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Thermal Behavior Variations in Coating Thickness
Using Pulse Phase Thermography
Shrestha Ranjit*, Yoonjae Chung* and Wontae Kim**✝
Abstract This paper presents a study on the use of pulsed phase thermography in the measurement of thermal
barrier coating thickness with a numerical simulation. A multilayer heat transfer model was ussed to analyze the
surface temperature response acquired from one-sided pulsed thermal imaging. The test sample comprised four
layers: the metal substrate, bond coat, thermally grown oxide and the top coat. The finite element software,
ANSYS, was used to model and predict the temperature distribution in the test sample under an imposed heat flux
on the exterior of the TBC. The phase image was computed with the use of the software MATLAB and
Thermofit Pro using a Fourier transform. The relationship between the coating thickness and the corresponding
phase angle was then established with the coating thickness being expressed as a function of the phase angle. The
method is successfully applied to measure the coating thickness that varied from 0.25 mm to 1.5 mm.
Keywords: Non-Destructive Testing (NDT), Thermal Barrier Coatings (TBC), Pulse Phase Thermography, Thickness
Measurement

cooling [6].

1. Introduction

The coating thickness is not only the paraCoating refers to the layers applied to the

meter of the geometrical property of the coating,

surface of an object, usually known as substrate.

but also an important indicator for evaluating

The primary purpose of coatings are decoration

the coating quality performance and service life.

and protection of the substrate [1]. Several types

Thus the effective non-destructive testing for the

of coatings such as thermal barrier coatings

measurement of coating thickness is of great

(TBCs), microwave absorption coatings, anti-

significance. There is a variety of methods such

corrosion coatings, biochemical protection coatings

as magnetic gauges, eddy current, ultrasound,

and functional coatings have been widely used

ray, terahertz etc. to inspect the thickness of the

in modern industries to prolong the life of com-

coatings. However, they all have certain limi-

ponents from oxidation and corrosion, potential

tation such as eddy current suffers from manual

hazards and erosion by particulate debris [2].

scanning and ultrasonic suffers from size and

TBCs are applied to combustion chamber walls,

shape of the target object [7-9].

blades, vanes and exhaust nozzles in gas turbines

Infrared thermography (IRT) is an emerging

[3-5]. TBC coating insulates the substrate from

nondestructive testing and evaluation (NTD&E)

the heat of the gas path and is increasing its

technique with many advantages such as non-

importance

Every

contact, high speed and large area of observa-

0.025 mm of TBC thickness provides up to 17

tion. IRT is a thermal radiation measurement

to 33°C temperature reduction depending on the

technique to detect spatial variations in the

TBC ceramic structure and the level of convective

measured surface temperature pattern. To a greater

for

performance

benefits.
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extent, IRT has been used in the inspection of
thermos-physical properties, sub-surface defects
and

features,

coating

thickness

and

hidden

corrosion, etc. IRT involves two classes, passive
thermography and active thermography. With
respect to the heating procedure, active thermography

could

be

further

subdivided

into

various classes such as pulsed thermography,
lock-in thermography, pulsed phase thermog-

Fig. 1

Schematic of experimental setup for PT system

raphy, step heating, vibro-thermography. In the
active approach of NDT&E, pulsed thermography
(PT) and lock-in thermography (LIT) are the
most commonly used approaches [10-16].
This paper focuses on the development of
measurement technique to measure the coating
thickness. The pulsed phase thermography (PPT)
is taken into consideration to acquire the physical
insight of thermal phenomena occurring during
and after thermal excitation of TBCs structures.
A finite element model (FEM) has been used to
examine the thermal behaviour of the variations
in the TBCs layer. Fourier transform was used
to extract the phase angle of pulsed thermographic data. Then the relationship between the
coating thickness and its corresponding phase
angle

was

determined

and

expressed

as

a

function of phase angle.

2. Materials and Methods

temperature at consecutive time instants. And
the surface temperature data are processed in the
phase angle data by using Fourier transform.
Hence, PPT combines the heat application and
data processing techniques from two established
thermography methods; the experimental procedure of PT and the result analysis of LIT.
Moreover, it combines the advantages of PT and
LIT and also reduces their disadvantages at the
same time [17-19].
The temperature rise caused by pulse heating
of the surface of a semi-infinite sample can be
expressed as Eq. (1) [20],




 

(1)

where T [°C] is the temperature rise at time t
after the flash heating, Q [W/m2] is the energy
deposited on the surface, k [W/m°C] is the
thermal conductivity, [kg/m3] is the density of

2.1. Pulse Phase Thermography

the material and C [J/kg°C] is the specific heat
capacity of the sample material.

PPT is an active thermographic method. As

The Fourier transform can be used to extract

shown in Fig. 1, the PPT is carried out in

phase angle information from pulsed thermo-

reflection mode, where the heat source and IR

graphic data. The Fourier transform can be

camera are positioned facing the same surface of

expressed as Eq. (2) [21,22],

the component. When a pulsed thermal energy
is excited on the front surface of the test
sample, some part of the sample on the surface
is heated instantaneously to a high temperature.
Then the heat transfer took place from the
heated surface to the interior part of the sample,
resulting in a continuous decrease of surface



  ∆

  ∆exp







      

(2)

In this case, real and imaginary parts of the
complex transform are used to estimate the
phase angle and expressed as Eq. (3),
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2.2. Sample
To simulate the PPT inspection, 3-D heat

Table 1 Thermos-mechanical
layers

properties

of

TBCs

Layers

Density
(Kg/m3)

Conductivity
(W/mk)

Heat capacity
(J/kg.K)

TC

3610

0.9

505

BC

3984

3.3

755

TGO

7380

10.8

501

Substrate

4620

21.9

522

flow finite element model has been considered
by using a finite element modelling software
‘ANSYS Version 15.0’. TBC with 4 layers,
namely, ceramic top coat, thermally grown oxide
(TGO), metallic bond coat, and super alloy
substrate were considered. Fig. 2 and Fig. 3 shows
the geometrical details and the finite element
model of test specimen respectively. During
meshing, physical preference was considered as
mechanical with relevance 100, the relative
centre was kept in fine mode and proximity and
curvature was kept on in advanced size function.
A tetrahedral meshing was adapted as a way to

Fig. 2

Geometrical details of the test sample

calculate temperature variations with sufficient
spatial

resolution.

The

resulting

mesh

had

78,071 elements and 159,785 nodes. The Table
1 shows the thermo-mechanical properties of
TBCs layer considered in the analysis.
During simulation, it is assumed that the
specimen surface is submitted to a short heating
pulse utilizing a high power optical source of
9 KJ and the duration of the pulse is 10
milliseconds.

3. Results and Discussions

Fig. 3

FEA model with meshing

The response to the applied heat flux with

short heat impulse time the temperature rise is

the reflection method was simulated using the

faster than its decay. As the time passes, due to

transient analysis over a period of 6 seconds.

thermal diffusion in all directions, the temper-

Fig. 4 shows the thermal images acquired at

ature on the sample surface trends

0.06 s, 1 s, 2 s, 3 s, 4 s and 5 s. It can be

equilibrium again. As determined within the Fig.

observed

a

5, it is observed that the cooling process of the

maximum temperature when compared to the

specimen is almost over in 5 seconds. The

thin coatings. The Fig. 5 shows the surface

pulsed thermographic images were then post-

temperature decay of coating with different

processed to determine the phase angle. The

thickness with respect to time. Due to the very

Fourier

that

the

thick

coating

attains

transform

was

towards the

performed

in

post
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Fig. 4

(a)

(b)

(c)

(d)

(e)

(f)

Pulsed thermographic images at different time interval, (a) time 0.06 s, (b) time 1 s, (c) time 2 s, (d)
time 3 s, (e) time 4 s, (f) time 5 s

Fig. 5

Surface temperature decay profile

Fig. 6 Phase image acquired with the Fourier transform
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coatings. It is due to the reason that the mesh
size is not enough for the thin coatings. It is
expected that the error percentage could be
reduced

by

changing

the

mesh

size

and

enhancing the mesh quality of thin coatings.

4. Conclusions
In this work, coating thickness measurement
method was developed by using pulse phase
Fig. 7

thermography.

Coating thickness calibration curve

Table 2 Predicted coating
percentage

thickness

and

A

finite

element

modelling

scheme using ‘ANSYS Version 15’ is proposed
error

to

completely

simulate

the

pulse

phase

thermography. Variation in the temperature of
IR thermograms and its corresponding phase

Actual
thickness
(mm)

Calculated
Phase angle
(radian)

Predicted
thickness
(mm)

Error
(%)

0.25

0.577

0.289

15.69

0.5

0.635

0.435

12.91

0.75

0.829

0.794

5.90

angle is the key to measure the thickness of the
coating. The method is successfully applied to

1

1

0.980

1.98

1.25

1.760

1.251

0.12

1.5

2.090

1.5

0.02

measure the thickness of coating varied from
0.25 mm to 1.5 mm.
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