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ABSTRACT As a nondestructive testing technique, terahertz time-domain spectroscopy technology is commonly used
to measure the thickness of ceramic coat in thermal barrier coatings (TBCs). However, the invisibility of
ceramic/thermally grown oxide (TGO) reflective wave leads to the measurement failure of natural growth TGO whose
thickness is below 10 um in TBCs. To detect and monitor TGO in the emergence stage, a time of flight (TOF) improved
TGO thickness measurement method is proposed. A simulative investigation on propagation characteristics of terahertz
shows the linear relationship between TGO thickness and phase shift of feature wave. The accurate TOF increment could
be acquired from wavelet soft threshold and cross-correlation function with negative effect reduction of environmental
noise and system oscillation. Thus, the TGO thickness could be obtained efficiently from the TOF increment of the
monitor area with different heating times. The averaged error of 1.61 um in experimental results demonstrates the highly
accurate and robust measurement of the proposed method, making it attractive for condition monitoring and life

prediction of TBCs.
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1 Introduction

The thermal barrier coating (TBC) is an advanced
materials system deposited on the surface of refractory
metal or superalloy. With their high-temperature
resistance, TBCs can increase the service temperature
with an improvement of thermal efficiency, and protect
the substrate alloy, thus its application has been increased
in the petrochemical, ship, and aerospace industries [1,2].
Normally, a TBC system is structured by a ceramic
topcoat and a metallic bondcoat on the alloy substrate.
During the service time, the thermally grown oxide
(TGO) grows between the ceramic topcoat and the
metallic bondcoat when the working temperature is above
700 °C, as performed in Fig. 1 [3]. At first, the TGO film
can protect the alloy substrate to reduce oxidation. On the
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other hand, the thermal oxidation stress induced by the
TGO growth is the main cause of performance
degradation and failure in TBCs. Especially the crack
formation and spalling of TBCs easily occur when the
TGO grows to more than 10 pm [4-6]. Therefore, the
TGO thickness measurement has a great significance for
condition monitoring of TBCs system to ensure the
equipment’s safety.

Many nondestructive testing techniques have been
proposed to detect the TBCs system, including acoustic
emission [7], water immersion ultrasonic [8], pulsed and
lock-in thermography [9], eddy current testing [10],
X-ray [11], and digital image correlation [12]. Besides,
Dai et al. [13] proposed a method that combined soft
lithography gratings with moiré interferometry to
measure Young’s modulus of TBC. Lu et al. [14] used
Cr3* photoluminescence piezospectroscopy technology to
analyze the thermal oxidation stress of TBC, and
simulated spectra peaks from the measured spectral data.
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Fig.1 Typical thermal barrier coating system with thermally
grown oxide (TGO).

Shi et al. [15] developed a coupling algorithm based on
gray gradient space histogram entropy and sparse
representation-based classifier to evaluate the variation of
the porosity of TBC. Among these techniques, terahertz
time-domain spectroscopy (THz-TDS) had been demon-
strated that it has comparable performance in material
characterization and damage detection [16—19]. Because
it has great abilities for noncontact inspection, high
precision, and good penetration for non-metallic mate-
rials, some thickness measurement and condition monito-
ring methods based on THz-TDS technology are devel-
oped for material characterization of TBCs and other
coatings [20-22]. Zhong et al. [23] obtained the structural
information of pharmaceutical tablets by terahertz pulse
imaging, and demonstrated it can quantify thicker
coatings in the range of 40—140 um and beyond. Su et al.
[24] proposed a THz-TDS-based method to measure the
thickness and quality of four layers of car paint on
different substrates. Unnikrishnakurup et al. [25] evalu-
ated the degree of degradation of the thin air plasma
sprayed TBC topcoat thickness using pulsed thermog-
raphy and terahertz time-domain spectrum technique, and
superiority of terahertz technology was proved. Waddie
et al. [26] presented a normal incidence terahertz
reflectivity technique to determine the optical thickness
and birefringence of yttria-stabilized zirconia (YSZ)
TBC. Ye et al. [27] explored a nondestructive porosity
evaluation method based on the terahertz time-domain
broadening effect.

Caused by the temporal duration limitation of the
terahertz pulse, the conventional axial resolution of the
general THz-TDS system remains a few tens of microns
[28]. Although an attempt to promote the axial resolution
used the interferometer has been reported as 17 pm,
which is still more than the TGO thickness (usually less
than 10 pm) [29]. The propagation time limitation of
terahertz pulse, the attenuation of terahertz waveform in
ceramic coat, all these factors have resulted in the
invisible of TGO characteristic waveform in experimental
terahertz signal. Thus, it has difficulties in the application
of THz-TDS technology for natural growth TGO
measurement. To deal with this problem, some current
researches have been combining the neural network
method and THz-TDS technique. Ye et al. [30] proposed

a novel hybrid artificial neural network combined with
the terahertz non-destructive testing technology to predict
the thickness of interface delamination in the early stage.
Cao et al. [31] investigated a technique that combined
THz-TDS and machine learning classifiers to identify
discontinuities in TBCs. Luo et al. [32] developed an
algorithm that combined the stationary wavelet transform
and backpropagation neural network based on terahertz
pulse signal to predict the thickness up to 1-29 pum of the
TGO. At present, there is a lack of accurately labeled
actual experimental signals, the analog signals are
commonly used as training samples in the artificial
intelligence model of TGO thickness measurement. Due
to the deficiency of effective, comprehensive, and
sufficient training samples, the detection ability of these
models is questioned in the actual growth TGO signals.

In this article, the linear relationship between TGO
thickness and time of flight (TOF) change is performed
by terahertz propagation characteristic simulation. By
deducing the effect of environmental noise and system
oscillation in experimental signals, the accurate averaged
TOF is acquired by the wavelet soft threshold and cross-
correlation. Then TOF increment is calculated by
comparing the different TOFs of TBC signals after
various heating times, and finally, TGO thickness can be
obtained.

This paper is structured as follows: The terahertz pulse
wave propagation characteristic simulation in TBC is
given in Section 2. In Section 3, the TBC system
experimental setup and terahertz pulse signal analysis are
presented. A time of flight improved TGO thickness
measurement method, calculated results, and discussion
are performed in Section 4. Finally, conclusions are given
in Section 5.

2 Terahertz pulse wave propagation
characteristic simulation

The terahertz wave propagations in TBCs with different
thickness TGO are simulated by the XFdtd software
through finite difference time domain method to study the
influence of thickness change on terahertz signal. The
function of Gaussian pulse derivative is selected to be the
terahertz incident waveform and pulse width is set to be
2 ps, as shown in Fig. 2. The grid sizes are: Ax = 0.03000
mm, Ay = 0.03000 mm, and Az = 0.00245 mm, then the
time step can be callculated using the formula

A I{ 1 1 1

= C(sz i Ay? T Az
Thus, the time step is 0.0081165 ps, which is similar to
the TeraPulse 4000 system temporal resolution (about
0.0081 ps). The simulated boundary condition is set to be
perfectly matched layer absorbing boundary and layer
number is 8. Because the materials of both the substrate
and bondcoat are the metal that almost reflects the
terahertz wave, the types of materials are defined using

w2
) , Where c is the light velocity.
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the metal materials that come with the software. The
material types of TGO coat and ceramic topcoat are
defined as the non-dispersive model, and refractive
indexes are set to be 5.6 and 2.8 [32].

The thicknesses of alloy substrate, metal bondcoat, and
ceramic topcoat are 2000, 200, and 200 um, and the TGO
thicknesses are set to be 10, 20, 30, 40, and 50 pm
respectively. Figure 3 shows the propagation waveform
of the terahertz incident waveform in TBCs for different
thicknesses of the TGO. First, it can be seen that the
ceramic/TGO reflective wave can be observed when the
TGO thickness is more than or equal to 20 um. It should
be noted that its characteristic waveform is not
completely performed due to the TGO thickness cannot
support the propagation of one terahertz pulse waveform.
Second, associated with the TGO thickness, the TGO/
metal bondcoat reflective wave exhibit a phase shift, i.e.,
the time change of signal point at wave trough. However,
the characteristic waveform of TGO is absolutely
attenuated since the TGO thickness decreases to 10 pum.
Figure 4 plots the terahertz propagation waveform with
TGO thickness varies in 0-9 pm. The two reflective

waves from the upper and lower surfaces of the TGO
would be aliased when the thickness is small enough,
making difficulty in thickness identification. It is noted
that TGO thickness is less than or equal to 10 um in the
early and middle stages. Therefore, traditional methods
via calculating the TOF between ceramic/TGO and TGO/
metal reflective waves failed to obtain the TGO thickness.
It can be seen that the TOF increases with the growth of
TGO thickness in Fig. 5, the fitting curve also performs
this pretty linear relationship between TOF and TGO
thickness. Thus, the TGO thickness could be expected to
be obtained by the accurate calculation of the TOF
increment.

3 TBC system experiment and signal
analysis
3.1 Experimental setups

A series of experiments are carried out to measure the
thickness variation of TGO in TBC after thermal cycling.
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Fig. 2 Terahertz incident signal in simulation: (a) time-domain pulse and (b) its frequency spectrum.
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Fig. 3 Terahertz propagation waveform with different thicknesses of the thermally grown oxide (TGO): (a) terahertz propagation

waveform and (b) its local waveform.
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Fig. 4 Terahertz propagation waveform for the actual thickness range of the thermally grown oxide (TGO): (a) terahertz propagation

waveform and (b) its local waveform.
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Fig. 5 Linear relationship between the time of flight (TOF)
and the thermally grown oxide (TGO) thickness.

In all measurements, we used the terahertz time-domain
spectrum and imaging system TeraPulse 4000 (TeraView
Ltd., UK), as shown in Fig. 6. The photoconductive
antenna is pumped by a femtosecond laser pulse from a

*4

Ultrashort pulse
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Computer
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Optical
delay

(a)

laser to generate the terahertz radiation, which is
collected, collimated, and focused on the test sample.
Then the reflected terahertz pulse is acquired and focused
on the terahertz detector. The system also includes a two-
dimensional mobile platform that can rapidly move the
sample to change the terahertz pulse facula position
relative to the sample. Thus, the terahertz pulse can
measure each position in the detection area of the sample.
The diameter and thickness of substrate are respectively
25 and 3 mm in round TBC sample as Fig. 7(a), which
are made by atmospheric plasma spraying from East
China University of Science and Technology. It is
structured by the common carbon steel substrate, pure
Al,O3 flame plating coat, and the YSZ topcoat. The
Al,O3 powders are sprayed on the samples at different
times (1, 2, 3, and 4, the thickness of each spray is about
6 um). The terahertz pulse signals of these samples are
performed to explore the relationship of signal changing
with TGO thickness, and verify the signal results of
software simulation. The dimension of the substrate rec-
tangle TBC sample is 30 mm x 10 mm % 2 mm as Fig. 7(b),

Fig. 6 TeraPulse 4000 system: (a) system structure diagram and (b) actual system.
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Fig. 7 Thermal barrier coating samples: (a) round sample and
(b) rectangular sample.

which is made by Wuhan University of Technology. The
thermal cycling test of TBC is carried out to obtain the
natural growth TGO in further experiments. The materials
components and chemical elements in each coat are listed
in Table 1.

The spraying process parameters include: The
equipment is the Multicoat Automatic Thermal Spraying
System (Oerlikon Metco Ltd., Switzerland) with the F4
plasma spray gun; the spraying power is 42 kW, the
spraying distance is 100 mm, and powder feeding rates
are 6% (metal) and 15% (ceramic). After the grinding and
polishing, the sample was tested by the scanning electron
microscope (SEM) Phenom ProX (Phenom Ltd., the
Netherlands). It also integrates an energy dispersive
spectrometer, which can be used for energy dispersive
analysis at the same time. Before the rectangular sample
are heated used the electric furnace, the grinded bottom
edge is coated with high-temperature resistant adhesive.
To protect the bottom surface from the influence of
grinding and polishing at high temperatures and prevent it
from cracking, the high-temperature resistant adhesive
was coated on the milled sample surface. The high-
temperature resistant adhesive is a two-component
cementing agent composed of aluminosilicate powder and
a modified curing agent (Yikun Glue Ltd., China). Its
main components are alumina and silica, the linear
expansion coefficient is similar to ceramic, and the
maximum operating temperature is 1700 °C. After
coating the adhesive, the sample also needs to be heated
at 150 °C for 2 h to solidify the adhesive. The electric
furnace is the box type experimental furnace SXL-1200C
(Shanghai Jvjing Ltd., China), its continuous working
temperature is lower than 1150 °C, the recommended
fastest heating rate is 10 °C/min, and the temperature

control accuracy is 1 °C. In the temperature control
process, the electric furnace temperature is first raised
from 10 to 1100 °C in 109 min, then the temperature
would be kept at 1100 °C for 1200 min, lastly, the sample
is taken out and cooled naturally (the cooling time is
usually less than 5 min). After the test by TeraPulse 4000
system, the sample bottom is immersed in the hot water
to remove the high-temperature resistant adhesive, and
further polishing is carried out to obtain the morphology
pictures by SEM.

3.2 Terahertz pulse signal analysis

In order to have further insight into the actual relationship
between oxide thickness and phase shift of oxide/metal
reflective wave, the terahertz propagation waveforms of
TBCs with different layer alumina are plotted in Fig. 8.
The characteristic waveform of ceramic/alumina is still
not observed in the case of four-layer alumina in TBCs.
As shown in Fig. 8, the phase right-shift with the increase
in layer numbers of alumina. This high relationship
provides a possibility for accurate and robust thickness
measurement of actual growth TGO in TBCs by
calculating the TOF increment, i.e., the phase shift of
wave trough in TGO/metal waveform.

The thermal cycle experiment of the rectangular sample
is performed to study the terahertz pulse signal influenced
by actual TGO growth. The averaged topcoat thickness is
measured using the function of distance calibration in the
image from the SEM system as Fig. 9. Caused by the
influence of the spraying process and ceramic particles,
the ceramic coat thicknesses at different positions cannot
keep consistent. In particular, it should be noted that the
inhomogeneity of thickness and contour would be further
performed in the ceramic topcoat and metal bondcoat
after the thermal cycle [33]. The measured thickness at
one position seems not so reliable and persuasible, thus
the averaged thickness of 388.25 pum is used to represent
the ceramic topcoat thickness and TGO thickness. The
TGO grows around the bondcoat induced by electric
furnace heating, the main component of first growth
oxide is Al,O3, and then (Cr, Al);O3 and (Ni, Co) (Cr,
Al),O4 spinel structure oxides would generate between
Alb,O; and ceramic topcoat [34]. The composition
analysis of some TGO parts is determined by the energy
spectrum analysis function from the Phenom ProX
system as Fig. 10, and the content of the main elements is
shown in Table 2. The main elements of black oxide

Table 1 Materials components and chemical elements of the rectangular sample

Coat Material Brand Formation method Chemical elements/wt.%

Substrate Nickel base alloy DZ125 Directional solidification and wire cutting Ni 60.00, Co 10.00, Cr 8.90, Al 5.20, W 7.00, Ta 3.80,
Mo 2.00, Hf 1.50, Ti 0.90, other 0.70

Bondcoat  Nickel base alloy powder TSNI05-01 Atomization Ni 69.60, Cr 24.80, A15.00, Y 0.50, Si 0.03, Fe 0.07

Topcoat YSZ KF-231 Coprecipitation method 7r0, 91.00, Y,03 8.00, A1,O3 0.50, Fe;O3 0.50
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nearest the bondcoat are the oxygen element and
aluminum element as points 2, 4, and 6, and the main
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Fig.8 Terahertz time-domain signals of thermal barrier
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Fig. 9 Scanning electron microscope measurement of ceramic
thickness in thermally barrier coatings without thermal cycling.

elements of gray oxide between black oxide and ceramic
topcoat are the oxygen element, aluminum element,
nickel element, and chromium element as points 1 and 5.
The most important thing is that the TGO contour is
unsmooth, thus it is not enough to use the one position
thickness to represent the whole TGO thickness of TBC.
From the SEM picture, the averaged TGO thickness is
calculated as 3.11, 4.01, and 4.99 pum after the heating of
20, 40, and 60 h respectively. The TGO grew fastest in
the first 20 h, and the growth rate slowed down along
with time. Except for the thickness measurement by
SEM, the TeraPulse 4000 system scanning function is
also used to obtain terahertz time-domain signals of the
TBCs sample. The monitor area is set as the area close to
the polishing side of the sample, and the dimension is
6.0 mm x 2.0 mm. The scanning step is 0.2 mm, and 600
signals can be acquired from once scanning. In the
acquisition process of experimental signals, the water
vapor, thermal radiation noise, carrier noise, and system
oscillation of two-dimensional mobile platform, all these
factors contribute to the complex waveform. The
TGO/metal waveform of the experiment is almost buried
in the environmental noise, as shown in Fig. 11. The
noise, oscillation waveform, and characteristic waveform
are generally in the same amplitude range, caused by the
serious attenuation of terahertz waves from porous
ceramic. Thus, the recognition and location of the
characteristic waveform are challenged in the experimen-
tal signal. As a result, there is a large error in the TOF
calculation using the traditional threshold method.

4 Improved TOF calculated method and
results

+1 ad 4.1 Improved TOF calculated method
J . . . S
S 6 Aiming at the environmental noise and system oscillation
+
2
e Air Ceramic TGO , Metal
Hm TOF of threshold

1+ method

Fig. 10 Thermally grown oxide morphology after 60 h heating
times.

Table 2 Main elements content in different parts of thermally grown
oxide

Elements content/%

Amplitude/a.u.

i

System oscillation wave

Point - —1F

(6] Al Ni Cr 1
1 34.42 30.08 25.69 9.81 - L

0 10 20 30

2 37.43 42.12 16.32 413 Time/ps
4 35.89 42.50 17.16 445
5 30.59 6.50 35.52 27.39 Fig. 11 Terahertz signal interfered by environmental noise and
6 3244 3763 21.77 316 system oscillation. TGO: thermally grown oxide; TOF: time of

flight.
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wave, the improved TOF calculated method-based
wavelet threshold de-noising and cross-correlation is
proposed. Assuming the basic wavelet [35] function is ¥,
then the function group obtained after stretching and
translation is

1 t—b
OE ﬁw(T)’ (1

where a is a contraction—expansion factor, b is the
translation factor, ¢ is the time in sequence, a,b € R, and
a#0.

The continuous wavelet transforms W, for any function
f@® e *(R)is

1 -b
%mm=@m»=vﬁjﬂwfgﬂm,(a

where x denotes conjugation. However, the continuous
wavelet transform should be discretized in real-time
applications. The discrete divisions of a and b in
continuous wavelet transform are set to be a=a) and
b= ka'ébo, J € Z, and extended step size a, # 1 is a fixture
number. a, and b, are extended step sizes in the
discretization process of a and b, respectively, j is the
number of discretized values, and k is the discretization
coefficient in discretization process. Taken a,>1 and
b, > 1, the corresponding discrete wavelet function is

W () = ay" "y (a,t = k). 3)

Thus, the discrete wavelet function coefficient w;; of
function f(¢) is

= [ fowod, o)

and its reconstruction formulate is

+00  +o00
FO =" wauo. (5)

The noise reduction in measured signals is realized with
wavelet transform and threshold set in wavelet threshold
de-noising, and its main procedures are: (1) A set of
coefficients w;; is obtained by wavelet transform from
noise signal. (2) The proper threshold is selected to
threshold processing for wavelet coefficient. The wavelet
coefficients whose absolute value is more than the
threshold are retained and contracted, and the wavelet
coefficients whose absolute value is less than the
threshold are set to be 0. (3) The signal after noise
removal is obtained by inverse wavelet transform used
wavelet coefficients W ;.

Due to the characteristic of finite compactly supported
orthogonal, the Symlet wavelet has a great performance
in the time-domain and frequency domain, and has a
pretty linear phase characteristic. Thus sym4 wavelet is
set to be the wavelet basis, and the level is 5 [36]. The
wavelet coefficients after soft thresholding through

adaptive extremum threshold principle, an extreme value
A is generated by the maximin principle

A1=0.3936 + 0.1829log, N, (6)

where N is the signal length.
The soft threshold function is

{sign (wj,k)(|wj,k| —/l), when |wj,k| > A,

0, when |W.,~,k) <A

i = (7

The noise reduction via wavelet soft threshold for
experimental sample signal is performed as Fig. 12. Since
the terahertz signal is interfered with system oscillation
wave, some errors produced in wave peak localization
and traditional threshold method failed to calculate TOF
calculation accurately, thus the cross-correlation is
adopted to compute TOF. The similarity of two discrete-
time series is estimated through correlation function
calculation between the reference signal fi(#) and
experimental signal f5(7):

{fl(t) = s(1) + sn, (), ®)
L(8) = s(t+714) + sny().

Supposing the original signal is s(¢), the relative time
delay of signals is 74, sn,(f) and sn,(#) are uncorrelated
noises, and the cross-correction function R}, (1) is

R, () =E[fi(0f(E+7)] =R (r-D), ©
where E[-] is the mathematic expectation, R(-) is the
autocorrelation function of the source signal s(¢), T is the
time in correction function, and D is the signal points
interval between reference signal and experimental signal
in cross-correlation process. The terahertz wave reflected
from the smooth metal surface is set to be a reference
signal, which is similar to with air/ceramic reflective
wave of the experimental signal, and also has a certain
similarity with the TGO/metal reflective wave. Therefore,
the TOF of corresponding waveforms in the cross-
correlation function is taken as the TOF of the experi-
mental signal, as shown in Fig. 13. The average TOFs
with different heating times (0, 20, 40, and 60 h) used
traditional threshold method are 15.56, 15.93, 16.20, and
16.18 ps, respectively, and the calculated results of the
proposed method are 16.19, 16.28, 16.30, and 16.37 ps.
Compared with the traditional threshold method, the
proposed method can provide more accurate TOFs, and
the averages TOFs results decrease by 0.41 ps.

4.2 Thickness calculated results and discussion

For refractive index and topcoat thickness of TBC used
reflection measurement, some researchers calculated the
coat parameters through transforming the terahertz time-
domain signals of different reflective waves into frequen-
cy domain signals and calculating [37,38]. However,
these methods have the limitations of pretty frequency
signal (related to the sample materials), and a high
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Fig. 13 Cross-correlation function wave between the reference
signal and terahertz signal. TOF: time of flight.

requirement of terahertz system acquisition time to obtain
the second TGO/metal bondcoat reflective wave. Thus,
the common thickness calculation method used reflective
terahertz time-domain wave is expressed as [39]

cAt,cosf
¢ T T (10)
2n,
n,sina = n,sin6, (11)

where the d, is the ceramic topcoat thickness, At is the
signal time delay between air/ceramic reflective wave and
ceramic/metal reflective wave, « is terahertz incident
angle from air into ceramic, n, is the refractive index of
ceramic, n, is the refractive index of air, and 6 is the
terahertz refraction angle. After the TGO growth, the
TGO thickness can be computed as

_ c(A, = Aty)cosw
B 2ny

dr ; (12)

n.sinf = nrsinw, (13)
where dr is the TGO thickness, Az, is the signal time

delay after heating, n; is the TGO refractive index, and @

is the terahertz wave refraction angle from ceramic into
TGO.

In the propagation simulation of terahertz pulse signal,
the incident angle of terahertz wave is 0, the signal time
delay without TGO is 7.47 ps, and the corresponding
calculation result of ceramic thickness is 200.07 um. The
recalculated time delay At, when TBC with TGO is used
to compute the TGO thickness used Eq. (3). The
calculation results of TGO thickness are 3.12, 6.25, and
9.57 um, corresponding to the setting value 3.00, 6.00,
and 9.00 pum, respectively. Caused by the limitations of
grid size and timestep, there are still have some errors
even in the simulation results. Some attempts including
the smaller grid size and shorter timestep are carried out
but the consequent storage space and computing time
cannot be accepted, caused by the errors did not decrease
much. In TeraPulse 4000 system, the terahertz wave
incident angle is 15°. According to Egs. (1) and (2), the
experimental terahertz pulse signals before heating are
used to compute the ceramic topcoat refractive indexes,
which is 6.25 related to the sample. An assumption that
the ceramic topcoat refractive index remains constant
during heating is given here. It is widely known that the
pure zirconia has a temperature phase transition, as
performed in Fig. 14 [40]. The phase transforms from
monoclinic to tetragonal at about 1170 °C, and from
tetragonal to cubic at about 2370 °C. Although the phase
transformation from tetragonal to monoclinic would lead
to the 3%—5% volume expansion [41,42]. The addition of
8% Y,0;3 ingredient can bring the stabilizing of zirconia
in high-temperature phase tetragonal, thus the 8YSZ is
considered as a TBC material that has the best compre-
hensive performance and most widely application [43].
Furthermore, the addition of other oxides including Al,O;
and Fe,O; resists the phase transition and stabilizes the
structure. For convenience, the changes of ceramic
refractive index and thickness caused by the thermal
cycle are ignored in the next computation.

Some researchers have discussed the optical parameters
of AlO; in the terahertz band. Fattinger and
Grischkowsky [44] found that the crystalline Al,O; is
birefringent and has a refractive index of n, = 3.07 for the
ordinary ray and n. = 3.41 for the extraordinary ray. On
this foundation, Rutz et al. [45] produced the polycry-
stalline Al,O3; which is macroscopically isotropic, and
measured the Al,O3 value of n, = 3.17. Naturally, the
refractive index of natural growth TGO which is a mixed
oxide including Al,O3 and other spinel oxides should be
more than 3.17. However, there have a difficulty in TGO
refractive index acquisition caused by the TBC after
heating cannot be divided easily. An attempt that the

1170 °C 2370 °C

| Monoclinic ZrO, |<—>| Tetragonal ZrO, |<—>| Cubic ZrO,

Fig. 14 ZrO, phase transition relationship in pure zirconia
materials.
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sample was immersed in a sulfuric acid solution of 60%
solution concentrate for two months is carried out to
separate the sample but without any change. The TGO
refractive index is temporarily determined as Al,O3 value
3.17. Corresponding to the different heating times (20,
40, and 60 h), the TGO calculated results of the
traditional threshold method and the proposed method are
listed in Table 3. For the traditional threshold method, the
maximum error is 26.63 pm and the averaged error is
21.93 um, which shows that the environmental noise and
system oscillation gravely affect the TOF calculation, and
lead to a large error in the thickness measurement. By
using the presented method, the accurate TGO
thicknesses of TBCs after different heating times, are
obtained. The maximum error is 2.79 pum and the
averaged error is 1.61 um. Therefore, the proposed TOF
improved TGO thickness measurement method for
natural growth TGO thickness calculation is accurate and
reliable, making it suitable for the condition monitoring
and life prediction of the TBCs. It is noted that the TGO
thickness error could be further decreased if the TGO
refractive index after heating is used. The proposed
method is also appropriate for other materials, such as
ceramic coatings [30], paint layers [24], drug coatings
[46], and composite laminate [19]. The erosion,
corrosion, delamination, and other damages widely exist
in these layered materials, leading to structural damage
and thickness change [17]. The presented method based
on THz-TDS has a strong ability to observe the tiny
change in the thickness. Therefore, this method is also
suitable for damage detection of other layered materials.

5 Conclusions

In summary, a TOF improved TGO thickness measure-
ment method suitable for TBCs condition monitoring had
been developed by using the THz-TDS technique. The
propagation simulation of terahertz waves in TBCs with
different thickness TGO was carried out using the finite
difference time domain method. The simulation investi-
gated the phase right-shift of TGO/bondcoat reflective
wave due to the TGO growth in the layer boundary of
ceramic and bondcoat. Therefore, the TOF increment
could calculate the TGO thickness change in the TBCs
after the heating cycle and, therefore, facilitate the service
life prediction of TBCs. The good agreement of calcula-
tive results with setting values verified the efficiency of

Table 3 Calculated results of TGO for different methods

the proposed method. Experiments for the TBCs with
different heating times were also conducted. By reducing
the negative effect of environmental noise and system
oscillation, the accurate TOF increment was obtained to
compute the TGO thickness. Compared with the results
from the traditional threshold method, the average error
was decreased by 20.32 um. The experimental results
demonstrated that the presented method can accurately
and robustly measure the TGO thickness with the
advantage of non-destructive and non-contact, making it
suitable for thickness measurement of TBCs. The
proposed method based on THz-TDS can provide a new
tool for damage detection of other layered materials, such
as paint layers, drug coatings, and composite laminates.
More efforts would be carried out as future work to
promote the measurement accuracy, analysis the thermal
growth oxidation stress, and predict the crack initiation
area in TBCs. The measurement accuracy could be
improved by the information acquisition of more optical
parameters of ceramic topcoat and TGO after heating. On
the other hand, the measurement accuracy also could be
elevated by compressing the terahertz pulses width while
maintaining the pulse energy. Therefore, its application
would be extended in real testing.

Nomenclature
Abbreviations
SEM Scanning electron microscope

TBC Thermal barrier coating
TGO Thermally grown oxide
THz-TDS Terahertz time-domain spectroscopy
TOF Time of flight
YSzZ Yttria-stabilized zirconia
Variables
a Contraction—expansion factor
ao, by Extended steps in the discretization process of a and b,
respectively
Translation factor
d. Ceramic topcoat thickness
dr TGO thickness

TGO thickness measured from THz-TDS using
the traditional threshold method/pm

Heating time/h TGO thickness measured

TGO thickness measured from THz-TDS using
the proposed method/pm

from SEM pictures/um

Calculated value Error Calculated value Error
20 3.11 17.73 14.62 3.63 0.52
40 4.01 30.64 26.63 5.53 1.52
60 4.99 29.53 24.54 7.78 2.79
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Signal points interval between reference signal and
experimental signal in corss-correction process
Mathematic expectation

Any function in wavelet transform process

Reference signal

Experimental signal

Number of discretized values

Discretization coefficient

Refractive index of ceramic and air, respectively

TGO refractive index

Signal length

Cross-correction function between reference signal and
experimental signal

Autocorrelation function of the source signal

Original signal without noise

Uncorrelated noises in reference signal and

experimental signal, respectively

Time in the signal sequence

Aty Time delay between air/ceramic reflective wave and
ceramic/metal reflective wave

Aty Time delay between terahertz signals before and after
TGO growth

Wik Discrete wavelet function coefficient

Wy Continuous wavelet transform function

A Soft threshold in wavelet function

T Time in correction function

T4 Relative time delay between reference signal and
experimental signal

@ Terahertz incident angle from air into ceramic

] Terahertz refractive angle from air into ceramic

® Terahertz refractive angle from ceramic into TGO

W Basic wavelet function
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