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Abstract
Optically stimulated Lock-in thermography (OLT) which is an active thermography technique for
NDT is based on propagation and reflection of thermal waves which are launched from the surface
into the inspected component by absorption of modulated radiation. Phase angle images obtained
by superposition of the initial thermal wave and its internal reflection display hidden thermal
structures down to a certain depth below surface. Defects are found by comparing the observed
features with expected features provided by theory or by an intact reference sample. This
technique has been widely applied to detect the defection of composite materials and structure in
aerospace and automotive industry. In this study, the law of sine modulated lamp is used as
active heat source into sample, and the thermal wave image sequences are collected with JADE
MWIR 550 FPA infrared camera made in France Cedip Company. The special image sequence file
formation is studied and analyzed. The digital filter algorithm and thermal wave signal single
sequence Fourier transform algorithm are researched to obtain the phase angle image of thermal
wave on the surface of sample. The program of IR Lock-in thermography is developed by Visual
C++ development platform. The experimental results show that the lock-in thermography software
system can be used to detect the subsurface defects.
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1. Introduction
On the beginning of 1960s, infrared thermography (IRT) has been successfully used as an
NDT&E technique in many applications. The IRT is a kind of non-contact, nondestructive and
visualizing NDT&E, which is becoming an important means for production quality and in
service inspection. Contrary to passive thermography, in which the objects or features of interest
present naturally a thermal contrast with respect to the rest of scene. The active approach requires
an external source of energy to induce a temperature difference between defective and
non-defective areas in the specimen under examination. A wide variety of energy sources are
available and can be divided in optical, if the energy is delivered to surface by means of optical
devices such as photographic flashes (for heat pulsed stimulation) or halogen lamps (for periodic
heating), or mechanical, if the energy is injected into the specimen by means of mechanical
oscillations, e.g. with a sonic or ultrasonic transducer. Optical excitation stimulates the defects
externally, i.e. the energy is delivered to the surface of specimen until they reach a discontinuity
that act as a resistance reflecting the thermal waves back to the surface. Mechanical excitation on
the other hand, heats up the defects internally, i.e. mechanical oscillations injected to the
specimen travel in all directions dissipating their energy at the discontinuities in the form of heat,
which travels to the surface by conduction[1]. There are three classical active thermographic

techniques based on these two excitation modes: Lock-in thermography and pulsed thermography,
which are optical techniques applied externally; and virbothermography, which use sonic or
ultrasonic waves (pulsed or amplitude modulated) to excite surface or internal features. In
pulsed thermography (PT), the specimen surface is submitted to a short heat pulse using a high
power source such as photographic flashes. After the thermal front come into contact with the
specimen’s surface, a thermal front travels from the surface through the specimen. As time
elapses, the surface temperature will decrease uniformly for a piece without inclusions, can be
thought as resistance to heat flow that produce abnormal temperature patterns at the surface that
can be detected with IR camera. In active thermography, the front surface of a solid sample is
heated either instantaneously or continuously while an IR camera monitors changes in the surface
temperature. However, the pulse thermography means exists three disadvantages for NDT&E in
applications, these disadvantages include the detection depth is limited because of influencing by
material emission rate; the effect of no uniform heat is not overcome by surrounding; this method
is only applied to detect the defect of plain structure [2].
Lock in thermography is a new NDT&E method recently developed, the AGMA Company
developed the lock in thermography in 1995, and Cedip Company developed lock in
thermography system which include hardware and software system [3]. The active heat source is
used in combination with modulated intensity of continuous sine wave source in IR lock in
thermography, and an infrared camera is utilized to detect the surface temperature of a thermal
wave propagating into materials and then produces a thermal image, which displays the local
variation of thermal wave in phase or amplitude. Lock in thermography can be used to detect
subsurface defects because the thermal wave is very sensitive to interfaces between materials, and
it can overcome many disadvantages of pulse thermography application for no uniform heating,
surrounding conditions and structure performance [4-5].
This paper presents a theoretical analysis and experimental investigation of lock in
thermographic inspection carbon steel and composite materials based on image sequences
processing. In this work, the photothermal process is analysis by FEM method to evaluate the
relation between defect depth and modulated frequency for carbon steel, and the digital filter
algorithm which is Savitzky-Golay digital smoothness filters and Fourier transform algorithms are
developed to obtain the phase image. From the theoretical analysis and experimental investigation,
the factors affecting the detectives were discussed.
2. Theory
2.1 The behavior of thermal wave in a homogenous plate of finite thickness
Sinusoidal variation heating condition means the heat flux power density is time-variation.

q0 =

I0
(1 − cos(2πf e t ))
2

（1）

Where q0 is the heat flux power density, I0 is the power of lamp, fe is the external heating
stimulated frequency and t is the time.
For the purpose of analysis, the testing sample is considered as semi-infinite, on to which a
uniform heat source periodically deposits heat at a modulating frequency. Then, the program
makes possible investigation of transient phenomena of heat conduction in object sample.
Test object is treated as the solid. It is analyzed in the system Cartesian co-ordinates. The
heating is carried out by applying an external sine law heat flow on the front surface o f the sample.

It assumes that the thermal flux after this side is homogenous or distribution of its density
described by Eq.1. Fig.1 shows the heat conduction process in sample with a defect.
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Fig.1 Heat transfer of modulation flux in plane
Transient process o f the thermal conductivity in the object define areas in the
three-dimensional system of Cartesian co-ordinates which can be described with following system
of equations[6].
The parabolic equations of thermal conductivity
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Where k is the Thermal conductivity,ρ is the density and c is the specific heat.
The initial condition is described by Eq.3.

T ( X , Y , Z , t = 0) = T∞

(3)

Where, T∞ is the ambient temperature.
The adiabatic conditions on the side surface by the coordinates X and Y are described by
following equations.

∂T ( X , Y , Z , t )
=0
∂X
∂T ( X , Y , Z , t )
=0
∂Y

For X=0, Y=0:LY; X=LX,Y=0:LY
For Y=0, X=0:LX; Y=LY,X=0:LX

(4)
(5)

The front surface is heated by heat flux. Temperature of front surface is higher than the
ambient temperature, so the heat exchange will be concurred on both front and rear surface. The
boundary conditions on the plan edge are as Eq.(3) and (4)

−k

∂T ( X , Y , Z = L, t )
= q 0 − h f (T f ( X , Y , Z , t ) − T∞ )
∂Z

Z=L

t>0

(5)

Where Tf is the temperature of the front surface and hf is the heat exchange coefficient on the front
surface.

−k

∂T ( X , Y , Z = 0, t )
= hr (Tr ( X , Y , Z , t ) − T∞ ) Z=0 t>0
∂Z

(6)

Where Tr is the temperature of the rear surface and hr is the heat exchange coefficient on the rear
surface.
2.2 FEM analysis
In order to analyze the temperature distribution on the surface of specimen due to sinusoidal
heating, the finite element method is used to emulate the process of heat conduct. The characters
of defects can be decided by analyze the difference between the temperature of defect surface and
non-defect surface. Fig.2 shows the structure and the finite element mesh of the embedded pass
defects in C30 carbon steel material. Table 1 lists the thermal property of materials of C30 carbon
steel and air inside. Calculate by the finite element method, the used boundary conditions
parameters are listed in Table 2, and Table 3 lists the sinusoidal loading heat flow and modulated
frequency.

b) 2-D embedded defect structure
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c) Sectional dimension and finite element mesh
Fig. 2 Structure, sectional dimension and finite element mesh
Table 1 Thermal property of materials
Materials

ρ (Kg/m3)

c (J/Kg℃)

k (W/m℃)

C30 steel

7830

469

47

Air

1.1774

1005.7

0.02064

Table 2 Boundary conditions
Ambient

Intensity of heat I0
(W)

hf (W/m ℃)

hr (W/m ℃)

200

12.2

11.8

2

2

Table 3 Heat stimulated modulated frequency
Excitation frequency fe (Hz)

temperature (℃)
20

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.14

0.16

0.18

0.20

0.22

0.24

0.26

0.30

0.33

0.36

0.40

0.45

0.50

0.55

0.60

0.70

0.80

0.90

1.00

When the variety of surface temperature is under research, by calculating the phase difference
(the difference between phase of defective area and phase of non-defective area) and difference of
temporal variation (the difference between temporal variation of defective area and phase of
non-defective area), the influences of excitation frequency and depth of defects are considered.
∆Ph = Phdefect-Phnondefect
(7)
Where ∆Ph is the phase difference between the defective area and the non-defective area , Phdefect
is the phase value of the defective area and Phnondefect is the phase value of the non-defective area.
∆Am = Amdefect-Amnondefect
(8)
Where ∆Am is the amplitude difference of temporal variation, Amdefect is the amplitude value of
the defective area and Amnondefect is the amplitude value of the non-defective area.
Fig.3 shows the temperature variation on the section of embedded defects versus time
variation under fixed excitation frequency. The section temperature rises with the time lasting.
Fig.4 shows the temperature variation of fixed point on the front and rear surface of
defect/non-defect position. In the given time, the temperature variation contains linear component
and period component. At this moment the temperature is in transient state, with the time lasting,
the linear component causes the heat accumulation in specimen, and then the temperature on the
surface generally rises. For the given material, temperature rises higher with lower excitation
frequency, and need more time to reach the stability state.

Fig. 3 Sectional temperature variation under
excitation frequency fe=0.12Hz

Fig.4 The temperature history of given points

Fig.5 shows the phase differences versus modulated frequency for defects at different depth.
For the given depth, an optimal frequency gives the great temperature phase difference. And for
C30 carbon steel material, the excitation frequency is chosen at 0.10~0.20Hz to accurately decide
the defects position and shape.
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Fig. 5 Phase differences versus modulated frequency for defects at 1.0-1.8mm

Fig.6 shows the relation between the amplitude difference and the excitation frequency under
the different defect depth. The amplitude difference becomes litter with the defect depth increase.
For the C30 carbon steel martial, when the excitation frequency higher than 0.1Hz, the amplitude
difference decreases with the frequency increases. The temperature changes on the order of
0.001℃, and the general medium wave infrared thermography (NEDT=0.02℃) could not satisfied
the accuracy requirement. Lock-in thermography is a technique combined infrared thermography
technique and digital lock-in technique, which can obviously promote the thermal resolution.
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Fig.6 Amplitude difference versus modulated frequency

3. Experiment procedure
3.1 System set up
The system that is based on IR image sequence processing is recorded the temperature
variation history on the surface with periodical heat flow generation by using of infrared camera,
and then, the image sequences are processing with the signal processing algorithms to obtain the
amplitude and phase image, which are used to FFT method. Fig.7 shows the principle of the Lock
in thermography based on the image sequence processing.

Fig.7 The diagram of IR Lock in thermography based on image sequence

The filter algorithm that is the Savitzky-Golay smooth filter was used to remove the high
frequency noise effect for the signal. The Savitzky-Golay smooth filter principle is shown in Fig 8,
which the principle is based on LMS fit method to remove high frequency noise [7]. The Fig.9
shows the result that the signal is processed by Savitzky-Golay smooth filter.
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Fig.8 Principle of Savitzky-Golay digital filter

Fig. 9 The result of temperature digital filter

Fourier transform is used to calculate the amplitude and phase for thermal wave signal and
the N sequence Fourier transforms is defined.
N −1

X ( K ) = ∑ x (n)W
n =0

nK
N

K=0,1,…,N-1, WN = e

−j

2π
N

(9)

The K is calculated by the Eq.(10).

K=

N
+1
( fs / fe )

Where, the fs is the frame frequency of the IR camera.
Fig.10 shows the program flow chart and the interface of the program developed.

Fig.10 The flow chart and interface of the Lock-in thermography based
on image sequence processing
3.2 Experiment

(10)

The IR Lock-In thermography based on image sequence processing system is used to test the
A3 steel plan and CFRP (Carbon Fiber Reinforced Polymer) material. the estimate of phase image
is to detect the defect in the subsurface of sample. The table 4 list the experimental parameters
used.
Table 4 Experimental parameters
C30 carbon steel

CFRP honeycomb panel

fe(Hz)

fs(Hz)

Sample (frame)

fe(Hz)

fs(Hz)

Sample (frame)

0.12

37

740

0.023

50

1000

4. Results
Fig.11 represents experimental results of phase image obtained at investigation of C30 carbon
steel and CFRP honeycomb panel. In the top of phase image at frequency 0.12Hz and 0.023Hz,
they are visible some hole defects in form. These samples were investigated in the experiment set
up (Fig.7) by lock in thermography method. Fig.12 shows the phase image in the form of the
three-dimension graph.
fe=0.12Hz C30 steel

fe=0.023Hz CFRP
honeycomb panel

Fig.11 The phase image of C30 steel and CFRP honeycomb panel

Fig.12 The phase image three-dimension form of A3 steel and CFRP honeycomb panel
Fig.13 represents the comparison between FEM result and experimental result value for C30
carbon steel at modulated frequency 0.12Hz. It shows the simulation result is consistent with
experimental result.

5. Conclusion
The results presented in this paper show the IR Lock in thermography nondestructive test
system based on image sequence processing is an effective tool of nondestructive testing for
detection of subsurface defects for many materials. This method can be used both in phase of
production of materials as well as at inspection during the service time of a construction formed
from this material. This program have an important advantage of this method is that can sweep
many modulated frequencies from image sequence, and the optional modulate frequency can be
obtained quickly, and IR lock in thermography method is non-contact for composite materials for
aerospace.
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