the defects and disturbs the iden-
tification of the defects. The developed window-averaged
carrier post-processing algorithm could solve this problem
to achieve NDT of disbonds. As shown in Fig. 24, the pro-
cess was as follows: (1) the raw temperature image of each
frame was collected by the infrared camera (Fig. 24a); (2) the
background image was subtracted from the raw temperature
image, and then the blank area was cropped to reduce the pro-
cessing area (Fig. 24b); (3) the line heat source was extracted
from the forefront of line heat-source scanning (Fig. 24c);
(4) the averaged carrier temperature field was constructed
within the window area (Fig. 24d); (5) the carrier temper-
ature field was subtracted from the actual temperature field
with the defect information, and the position of the disbond
defect is displayed (Fig. 24e); (6) the subtracted temperature
field images were accumulated at all moments, following the
time series (Fig. 24f); (7) threshold segmentation was done
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in the final temperature image to further remove the noise
(Fig. 24¢g).

Liu et al. [108] used blind hole defects as substitutes for
Interface disband. The linear scanning thermography testing
technique was developed in this study and combined with
several post-processing algorithms to accurately detect blind
hole defects in TBCs. The detailed process was as Fig. 25.
After calculating the temperature amplitude of every pixel
and constructing the oriented carrier amplitude in the com-
putational window, the amplitude image with the thermal
response of the defect is obtained by subtracting the oriented
carrier (Fig. 25a). By superposing such amplitude images at
all moments, the resultant thermal image with the defects in
the whole field is obtained (Fig. 25b and c). The final black
and white binary image after threshold extraction is shown
in Fig. 25d.

When the eddy current thermography testing technique is
used to detect the artificial disbond defects in TBCs samples,
the temperature distribution of specimen surface is uneven
on account of geometric heating effect, skin effect, edge
effect, and abnormal emissivity. The uneven temperature
distribution shields the weak thermal response characteris-
tics of the defects and interferes with the identification of
the defects. Liu et al. [97] established adaptive carrier algo-
rithms to resolve this problem. With the use of the proposed
post-processing algorithm, the thermal images only includ-
ing the blind-hole defect response are generated and shown
in Fig. 26. Figure 26a was the resultant thermal image of
the first kind of TBC sample with 3 and 2 mm blind holes.
Figure 26b was the resultant thermal image of the second kind
of TBC sample with 3, 2, and 1 mm blind holes. Figure 26¢
was the resultant thermal image of the second kind of TBC
sample with a 0.5 mm blind hole.

Ptaszek et al. [109] found that non-uniform energy absorp-
tion caused by the non-uniform color of TBC affects the
thermal contrast from defects and it might also generate false
indications of defects. However, the problem of non-uniform
color could be eliminated if the 2nd derivative of surface
cooling on a log—log scale was applied as a signal processing
technique. This technique combined with the optical pulsed
thermography testing was applied to enhance disbond detec-
tion in TBC systems and helps to eliminate false indications
of defects.

Tang [110] used optical pulsed thermography testing tech-
nology to quantitatively detect disbond defects’ diameter
and depth in TBCs. By combining principal component
analysis with neural network theory, the Markov-PCA-BP
algorithm was proposed. In the prediction model, the princi-
pal components which could reflect most characteristics of
the thermal wave signal were set as the input, and the defect
depth and diameter were set as the output. The experimen-
tal result showed that both the defect depth and diameter
were identified accurately, which proved the effectiveness of
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Fig. 23 Line heat- source
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Fig. 24 Process of window-averaged carrier post-processing algorithm [107]
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Fig. 25 Process of three-moment
windowing amplitude algorithm.
a Amplitude image with thermal
response of defects obtained by
subtracting the oriented
amplitude carrier; b Superposing
such subtraction amplitude
images at all moments;

¢ Resultant thermal image with
defects in the whole field;

d Threshold extraction result
[108]
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Fig. 26 Thermal images of blind-hole defect response. a Thermal image of TBC sample with blind hole without substrate after post-processing.
b Thermal image of TBC sample with blind hole with metal after post-processing. ¢ Thermal image of circular TBC sample with blind hole of

0.5 mm with metal after post-processing [97]

the proposed method for quantitative detection of disbond
defects in TBCs.

They also used optical pulsed thermography testing tech-
nology to conduct experimental research on Y'ttria-stabilized
zirconia TBC structure disbond defect detection [111]. Dif-
ferences between surface temperature signals of sound and
defective regions, detection effect comparison of heating
and cooling process, detection effect comparison of different
defect preparation methods, and impact of inspection param-
eters on detection effect were studied and discussed.

Besides, Tang et al. [112] used the singular value decom-
position (SVD) method for infrared image sequence recon-
struction, and the component of surface temperature signal
feature information had been extracted. Compared to the

@ Springer

original image, the contrast and signal-to-noise ratio of the
reconstructed image have been improved. Canny, LOG, and
other classical edge detection operators were used to detect
the edge of infrared images, and their detection results were
compared and analyzed. Based on analyzing the effect of the
classical edge detection operators on the defect edge recogni-
tion in infrared images, a hybrid algorithm for edge detection
based on the Retinex-watershed-Canny operator is proposed
for image edge detection, and the thermal barrier coating
structure disbond defects’ edge has been recognized.

Tang et al. [113] overcame the shortcoming of the shallow
inspection depth in optical lock-in thermography testing, and
the disbond defects could be detected by using optimized
experimental parameters.
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Fig. 27 Schematic of THz-TDS system employed in this study [115]

4.3 Coating Thickness NDT

The optical pulsed thermography testing and the optical lock-
in thermography testing are mainly applied to TBC’s coating
thickness detection.

When performing in-field tests on TBCs deposited on
turbine blades, the coating thickness changes, which are
not regarded as anomalies, are one of the most common
sources of false alarms. They are very challenging to recog-
nize because, unlike stains, eroded areas, and optical property
variations, they are not detectable in the visible band. Fur-
thermore, their thermal signal is similar to the one produced
by an adhesion defect. In this paper, Therefore, Marinetti
et al. [114] proposed an approach based on the analysis of
the apparent effusively profile to reliably discriminate thick-
ness changes and real defects.

As shown in Fig. 27, Sreedhar et al. [115] used optical
pulsed thermography testing and Terahertz-Time Domain
Spectroscopy (THz-TDS) techniques to evaluate the degree
of degradation of the thin APS TBCs’ top coat thickness. A
simplified analytical model was used to aid calibration and
development of a regression model to quantitatively analyze
the thickness degradation in real-world TBC samples that
have endured varying service life, and these measurements
were later verified using THz-TDS imaging.

Zhang et al. [24] performed an in-depth study on the appli-
cation of lock-in thermography in TBC coatings inspection
through numerical modeling and analysis. The numerical
analysis helped explore the relationship between coatings
thickness and phase, and the relationship laid the foundation
for the accurate calculation of coatings thickness.

Sahnoun et al. [116] used optical pulsed thermography
testing for the coatings thicknesses evaluation in TBCs. They
treated the laser-pulsed thermography data with neural net-
works to model the relationship between the thermal response
and the coating thickness. Indeed, the initial weights of the
network found and the number of data processed facilitated
the convergence of these algorithms. The proposed hybrid
model gave a good accuracy in estimating the thin thick-
nesses of TBCs with deviations less than 3%.

Tang et al. [117] used the optical pulsed thermography
testing technology to carry out TBC uneven thickness detec-
tion. A three-dimensional heat conduction model of pulsed
heat in the coating structure was built, based on which finite
element method simulation was done, and the influence of
coating thickness, sampling frequency and sampling time
was analyzed.

Because of the key role played by thickness and low ther-
mal diffusivity of TBC in the decreasing of the substrate
material temperature, both delaminations and thickness vari-
ation must be detected and classified. Bison et al. [118] pre-
sented a specific study on the detection performances of opti-
cal pulsed thermography testing, even when a non-uniform
TBC thickness was superimposed to the disbond defect.

TBCs are typically translucent to visible light and near-
infrared infrared radiation, so that incident light at the surface
permeates the coating. The degree of translucence is specific
to the coating composition and thickness. For the service
lifetime, coating translucence will decrease as the part is
subject to extremely high temperatures. Long term changes
in translucence may be due to charring of the coating sur-
face, or more fundamental changes to the coating, including
loss of thickness. Shepard et al. [119] processed the resulting
time sequence using the thermographic signal reconstruction
obtained by the optical pulsed thermography testing technol-
ogy to generate thickness maps which were accurate to an
accuracy of a few percent of the actual coating thickness
in TBCs. Optical translucence in newly manufactured coat-
ings was investigated using a set of free-standing TBCs (8
wt% yttria stabilized zirconia subjected to alumina particle
jet erosion). Coatings ranging in thickness from 6—60 mils
were placed between a white light source and a visible CCD
camera, which measured the transmitted signal. Transmis-
sion decreased with thickness, consistent with exponential
absorption.

As shown in Fig. 28, Shrestha et al. [120] investigated the
possibilities of evaluating non-uniform TBC coating thick-
ness using the thermal wave imaging (TWI) method. A
comparative study of optical pulsed thermography testing
and optical lock-in thermography testing based on evaluating
the accuracy of predicted coating thickness was presented.
In this study, a transient thermal finite element model was
created. The response of the thermally excited surface was
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Fig. 28 Principle of evaluation of
coating thickness with TWI [120]

IR Camera

AT T Y ryyymy

S

Test Sample

Lamp

Thermal Image Sequences

Phase Image

T

3081

—_—
{_J

3042

Thermal Wave Imaging System

recorded and data processing with Fourier transform was car-
ried out to obtain the phase angle. Then calculated phase
angle was correlated with the coating thickness.

Muzika et al. [121] proposed a fast contactless measure-
ment of a paint thickness non-uniformity using flash pulse
thermography. Specimens sprayed by a paint were thermally
excited by a flash lamp and temperature responses were
recorded with an infrared camera. The recorded sequences
were post-processed with Fast Fourier Transform to obtain
phase angles. Differences in the resulting images showed
phase differences which corresponded to a paint thickness
non-uniformity. Furthermore, the phases were correlated
with the thickness using a calibration curve so that the paint
thickness could be determined with flash pulse phase ther-
mography measurement.

Zhao et al. [64] adopted the optical thermography test-
ing technique and the logarithmic peak second-derivative
method to measure the thickness of top coat in TBCs. Time
dependent thermal images were used to characterize the
microstructure which was confirmed by scanning electron
microscope.

Ghali, V. S. et al. [75] modeled a thermal barrier coatings
sample with uniform thickness variations, excited with the
QFMTWI. With the pulse compression employed over the
resultant thermal response, the coating thickness resolution
was analyzed, and the coating thickness estimation was car-
ried out using peak delays of correlation profiles taken from
each coating layer.

Eight major categories of active infrared thermography
NDT techniques are listed in Table 1, and a comparison of
the application and characteristics of these various active
infrared thermography NDT techniques is provided.

5 Conclusions
The detection principle and application status of the active

infrared thermography NDT techniques in TBCs have been
summarized and presented.
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Data Acquisition Image processing with FT

The optical infrared thermography testing has been widely
used in surface crack defects NDT, interface disband defects
NDT, and coating thickness NDT because of its simplicity,
high efficiency, and easy operation. The microwave thermog-
raphy testing is mainly used in interface disband defects NDT
due to non-uniform heating, near-field heating, and limited
heating area, therefore it is not suitable for surface crack
defects NDT and coating thickness NDT. Although the ultra-
sonic infrared thermography testing is not directly used for
TBC NDT, it is applied to composite and polymer speci-
mens [122-126]. Besides, it is also used for testing cracks in
service-retired gas turbine blades without TBC [127], which
provides a theoretical and practical basis for the ultrasonic
infrared thermography testing in TBC.

Considering existing research results, this technique is
progressing in quantitative detection, high precision detec-
tion, automatic and fast detection, and adaptability for
engineering applications.

5.1 Quantitative Detection

The infrared thermography testing in TBCs is shifting
from qualitative testing to quantitative testing. In the past,
researchers have detected disbond defects and surface defects
in TBCs by active infrared thermography NDT techniques
and post-processing algorithms [65, 87, 108, 109, 113, 128].
Now, researchers have also tried to quantitatively disbond
detect defects by using algorithms such as neural networks,
principal component analysis, and projected infrared fringe
method, although the detection accuracy still needs to be
improved [107, 110]. The quantitative detection of coating
thickness is also the main research topic at present, and cer-
tain breakthroughs [114-119, 121] have been made. The
bond coating thickness on the turbine blade is 75 to 150 pum
[5], and it will fail when the disbond coating reaches tens
of microns in the actual operating environment. However,
the current disbond coating used for experimental analysis
is far beyond the actual [65, 97, 107-110, 113]. Besides,



Journal of Nondestructive Evaluation (2022) 41:49

Page210f26 49

Table 1 Application and characteristics of various active infrared thermography NDT techniques

Technique

Sensitivity in NDT of TBCs

Advantage

Disadvantage

Optical pulsed thermography

Optical lock-in thermography

Linear scanning thermography

Point scanning thermography

Grating scanning thermography

Non-stationary thermal wave
imaging testing

Ultrasonic infrared
thermography

Eddy current thermography

Dielectric loss thermography

Coating thickness: 32.5 pm
[115], disbond diameter: 1 mm
[110], disbond depth: 0.5 mm
[110]

Coating thickness: 320 wm [24],
disbond diameter: 2 mm [113],
disbond depth: 0.3 mm [113]

Surface crack width: 63 um
[65], blind hole diameter:
2 mm [95, 96], blind depth:
0.4 mm [95, 96]

Surface crack width: 9.5 um
[65], blind hole diameter:
1 mm [107, 108], blind hole
depth: 1.9 mm [107, 108]

Lack of experimental
verification [36, 73]

Coating thickness: 320 pm [75]

Lack of experimental
verification [36]

Blind hole diameter: 50 wm
[97], blind hole diameter:
2 mm [97]

Not suitable for NDT of TBCs
[90]

Simple, fast speed and high
efficiency [37-43, 115-119]

Small thermal load, suppress
noise, less sensitive to local
changes in surface emissivity
[24, 36, 57-62, 110, 113]

Speed controllable,
with spatial and temporal
information [64, 65, 107, 108]

High sensitivity, speed
controllable, with spatial and
temporal information,
quantification [65, 71, 72]

Simultaneous detection of
Horizontal and vertical crack,
localizable detection, low
requirement for sampling
frequency [36, 73]

Flexibility, high sensitivity, safe
operation[75]

Strong penetration, high
detection depth, high
sensitivity, safe operation,
quantification [28, 36, 80-87]

Low-cost, inner heating, high
resolution, great sensitivity,
quantification [94-100]

Full-field, high resolution, high
sensitivity, quantification,
uniform heating, selective
heating [90-93]

Not suitable for complex
structural specimens, limited
detection depth [37-43,
115-119]

Low efficiency, over-reliance on
excitation source, easy to ignore
blind frequency phenomenon
[24, 36, 57-62, 113, 120]

Small detection area, more
processing algorithms [64, 65,
107, 108]

low efficiency, small detection
area, more processing
algorithms [65, 71, 72]

Lack of experimental verification,
no satisfactory heat sources [36,
63]

Lack of experimental verification
[75]

High requirement for surface
finish of specimens, high
requirement for couplant
filled in specimens [28, 36,
80-87]

Limited to conductive material,
non-uniform heating, near-field
heating, limited heating area
[94-100]

Not suitable for NDT of TBCs,
non-uniform heating,
complex heating system,
electromagnetic radiation
[90-93]

quantitative detection of the diameter-depth ratio and aspect-
ratio of disbond defects is also crucial for the performance
detection of TBC. Therefore, the quantitative detection of the
three-dimensional information of the disbond coating is an
inevitable development trend.

5.2 High Precision Detection

The quantitative detection of defects in TBCs is a neces-
sary development trend, but the detection accuracy is not
completely satisfactory. Therefore, high precision detection
has become an inevitable demand. When researchers use the
projected infrared fringe method to exactly locate disbond
defects, the relative error range between the reconstructed
measured value and the true height value is 2.76%-4.23%

[107]. However, the disbond defects in literature [107] are
regular. In the actual defect detection, the accuracy of this
method has yet to be verified. Quantitative detection of dis-
bond defects’ diameter and depth has been carried out using
optical pulsed thermography testing technique and Markov-
PCA-BP algorithm [110]. The depth and diameter prediction
error is about 4% ~ 10%, which proved the defect detec-
tion accuracy still needs to be improved. In recent years, the
research on coating thickness in TBCs has undergone a pro-
cess of qualitative analysis and quantitative detection, and
the detection accuracy under different algorithms has been
increased from 89 to 95% [114—121]. Therefore, high preci-
sion detection of coating thickness is also a future trend.
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5.3 Automatic and Fast Detection

TBCs have been widely used in modern industry and it plays
an important role, therefore, automatic and real-time detec-
tion of surface crack defects, interface disbond defects, and
coating thickness has great significance. With the applica-
tion of deep learning algorithms such as neural networks
in disbond defects detection and coating thickness detec-
tion [110, 115, 116], automatic and real-time detection has
been achieved. However, many other advanced deep learn-
ing algorithms such as Fast R-CNN [129], Faster R-CNN
[130], RFCN [131], ResNet-101 [132], and Mask R-CNN
[133] can also be applied to these fields to further improve
the automatic and fast detection ability.

5.4 Adaptability for Engineering Applications

Most of the current active infrared thermography NDT tech-
niques and corresponding algorithms are for flat-bottomed
defects [65, 97, 106, 108, 109, 113]. But in actual situations,
the surface of the blade where the TBC is located in a com-
plex non-planar structure. In a real engineering application
situation, heat flows from the bottom surface to the top sur-
face and from the edge to the center of a TBC as aresult of the
eddy current effect, geometric heating effect, heat conductiv-
ity, and heat diffusion. Given that the temperature distribution
is extremely non-uniform, the raw thermal images collected
by the infrared camera shield the information on the location
and shape of the weak disbond defect. Thus, the non-uniform
or uneven temperature distribution should be eliminated to
highlight the defect information.

Due to the complexity of the actual service conditions and
the limitations of the algorithm, the active infrared thermog-
raphy NDT techniques have not been completely developed
from laboratory research into conventional testing techniques
which meet the needs of many engineering applications.
Therefore, the research and development of adaptive, high
signal-to-noise ratio, high robustness, and high reliability
algorithms will also be the future trend in TBC NDT.

In conclusion, quantitative detection, high precision detec-
tion, automatic and fast detection, and adaptability for
engineering applications are the main trend in NDT for TBCs
based on infrared thermography.
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