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Abstract

The purpose of this paper is to analyze the thermal stress using Infrared (IR) thermography as a nondestructive testing (NDT) method with non-contact and non-penetration way. As this technology is based on
the thermal elastic effects, however, it can be used only under various loading conditions. Using a lock-in
thermography system, this study examined the distribution of stresses in specimens by applying the principle
of thermal elasticity. Applying the IR thermographic measurement to S45C as compact tensile specimen
(CTS), the analysis of the linear relationship between the strength and stress was analyzed in this study.
From the work, it was assured that the changes in temperature caused by the measured stresses from the
thermography camera were consistent with the applied loads.

1. Introduction
Infrared thermography can be used for remote and
non-contact detection of defects on the surface of
materials and structures [1,2]. Thermograph is
applicable to measure the location and shape of
separation defects qualitatively, accordingly useful
for maintenance of concrete structures and electric
installations and inspection for leakage [3].
However, conventional infrared thermographic
methods do not allow determining the depth of
separation defects from thermography images. The
depth of defects in the material is important
information in maintaining structures, e.g.,
deciding how urgent repair and reinforcement is,
and thus it is necessary to obtain non-destructive
inspection technology for determining the depth of
defects quantitatively. In order to determine the
depth of separation defects using thermography, it
is not sufficient to have temperature distribution
images at any viewpoint, but it is necessary to
measure an abnormal process where thermal loads
are applied to diffuse heat into a specimen and the
heat finally reach defects to make adiabatic
temperature fields.
As a infrared thermographic technology which can
be used to determine the depth of defects as shown
in Fig. 1, lock-in thermography has been
developed: the distribution of temperature is
measured under periodic thermal loads by
synchronizing it with reference signals, and the
+
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defects are detected and measured based on the
amplitude of temperature variations and the
distribution of phase lags [3]. Wu et al. [4] carried
out lock-in measurement of defects-induced
variations in adiabatic temperature fields by
applying periodic thermal loads to composites
containing defects and using periodic heating
signals as reference signals, and concluded that the
distribution of phase lags from the reference
signals under the periodic variations of adiabatic
temperature fields was effective for detecting
defects. Sakagami et al. [5] conducted numerical
analysis of inverse problems with the data
precisely measured from the signals correlated with
the temperature distribution under periodic heating.
They developed a thermal web CT method for
quantitatively measuring the shapes and
dimensions of separation defects, and proved the
effectiveness of the method using a numerical
simulation.
This study was conducted to measure the
distribution of stress in a specimen using a infrared
thermographic camera, which measures the fine
variations in temperature, and applying the lock-in
thermography method according to the principle of
thermoelasticity.

2. Measurement of Lock-in Thermography
When a solid material is rapidly stressed by
external or internal load and adiabatically
deformed, the variation in temperature occurs in
the same way. When a solid material is under
tensile loads, the temperature of the material is
decreased in proportion to the tensile loads. When
a solid material is under compressive loads,
contrarily, the temperature of the material increases

(a) Loading cycle
(b) Signal processing in thermal stress
Fig. 1 Principle of Lock-in Thermography

in proportion of the compressive loads. This is
known as a thermoelastic effect.
2.1. Thermoelasticity formulation
Since Weber (1980) experimented with steel wires
and Kelvin (1853) formulated the principle of
thermoelasticity, the effect has been a basis for
thermoelastic stress measurement technologies. In
an isotropic and elastic element, the relationship
between thermal load and deformation is expressed
by Equation (1)

∆ε =

(1 − 2ν )∆σ
E

+ 3α∆T

(1)

△ε = rate of volume expansion
△σ = change of major stresse sum(Pa)
E = Young's modulus (Pa)
υ = Poisson's ratio
α = linear expansion coefficient (1/K)
△T = difference of temperature (K)
2.2. Thermodynamics formulation
When a force is applied to the material by external
excitation, a thermodynamic analysis of the
reversible and adiabatic behaviors in the elastic
element will become Equation (2)

∆T = −

3 • TαK∆ε
ρC

2.3. Thermal stress analysis
If the element makes no change in volume, there
will be no change in temperature under elastic
conditions. Using the relationship between Cv and
heat capacity under a static pressure, Cp, from the
Equations (1) and (2) will lead to Equation (3). [6]

∆T = −

T = absolute temperature (K)
K = Bulk modulus (Pa)
α = density (Kg/m3)
CV = specific volume heat capacity (J kg/K)

(3)

v

Equation (3) is only effective on the assumption
that the adiabatic conditions for lock-in
thermography are satisfied. The adiabatic
conditions for a thermoelastic analysis are obtained
by applying periodic loads (> 3 Hz) to a structure.
In this case, the dynamic equilibrium (reversible
state) is maintained between the mechanical and
thermal forms of energy. Equation (3) is a
quantitative expression of the variations in
temperature caused by the variations in applied
loads. Table 1 shows typical Km values in general
engineering materials. The minus (-) sign means
tension, i.e. increase in temperature, while the plus
(+) sign means compression, i.e. decrease in
temperature. If the adiabatic conditions are
satisfied, the variation in temperature will be
proportional to that in the sum of main loads, and
the heat elastic modulus, Km, will become
Equation (4)

(2)

v

α
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m

α
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v

Fig. 2 Schematic diagram of experimental apparatus set-up in Lock-in Thermography
Table 1 Typical value from common engineering
materials
Material
Steel
Cast iron
Iron

α
K-1
1.20e-5
1.00e-5
1.21e-5

ρ
Kgm-3
7800
7800
7870

Cp
490
500
441

Km
MPa-1
3.14e-6
2.56e-5
3.49e-6

ms intervals. An infrared (IR) camera was located
0.7 m in front of the specimen and a lock-in
module which synchronizes in real time the
loading signals from the fatigue tester and the
temperature data from the camera was setup, as
showing in Fig. 2 [7~10].
3.2. Experimental condition

3. Experiment
3.1. Experimental apparatus
To measure the thermoelastic stresses, compact
tensile specimens were mounted on MTS 858
fatigue tester as shown in Fig. 2. The compact
tensile specimen is shown in Fig. 3. The
specifications of the specimens are listed in Table 2.
The infrared thermography camera used for this
study was Jade 550 M (Cedip, France) with InSb
as an infrared detector, temperature range between
5°C to 500°C, resolution of 320x240 pixels (30 µm
pitch), infrared wavelength between 3.6 µm to 5.1
µm, cooling by electronic control of stirling cooler,
noise equivalent temperature difference (NETD) of
0.02°C at 25°C, shutter speed between 1 µs to 10
ms, and frame rate between 5 Hz to 380 Hz at 0.1

The IR camera had a frame setting speed of 70 Hz,
and the ambient temperature was 25°C. The
specimen was covered with dull and black paints
with a radiation rate of :1.0 to make the radiation
rate on the surface uniform and close to that of the
black body. As the black paints cannot perfectly
ensure the radiation rate of 1, however, it was
necessary to pay attention to infrared rays incident
on the IR camera from other infrared sources.
Table 2 shows the engineering data for materials,
including the specimen.
The MTS 858 fatigue tester had a loading
frequency of 15 Hz. All heating elements were
removed from the laboratory room to make the test
conditions as close to adiabatic conditions as
possible.

Fig. 3 Photography and dimensioning of test specimen; unit mm

Table 2: Specimen's material type and properties
Material
SM45C

E, GPa
Y module
205

μ
0.29

σ , MPa
yield
620

σ , MPa
ultimate
690

3.3. Experimental procedure
The experimental procedures were as follows: 1)
under fatigue loading between 0 to 6,000 cycles,
data was obtained at the E-mode and then
recorded; 2) the data was converted to the D-mode;
3) under fatigue loading between 6,000 to 12,000
cycles, data was obtained at the D-mode and then
recorded; 4) the procedures 1) to 3) were repeated
between 2 to 7 steps; 5) mean temperatures were
calculated at the mode of each step; 6) the stress
and loss energy were calculated using the
material’s heat elastic modulus; 7) the thermal
loads for each loading were calculated. In addition,
2,000 images at a frame rate of 100 Hz for 20
seconds were accumulatively calculated with the
lock-in method as shown in Fig. 1 to obtain better
NETD of 0.001°C.

4. Results and Discussions
4.1. Measurement method
All devices considered in the thermoelastic stress
measurement
system
had
their
specific
characteristics, e.g. in infrared sensing, imaging,

(a) 140 MPa

(a) 220 MPa

and correlated signals processing. All of them
achieved NETD of 1 mK when measuring
thermoplasic variations in temperature and the
resolution of 1 MPa when measuring the stress in
steels. The temperature signals detected were input
into a lock-in signal processor, and the variations
in temperature with the same frequency as the
reference signals, i.e. loading signals, were
selectively extracted. Like when measuring the
infrared temperature, it is also necessary to pay
attention to the effects of the radiation rate on the
surface
of
specimens
when
measuring
thermoelastic stress.
4.2. Stress analysis
Specimens were mounted on the MTS fatigue
tester, and two journals of specimen were fastened.
Tensile loads were applied from 140 MPa to 240
MPa in stages with increment of 20 MPa. The
infrared stress images and the temperature
increases by dispersion energy were obtained and
measured at each load using the IR camera. Fig. 4
shows the stresses (MPa) converted from the
infrared stress images by multiplying the
temperature increases of the thermoelastic effect
(Te) in Equation (1) creased by the periodic
loading to the specimen and the heat elastic
modulus of the specimen together.

(b) 180 MPa

(b) 230 MPa
Fig. 4 Thermography of stress on CTS

(c) 200 MPa

(c) 240 MPa

mechanical behaviors in specimens, temperature
change by external factors, e.g. wind, and thermal
conduction [8].

∆T = r + T + D + T
e

c

(5)

e

: change of temperature (℃)
: External disturbances (temperature variations
depending on wind or surroundings)
: Heat conduction (temperature behaviors to be
thermally quaisi-equilibrium)
D: Disspation energy (temperature rise upon
repeated cycle)
: Effect of thermoelasticity
Fig. 5 Relationship between stress and loading
4.3. Relationship between load and stress
Graphing the maximum stresses at the corners of
the specimens on which stresses are concentrated
in the infrared stress images in Fig. 4 indicated that
the stresses (MPa) which the IR camera captured
for the filtered loads increased up to 230 MPa in
proportion to the loads as shown in Fig. 5. This
proves that the variations in temperature captured
by the IR camera were equal to the loads actually
applied to the specimens.
4.4. Fatigue analysis
In addition to the linear increase or decrease in
temperature which is not accompanied by the
temperature increase in specimens, consideration
should be given to the repetition of temperature
increase and decrease by the thermoplastic effect,
temperature increase of the dispersion energy by

(a) 140 MPa

(b) 180 MPa

Fig. 6 shows the maximum temperatures from the
dispersion energy images at the specimen corners
on which loads were concentrated. The dispersion
energy images show the temperature increases, △T
(°C), in Equation (5).

5. Conclusions and Remarks
Lock-in thermography became used for stress
analysis of specimens because of the rapid
enhancement of NETD in thermography cameras.
This technology enables conducting stress analysis
and estimation of fatigue limits in a nondestructive and non-contact method within a
shorter period, and thus users can obtain stress
maps immediately after the test. The thermoelastic
stress measurement is a new experimental analysis
technology which allows obtaining visible data of
surface stress distribution (variation in total sum of
main stresses, △(σ1 + σ2)) using thermography.
This technology has supplementary advantages to

(c) 230 MPa

Fig. 6 Thermography of dissipation energy distribution on CTS

(d) 240 MPa

conventional strain gauge methods, and is
increasingly used for many applications. As lock-in
thermography is to measure the variation of surface
temperature, the use of only this method is not
effective in the detection of stress-concentrating
defects, e.g. cracks. Therefore, it can be stated that
the combination with the energy dispersion mode
(D-mode) allows measuring the thermal stresses in
those defects so that it can be effectively used for
non-destructive inspection of cracks.
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