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PROCESSING OF RESULTS FROM A THERMAL FEM ANALYSIS
USING THE LOCK-IN METHOD AND COMPARISON WITH
EXPERIMENT

Summary. This article dealt with the comparison of results obtained from an
experiment and from the numerical thermal FEM analysis. Sample with defects
were printed on a 3D printer. A thermal wave from the halogen lamp to excite the
front surface of the sample was used in the next step and the response was measured
by a thermal camera. After processing the data in the software DisplaylMG, a phase
image was created representing the 2D image of the material at a certain depth
under the surface of the model. Lock-in method was applied to the results from the
numerical thermal FEM analysis and the phase image was created. The programs
code were created in MATLAB for a 4 points, multiple points and differential lock-
in method which were compared with the results from the experiment.
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1. INTRODUCTION

With the greater availability and rapid decline in the prices of thermal cameras in the last
years, thermography has developed from being a rarely used technique to an increasingly
popular investigation method. There are a number of techniques for evaluating the time
dependence of temperature distribution.

Experimental methods often utilise the detection of a test object's response to excitation. An
infrared camera (IRC) can also be used as a detector for these measurements. Using a camera
in the 3-5 um (MWIR) wavelength range with an InSb detector, it is possible to detect events
with microsecond integration times. This can be used to detect the occurrence of fast events,
for example, Liiders bands [1-3], when synchronizing the camera with exciting harmonic
loading events, which is useful in thermoelastic analysis (TSA) [4,5], in determining the
dissipative energy estimation in fatigue tests [6,7,8], determining crack size [9], in the analysis
of vibration and determination of resonance frequencies and modal shapes [10,11].

In thermoelastic analysis, the temperature change during the adiabatic loading cycle (when
the minimum frequency for steel is 2 Hz, for Al alloys 20 Hz) is usually very low at the ICR
noise level. Increase in signal-to-noise ratio is achieved by lock-in technology [12] processing
the camera output. This increases the sensitivity by at least 1 order, which is sufficient for
determining temperature change. In the elastic region, based on the linear relationship between
the temperature change and the trace of stress tensor, it is possible to determine the distribution
of the sum of the principal stresses on the test object [13].

In cyclic loading, if there is only microplastic deformation below the fatigue limit, the
radiation level corresponding to the dissipated energy of the detected IRC is approximately
constant and is a linear function of the mean and load amplitudes. When the load is higher than
the limit, this energy increases, which is detectable by the camera. The breakpoint determines
the fatigue limit and the energy corresponding to the linear dependencies (before and after the
breakpoint) and the Wdohler curve can also be determined [14]. Such a test is an accelerated
fatigue test with loading in blocks of increasing mean and amplitude, with the radiated energy
rate determined in each block. This also makes it possible to analyse the formation and
propagation of the plastic region in the crack root [15,16].

The application of the MWIR IRC is significant in non-destructive testing (NDT) when the
excitation is realised, for example, cyclic loading (fatigue testing machine), sonotrode
(ultrasound) and temperature waves (halogen reflector). Response is detected by IRC using
lock-in. The output is interpreted as the amplitude and phase of the Fourier series at lock-in
frequency corresponding to the excitation frequency [12]. Through the phase change, the
defects in the object are detectable. The excitation frequency determines the depth of defect
below the surface [17].

A separate issue is a multi-parametric approach, where temperature dependence
measurement is also used to assess the reliability of the technology [18-25].

While the steady-state thermography is often called "passive thermography", the techniques
evaluating dynamic temperature are called "active thermography”, since the sample
temperature is actively influenced by certain means. The most prominent examples of this class
of non-steady-state or dynamic thermography are the pulse and lock-in thermography.
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2. LOCK-IN METHOD

The lock-in principle is the technique of choice, if signals have to be extracted from statistical
noise. Prerequisite to using this technique is that the primary signal, can be periodically pulsed
or anyhow else amplitude-modulated with a certain frequency called “lock-in frequency” fiock-
in [12]. The lock-in method uses the non-destructive testing by infrared thermography to detect
the hidden defects in the sample. In this case, it is necessary to synchronise the modulated signal
of the heat source with measured data. Moreover, the lock-in method is used, for example, in
mechanics, in determining deformation fields, or for determining the fatigue limit.

Lock-in method can be described as a multiplication of detected signal F by a weighting
factor K. This process is usually called lock-in correlation procedure. Output signal S for
synchronous correlation is obtained by linear averaging over n lock-in periods (L is phase
position, N is number of frames in one period):

1
st = ﬁz?ﬂ Z?’=1 KjLF 1)

The correlation function optimum to achieve the best signal to noise ratio is the harmonic
function. When we use sine wave with amplitude A and its phase ¢ we get:
F(t) = Asin(2nfipck—int + @) = ASin(2tfiock—int) €0S @ + Acos (27 fiock—int) SIN @ (2)

And weight factors are:
1(']-0o = 2sin (M) 3)

n

K?*" = 2cos (%_1)) 4)
Using the addition theorem of equation (2) and equations (3) and (4) the results of correlation

are [18]:
$” =Acosg (5)

§9°" = Asing (6)

Then, the amplitude a the phase are [9,10]:
A =,/(§%)2 + (59°°)2 (7)

590"

@ =tan™! (5—0) (8)

3. EXPERIMENT

One of the purposes of this paper is to design a 3D model with the defects (Fig. 1) that is
printed on a 3D printer (Mark Two). The defects are designed like blind holes 10x10 mm with
the square cross section with the different depth under the surface the model. The samples are
printed from the material “Onyx” which is defined by the producer as nylon mixed with
chopped carbon fibre. The macroscopic properties of the composite materials are converted
from the material properties of the components by homogenisation techniques, for example, in
this case, are taken the parameters of the basic material because the manufacturer did not
provide sufficient documentation. The thermal properties of the Onyx are:

e density p = 1.18 g/em®
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e isotropic thermal conductivity x = 0.23 W/(m.K)
e specific heat ¢, = 1510 J/(kg.K)
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Fig. 1. 3D model with the defects

Experiment is done using the optical excited lock in thermography and the goal is for
detection of defects in the specific depth under the surface. The basic idea of lock-in
thermography (Fig. 2) is the visualisation of thermal wave propagation. The phase angle of such
waves provides information about thermal structures and inhomogeneities. The thermal waves
are generated by intensity-modulated halogen lamps which heat up the surface. The signal is
captured by a high-resolution infrared camera. The evaluation method “R/L-Algorithm” allows
for the determination of thicknesses and thermal reflection coefficients. A sinusoidal thermal
source is used to excite the surface of a sample. The thermal excitation source consisted of one
halogen lamp of 2.5 kW, driven by a power amplifier and a function generator.

In addition to optical excitation, which is considered optimal for composites, other types are
also used, such as ultrasonic excitation of metallic materials.

For detection of thermal waves, a thermal camera FLIR SC7500 with cooled detector was
used. This IR camera has a temperature resolution of 20 mK and 320 x 256 pixel resolution.
The camera is attached to the thermal source, which is used to generate harmonic waves passing
the sample with adequate frequency. The thermal camera frame rate is set to 100 frames per
second.

In the DisplaylMG software, measured data from the thermal camera are processed using
the lock-in method and the result is the phase image. Lock in frequency is used to determine
reaction at certain depth u under the surface of the measured sample:

2K

27TpCprock—in

p= 9)
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Fig. 2. Principle of optically excited Lock-in thermography
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Lock-in frequency is same as the frequency of the stimulated thermal wave. In this
experiment,the lock-in frequency was set to 0.1719 Hz which represents the reaction from the
depth around 0.5 mm under the surface. Configuration of devices which were used in the
experiment is shown in Fig. 3a). The phase image which was getted from the DisplayING was
imported to Matlab and a 176 x 176 image is cropped from the 320 x 256 image showing only
samples without the other background (Fig. 3b).

4. NUMERICAL FEM SIMULATIONS

Sample with the defects (Fig. 1) is stimulated by the heat flux with the cosines amplitude in
the program Ansys workbench. This thermal simulation represented an experiment in which
the model is stimulated by the heat flux using the halogen lamp. On the front surface of the
model is applied the heat flux M, which represent the thermal wave used in the experiment.
Maximum of the heat flux amplitude is 12.8 W/m? which is computed from the data of power
of the halogen lamp used in the experiment. Cosine wave of the heat flux is applied using the
data in Tab. 1. On the other surfaces of the sample is applied the convection which represents
a natural heat transfer between the object and the ambient air and its value is 20 W/m?2.K.
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Fig. 3. Configuration of the devices (a), and phase image from the experiment (b)

Tab. 1
Values of the heat flux M across the time t

1. 2. 3. 4. S. 6. 7. 8. 9. 10.
t[s] 0 |0.646 | 1.292 | 1.939 | 2.585 | 3.231 | 3.878 | 4.524 | 5.171 | 5.817

M

[W/m?] 0 1.497 | 5288 | 9.6 |12414|12.414| 9.6 | 5288 | 1.497 0

On the front surface of the numerical model of the sample was created the mapped mesh 176
x 176 nodes, which represent the 176 x 176 pixels of the thermal camera covering the surface
of the sample. The final numerical mesh contained 635 072 nodes, 133 125 elements and was
made up of the hexahedral linear elements. The boundary conditions are shown in Fig. 4.
After the simulations, the nodes on the front surface (176 x 176) and its values of the
temperature were exported to the text file. It is done for the every time step from the Tab. 1.
From these text files were created 2D matrices, which represent the distribution of the
temperature on the front surface of the sample. It is similar to the image created by the thermal
camera. After processing these images using the lock-in method, the phase images were created.
Three methods of lock-in were used:
o four points lock-in method which uses only the four images at the position 2, 4, 6, 8
(Fig. 5a)
e multiple points lock-in method which uses all the images (Fig. 5b)
o differential lock-in method which on the beginning subtract the first image from the others
than is calculated from this differential images (Fig. 5¢)
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Fig. 5. Four points lock-in (a), multiple points lock-in (b), and differential lock-in (c)

The phase images look identical like the phase image from the experiment. To determine the
deviations of these three results from the measured result of the experiment, it is necessary to
select a line (profile) from all of these phase images that are on the y-axis at the position 40 (red
arrow). These lines are after that normalise because of comparison on the same scale. The
results are shown in Fig. 6.
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Fig. 6. Four points lock-in vs. experiment (a), multiple points lock-in vs. experiment (b),
and differential lock-in vs. experiment (c)
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In the table are shown the percentage differences between the three peaks of the line from
the experiment and from the numerical simulation.

Tab. 2
Differences between the lines
Experiment Numerical .
(bFue line) simulation (red line) Absolute differences
Peak a) (Left) 2.46 2.05 0.41
Peak a) (Middle) 0.55 1.15 0.6
Peak a) (Right) -0.22 0.45 0.67
Peak b) (Left) 2.46 2.46 0
Peak b) (Middle) 0.55 0.46 0.09
Peak b) (Right) -0.22 -0.17 0.05
Peak c) (Left) 2.46 1.72 0.74
Peak ¢) (Middle) 0.55 1.47 0.92
Peak c) (Right) -0.22 0.59 0.81

From these results, it is obvious that the multiple points lock-in method is closest to the
experiment. This is because the software DisplaylMG also uses this method to process data
from the infrared camera. This method is the closest to reality because when the lock-in
frequency 0.1719 Hz is used to represent the reaction from the depth around 0.5 mm under the
surface, only the first two defects were seen.

5. CONCLUSION

In this article, the sample with defects was printed on a 3D printer and was used for the
optical lock-in thermography. Also using this model, the numerical FEM simulation
representing this optical lock-in thermography was created. A sinusoidal thermal source
(halogen lamp) was used to excite the surface of the sample and a thermal camera FLIR SC7500
was used for detection. The phase image was getted from the DisplayING. Phase image
representing the 2D image of the material at a depth 0.5 mm (because lock-in frequency is
0.1719 Hz) under the surface of the model. After processing, the data from the experiment and
numerical simulation was created. In MATLAB, was created programs for 4 points, multiple
points and differential lock-in method, which were used to process data from the numerical
simulation. These methods were compared to the experiment. The multiple points lock-in
method is the closest to the experiment and reality. Therefore, this method can be used in future
research.
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