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Thermal barrier coating debonding defects detection based on infrared thermal 
wave testing technology under linear frequency modulation heat excitation was 
studied. The principle the infrared thermal wave testing technology under linear 
frequency modulation was presented. The effects of different light source power 
and Chirp modulation frequency on signal-to-noise ratio were compared and an-
alyzed. The results show that, defects can be more easily detected with the bigger 
power of light source, and the signal-to-noise ratio can be increased by using low-
er initial and termination frequencies.
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linear frequency modulation heat excitation

Introduction

The thermal barrier coating (TBC) is one of the best high temperature protective coat-
ings at present, with the characteristics of heat insulation, corrosion resistance, wear resistance 
and erosion resistance, has been widely used in power machinery, aerospace and other high 
temperature and high heat flow environment [1, 2]. During the service of TBC, defects such as 
cracking, debonding and even peeling of coatings are easy to occur, which will affect the oper-
ation safety and reliability of hot end components, and even have catastrophic consequences. 
Therefore, it is necessary to use non-destructive testing technology to detect and evaluate the 
state of TBC components [3, 4].

Infrared thermal wave non-destructive testing technology has the advantages of high 
reliability, non-contact, fast detection speed and wide detection range and has been widely used 
in aerospace, machinery, electronics, chemical industry, energy and many other fields [5, 6]. 
By applying thermal excitation the tested component, the internal defects in which will affect 
the heat flow conduction, resulting in abnormal temperature distribution on the surface of the 
component [7, 8]. The infrared thermal imager can be used to record the change of surface tem-
perature field during the excitation process. By observing, recording and analyzing the thermal 
response of the component surface to the heat excitation, defects in various metals, non-metals 
and composite materials can be tested and evaluated.

In this paper, TBC debonding defects detection based on infrared thermal wave test-
ing technology under linear frequency modulation (LFM) heat excitation was studied. Firstly, 
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the principle the infrared thermal wave testing technology under linear frequency modulation 
was presented. Secondly, experimental study was carried out, and the effects of different light 
source power and Chirp modulation frequency on signal-to-noise ratio (SNR) were compared 
and analyzed. Lastly, conclusions were is drawn.

The principle of infrared thermal wave testing  
technology under LFM heat excitation

The LFM heat excitation is a new active infrared thermal wave non-destructive testing 
technology, which uses variable modulation frequencies to excite the tested compoments, and 
makes up for some shortcomings of pulse and lock-in method. The applied heat flux varies with 
time can be expressed: 
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where q(t) means the surface heat flux, q0 – the surface heat flux peak, qSC – the static compo-
nent of surface heat flow, qDC – the represents dynamic component of surface heat flow, f0 and 
fe – the initial and termination frequencies of Chirp modulated signals, respectively, and Ts – the 
represents the scan cycle of Chirp modulated signals.

For simplicity, the Chirp modulation parameters are expressed by the initial frequen-
cy-termination and frequency-modulation periods. For example, 0.1-0.05-20 represents the ini-
tial frequency, and termination frequency and modulation periods are 0.1 Hz, 0.05 Hz, and 20 
seconds, repectively.

Experimental study

The detection system consists of excitation heat source, dimmer, data acquisition card, 
computer and infrared thermal imager. By setting the initial frequency, termination frequency, 
and modulation period in advance, the chirp modulation signal is output to the dimmer through 
data acquisition card, and the dimmer controls the modulation heat flow of halogen lamp ac-
cording to the received signal. An infrared thermal imager A325SC produced by FLIR Compa-
ny of the USA is used to collect the infrared radiation data, which has the advantages of high 
sensitivity, fast data transmission and high reliability.

The structure of TBC is three layers. The substrate is GH4169 nickel-based superalloy 
with the size of 140 mm × 100 mm × 5 mm. The middle bonding layer is NiCoCrAlY material. 
The top layer is YSZ ceramic, prepared by plasma spraying. The thermophysical parameters of 
the specimen and the size of simulated defects are shown in tab. 1 and tab. 2.

Table 1. Thermophysical parameters of the specimen
Materials  ρ [kgm–3] k [Wm–1°C–1] c [Jkg–1°C–1] δ [mm]
GH4169 8300 9.5 440 5

YSZ (ZrO2 + 8% wt.Y2O3) 6037 1.5 500 L
NiCoCrAlY 7320 4.3 450 0.1

The noise in infrared detection mainly comes from the background radiation of ob-
jects and atmosphere in the surrounding environment and the inherent noise of the detection 
system itself. Therefore, a frame of background thermal image is collected before the experi-
ment, and then the original data of the experiment is subtracted from the collected background 
frame, which will lead to better experimental results. Figure 1 shows a frame of the original im-
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ages with modulation parameters of 0.2-0.05-20, 
light source power of 1400 W, sampling frequency 
of 30 Hz and sampling time of 20 seconds. From 
fig. 1, it can be seen that although some defects can 
be identified from the original image, the edges of 
defects are blurred and the noise in the defect-free 
area is seriously affected.

Figure 2 shows the background image col-
lected before the experiment, from which it can 
be seen that the infrared radiation of the whole 
sample surface is not uniform due to the influ-
ence of surrounding environment and noise. The 
image after background subtraction is shown in 
fig. 3. From fig. 3, it can be seen that the contrast 
between defective and defective areas is signifi-
cantly improved, and the edges of the defect areas 
is smoother and the geometric features are more 
obvious. Also, the original blurred and non-dis-
played defects are easier to identify.

In order to make the test results under dif-
ferent parameters can be compared under the 
same order of magnitude, all test data are normal-
ized by eq. (2).

                           0 min

max min

p p
p

p p
−

=
−

       (2)

where p means the normalized test data, p0 – the 
raw test data, pmin – the minimum value of the test 
data, and pmax – the maximum value of the test data.

In order to compare the influence of test pa-
rameters on test results, SNR is defined eq. (3) in 
by taking the rectangular areas at the defect center 
and defect-free area as shown in fig. 4. And big-
ger SNR means smaller the influence of noise and 
stronger ability of defect detection.

Table 2. Size of simulated defects
 Row

1 2 3 4 5 6
Line

1 DA = 10.0
DL = 0.3

DA = 10.0
DL = 0.3

DA = 8.0
DL = 0.3

DA = 6.0
DL = 0.3

DA = 4.0
DL = 0.3

DA = 2.0
DL = 0.3

2 DA = 10.0
DL = 0.3

DA = 10.0
DL = 0.3

DA = 8.0
DL = 0.3

DA = 6.0
DL = 0.3

DA = 4.0
DL = 0.3

DA = 2.0
DL = 0.3

3 DA = 10.0
DL = 0.3

DA = 10.0
DL = 0.3

DA = 8.0
DL = 0.3

DA = 6.0
DL = 0.3

DA = 4.0
DL = 0.3

DA = 2.0
DL = 0.3

4 DA = 10.0
DL = 0.3

DA = 10.0
DL = 0.3

DA = 8.0
DL = 0.3

DA = 6.0
DL = 0.3

DA = 4.0
DL = 0.3

DA = 2.0
DL = 0.3
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Figure 1. A frame of the original images

Figure 2. The background image 

Figure 3. The image after background 
subtraction
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where  P̄d and P̄s are the mean eigenvalue of the 
defective and non-defective regions, respectively, 
σs means the standard deviation of eigenvalues 
for non-defective regions, and SNRd represents 
the signal-to-noise ratio of the defective regions.

Results and discussion

The influence of light source output power

Set Chirp modulation parameters 0.1-0.05- 
-20, sampling time 20 seconds, sampling fre-
quency 30 Hz, and light source output power  

900 W, 1000 W, 1200 W, and 1400 W, respectively. Figure 5 shows the image with the biggest 
SNR corresponding to the four light source output powers. When the output power of the light 
source is 900 W, it is easy to identify defects in the first four columns, but the noise in non-de-
fective areas is relatively large. When the power increases to 1000 W, the noise decreases to a 
certain extent. When the output power of the light source is increased to 1200 W, defects in the 
fifth column is more clearly displayed, and the SNR is more than 20. When the output power of 
the light source is increased to 1400 W, the defective regions become more obvious. 
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Figure 5. The influence of light source output power; (a) 900 W, (b) 1000 W, (c) 1200 W and  
(d) 1400 W

Figure 6 shows the influence of light source output power on SNR. Figure 6 shows 
that the SNR of the image increases with the increase of the output power of the light source. 
This shows that, on the premise of no secondary damage to the sample, the use of a larger light 
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Figure 4. Reference regions for signal-to-
noise ratio computation
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source output power is conducive to improving 
the detection effect of defects.

The influence of initial frequency

Set the test sampling frequency of 30 Hz, 
sampling time of 20 seconds, light source output 
power of 1400 W, termination frequency of 0.05 
Hz, modulation period of 20 seconds, and ini-
tial frequency of 0.1 Hz, 0.2 Hz, 0.3 Hz, and 0.4 
Hz, respectively. Figures 7 and 8 show the in-
fluence of initial frequency on detection results. 
As shown in figs. 7 and 8, SNR of the image 
decreases with the increase of the initial frequen-

cy. This shows that the lower initial frequency 
is helpful to improve the defect detection effect 
when other test parameters remain unchanged.

The influence of termination frequency

Set the modulation period of 20 seconds, 
the light source output power of 1400 W, the 
sampling time of 20 seconds, the sampling fre-
quency of 30 Hz, the initial frequency of 0.45 
Hz, and the termination frequency of 0.05 Hz, 
0.15 Hz, 0.25 Hz, and 0.35 Hz, respectively. 
Figures 9 and 10 show the influence of termi-

Figure 6. The influence of light source  
output power on SNR
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Figure 7. The influence of initial frequency; (a) 0.1 Hz,  (b) 0.2 Hz, (c) 0.3 Hz, and (d) 0.4 Hz

Figure 8. The influence of initial frequency  
on SNR
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nation frequency on detection results. As shown in figs. 9 and 10, SNR of the image decreases 
with the increase of the termination frequency. This shows that the lower termination frequency 
is helpful to improve the defect detection effect when other test parameters remain unchanged.
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Figure 9. The influence of termination frequency; (a) 0.05 Hz, (b) 0.15 Hz, (c) 0.25 Hz, and  
(d) 0.35 Hz

Conclusions

In this study, TBC debonding defects 
detection based on infrared thermal wave test-
ing technology under LFM heat excitation was 
studied. The principle the infrared thermal wave 
testing technology under linear frequency mod-
ulation was presented. Experimental study was 
carried out using the built up testing system, 
and the effects of different light source power 
and Chirp modulation frequency on SNR were 
compared and analyzed. The results show that, 
defects can be more easily detected with the big-
ger power of light source, and the SNR can be 
increased by using lower initial and termination 
frequencies. This study can provide theoretical 

support for clinical application of this technology. The research can provide some basis for the 
actual engineering detection of debonding defects in thermal barrier coating.

Figure 10. The influence of termination 
frequency on SNR
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Nomenclature
f0  – initial frequency, [Hz]
fe  – termination frequency, [Hz] 
q0  – surface heat flux peak, [Wm–2] 
qDC  – dynamic component of surface heat flow, 
           [Wm–2]

q(t)  – surface heat flux, [Wm–2]  
qSC  – static component of heat flow, [Wm–2] 
Ts  – scan cycle, [s]
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