
 <Original Paper> Journal of the Korean Society for Nondestructive Testing, Vol. 37, No. 2: 75-83, 2017
ISSN 1225-7842 / eISSN 2287-402X   http://dx.doi.org/10.7779/JKSNT.2017.37.2.75

1. Introduction

Coating technology is widely used in modern 
industries and applications to prolong the life of 
components [1,2]. Silicon carbide (SiC) has the 
properties of hot temperature oxidation resistance, 
stability against hot corrosion and good thermal 
shock [3-5]. Hence, SiC ceramic coating provides 
the combined mechanical and physicochemical 
properties such as extreme hardness, high strength, 
resistance to oxidation, corrosion and wear [6]. 
Ceramic coated components are steadily increasing 
its importance in aircraft, power generation and 
automotive industries due to excellent thermal 
insulation. In the automotive industry, it has 
effects on the fatigue life of the engine compo- 
nents, fuel consumption, power & combustion 
efficiency and pollution contents. Meanwhile, in 

the aerospace industry, it is used as a thermal 
barrier coating to protect turbine engine compo- 
nents in hot temperature or hostile environ- 
ments [7-9]. Because of the stringent safety 
requirements in these industries, quality control 
of these products is an essential part of their 
fabrication. Therefore, determination of coating 
thicknesses is of paramount importance in 
defining their performance and properties. 
However, the nature of coatings is so diverse 
that there can be no single technique that fully 
characterizes them. Thus, the effectiveness of 
non-destructive testing (NDT) for the evaluation 
of coating is of great significance. Infrared 
thermography (IRT) as a NDT can be used for 
the testing and evaluation of coating [10-18]. 
IRT deals with the acquisition and analysis of 
thermal data from non-contact thermal imaging 
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devices based on that all bodies emit infrared 
energy with the absolute temperature above 0 K. 
IRT has been used in the inspection of physical 
and mechanical properties, discontinuities, sub- 
surface defects and features, hidden corrosion 
and coating thickness. IRT being NDT approach 
involves two classes, passive thermography and 
active thermography. Based on the heating 
methods, active thermography could be further 
classified into pulsed thermography (PT), lock-in 
thermography (LIT), pulsed phase thermography 
(PPT), step heating (ST), Vibrothermography 
(VT). In the active approach of NDT, PT and 
LIT are the most commonly used approaches. In 
LIT, a sinusoidal heat flux is used to excite the 
sample and the amplitude and phase images can 
be obtained by reconstructing the surface wave 
signal using appropriate algorithms [19-23].

LIT is found effective for the evaluation of 
coating thickness because it detects the thermal 
information which depends on the thermal 
properties of the test sample under consideration. 
When a test sample is excited by a thermal 
energy then the system utilizes an infrared 
camera to observe the surface temperature of a 
thermal wave propagating into the sample 
material. The heat transfer from the sample 
surface is affected by internal material structures 
and properties. Therefore, by developing appro- 
priate data processing methods, pertinent coating 
parameters may be derived from the thermal 
data. Thermal data are sensitive to several 
important coating parameters such as thermal 
conductivity, specific heat capacity and the 
thickness of the top ceramic layer [24-27].

This paper presents the finite element 
analysis (FEA) based study of LIT technique for 
the evaluation of SiC ceramic coating deposited 
on nickel base super alloys. FEA software, 
ANSYS was used for the modelling of the 
sample. A reference sample with known and 
non-uniform top layers ranging from 0.025 mm 
to 1 mm, was used in the study. A variety of 

coating layers were chosen to illustrate the 
effects of thickness on the observed thermal 
response. The top layer of the coating was 
excited by a calculated thermal energy to predict 
the surface temperature distribution on the sample. 
The analysis was performed at several excitation 
frequencies beginning from 0.2 Hz down to 
0.01 Hz. Image processing softwares, MATLAB 
and Thermofit Pro were used to extract the 
phase angle image from thermal sequences using 
a Fourier transform. The correlation of coating 
thickness and phase angle was established and 
the thickness of top layers was predicted.

2. Materials and methods

2.1. Lock-in infrared thermography (LIT)

LIT is a technique derived from photo 
thermal radiometry in which the sample is 
exposed to sinusoidal temperature stimulation. 
LIT in reflection mode was considered in this 
study. Fig. 1 shows the schematic of experi- 
mental LIT. AS shown in Fig. 1, IR camera and 
the excitation source are positioned facing the 
same surface of the test sample. When the 
excitation source is imposed on the sample, it 
absorbs some incident energy and produces a 
localized heat flow following a non-radiative 
process. The modulated excitation source produced 
a periodic heat flow which is a diffusive process 

Fig. 1 Schematic of experimental Lock-in thermo- 
graphy
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resulting a periodic temperature distribution called 
a thermal wave. Hence, the thermal response of 
the inspected object’s is also a sinusoidal wave 
as shown in Fig. 2, whose amplitude and phase 
depends on the input sinusoidal temperature 
stimulation and the object’s material. The phase 
of the temperature change varies due to different 
thermal wave propagation distance when the 
coating thickness changes [28-30].

The front surface of the coating sample is 
subjected to plane harmonic heat and thermal 
excitation formed is expressed as Eq. (1) 
[20,31,32],

(1)

where  is the instantaneous density of the 
sinusoidal heat flux,  is the heating power of 
the heat source, f is the excitation loading 
frequency of the heat source.

Heat propagates through the coating sample 
by heat conduction and the resulting temperature 
T(t,z) attenuates exponentially with thickness z, 
as expressed by Eq. (2) [19-21,32],

(2)

where, T0 [°C] is initial change in temperature 
by a heat source, z [mm] is the coating 

thickness,  [rad/s] is the modulation frequency, 
f [Hz] is the frequency,  [m] is thermal 
wavelength, A (z) is the thermal amplitude, 
   is the phase, and  [m] is thermal 
diffusion length defined by Eq. (3), 

(3)

where,  
   [m2s-1] is the material thermal 

diffusivity with k [W/mºC] being thermal 
conductivity, ρ [kg/m3] the density and 
Cp [J/kgºC] the specific heat.

The Fourier transform is used to extract 
phase angle from the thermal sequences. The 
Fourier transform is expressed as Eq. (4) [33,34],

(4)

Real and imaginary parts of the complex 
transform are used to estimate the phase angle 
and expressed as Eq. (5),

(5)

2.2. Finite Element Modelling (FEM)

A 3-D heat flow model was created in 
“ANSYS’ to simulate the LIT inspection. Fig. 3 
shows the schematic description of coating 
layers with substrate material. As shown in Fig. 
3, the predominant material, silicon carbide, is 
used as the top coat and the intermetallic 
material, MCrAIY is used as a bond coat on the 
nickel based super alloy substrate. The substrate 
and the bond coat thickness were kept at 4 mm 
and 0.1 mm, respectively. Whereas the top 
coating thickness was varied from 0.025 mm to 
1 mm.

Fig. 4 shows the geometrical details of the 
test sample. Fig. 5 shows the FEA model of the 
sample. A meshing of the sample was adapted 

Fig. 2 Theory of Lock-in thermography for the 
evaluation of coating thickness
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to calculate temperature variations with sufficient 
spatial resolution. The resulting mesh had 
162,000 elements and 854,685 nodes. The 
physical preference was considered as mechani- 
cal with relevance 100, relative center was kept 
in fine mode and proximity and curvature were 
kept on in advanced size function. Table 1 
shows the thermo-mechanical properties of 
coating layers considered in the analysis [1,35].  

During simulation, 2 kW intensity of heat 
resource was considered. The time-step was 
determined by the excitation frequency and 

analysis periods were set to 
 , where f is 

the excitation frequency. The simulation was 
done at different excitation frequencies ranging 
from 0.2 Hz down to 0.01 Hz.

3. Results and discussions

The response of the applied heat flux was 
simulated for 20 complete excitation cycles at 
frequencies 0.2 Hz, 0.1 Hz, 0.05 Hz, 0.02 Hz 
and 0.01 Hz, respectively. The surface 
temperature of the sample evolved periodically 
in a sinusoidal pattern from the transient state to 
the steady state. Fig. 6 shows the surface 
temperature evolution of 0.2 mm thick coating 
at 0.2 Hz frequency. As can be seen in Fig. 6, 
it took almost 12 periodic cycles to reach the 
steady state from the transient state. 

Fig. 6 Simulated surface temperature evolution of 
0.2 mm coating at the excitation frequency 
of 0.2 Hz

Fig. 3 Schematic description of coating layers with 
substrate material

Fig. 4 Geometrical details of the sample

Fig. 5 FEA model of the sample, (a) front surface, 
(b) back surface, (c) 3-D model and (d) 
model with meshing

Table 1 Thermo-mechanical properties of coating layers

Layers
Density
(kg/m3)

Conductivity
(W/mk)

Heat capacity
(J/kg.K)

 Top coat 3210 120 670

Bond coat 3984 3.3 755

Substrate 8440 9.92 410
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(a) 1st cycle, time 0.8 s (b) 1st cycle, time 2 s

    

  (c) 1st cycle, time 3 s   (d) 12th cycle, time 61 s

    

  (e) 12th cycle, time 62 s   (f) 12th cycle, time 63 s

  Fig. 7   Simulated Lock-in thermal images at different excitation cycle with time for 0.2 Hz frequency.
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Fig. 7 shows the lock-in thermal images of 
coatings with different thickness at different 
excitation cycles for 0.2 Hz frequency. As can 
be seen in Fig. 7, thick coating attained a 
maximum temperature when compared wth thin 
coating.

Fourier transform was used to compute the 
phase angle image for all the excitation 
frequencies. The pre-processing of thermal 
images was done in MATLAB and Fourier 
transform was performed in ThermoFit Pro. 
Then the plotting of phase angle and coating 
thickness as a function of excitation frequencies 
was done. Fig. 8 shows the phase image at 
excitation frequency 0.2 Hz. Fig. 9 shows the 
plot of coating thickness and phase angle as a 
function of excitation frequencies. As can be 
seen in Fig. 8 and Fig. 9, phase angle increased 
with the increasing coating thickness and 
decreased with the decreasing frequency.

The 6th order polynomial fitting was adopted 
to correlate the coating thickness and phase 
angle for all the excitation frequencies. The best 
correlation between the coating thickness and 
phase angle was found at the frequency 0.05 Hz 
with R-square(R2) = 0.99619 and adj. 
R-square(aR2) = 0.99048. So, the phase image 
at 0.05 Hz frequency was considered for the 
further analysis and the correlation between the 
coating thickness and phase angle is expressed 
as Eq. (6).

T = ‑ 18.32 ‑ 53.32 + 18.84

    ‑ 64.50  ‑ 54.85 + 16.04

    ‑ 1.63
(6)

Eq. (6) was used to predict the thickness of 
the coatings. Then predicted thickness was 
compared with the actual thickness and the 
percentage error was calculated. Table 2 shows 
the details of phase angle, predicted thickness 
and the percentage error. As can be seen in 
Table 2, the percentage error involved in 
measurement is within the acceptable limit.

Fig. 8 Phase image acquired with the Fourier 
transform at the excitation frequency of 
0.2 Hz

Fig. 9 Coating thickness and phase angle as a 
function of excitation frequencies

Table 2 Predicted coating thickness and percentage 
error

Actual 
thickness

(mm)

Calculated
Phase angle

(radian)

Predicted
thickness

(mm)

Percentage 
error
(%)

0.05 -0.552 0.050 0.004

0.1 -0.390 0.100 0.002

0.2 2.378 0.198 0.843

0.3 2.446 0.318 5.944

0.4 2.494 0.381 4.716

0.5 2.617 0.514 2.881

0.6 2.694 0.605 0.882

0.7 2.752 0.686 2.058

0.8 2.854 0.845 5.663

0.9 2.870 0.870 3.295

1.0 2.989 1.005 0.502
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4. Conclusions

This study explored the use of LIT 
inspection process for the evaluation of 
non-uniform coating thickness. FEA software, 
‘ANSYS Ver. 15’ was used to simulate the LIT 
inspection process. Image processing softwares, 
‘MATLAB’ was used for the pre-processing of 
thermal images and ‘Thermofit Pro’ was used to 
compute the phase angle image using Fourier 
transform. The differences in the temperature of 
thermal image and its corresponding phase angle 
played the significant role in the evaluation of 
coating thickness. In addition, it is also found 
that correct excitation frequency must be 
selected for the accurate evaluation of coating 
thickness. The method demonstrated potential in 
the evaluation of coating thickness and was 
successfully applied to measure the non-uniform 
coating thickness ranging from 0.05 mm to 
1 mm within an accuracy of 0.000002 mm to 
0.045 mm. The estimated coating thickness was 
found in good agreement with the actual value.
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