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ABSTRACT

Active thermography NDT are full field, non contact techniques used on steel, composites and
ceramics for defect and damage detection. In this paper, thermal parameters and material
responses of samples are investigated quantitatively by means of theoretical and experimental
approaches. Free material response to thermal loading is investigated for two classes of
materials for structural applications: steel and ceramic.

Keywords: lock-in thermography, NDT, DFT analysis, thermal analysis, material
characterization, train waves, steels, ceramics.

INTRODUCTION

There is considerable interest in active thermography techniques for Mechanical and Aerospace
applications. Defects identification has become a central issue in structural studies and, as a
result, much research in recent years has focused on the development of non-destructive
techniques. Traditionally, systems are investigated by mechanical vibrations analysis.
Researchers have studied and improved many aspects of material properties knowledge and
response to thermal behavior. Recent studies on NDT focused on thermographic analysis. This
technique is classified in two categories: Active (AT) and Passive (PT). The first differs from
the latest for the excitation source. In passive thermography the thermal map is generally due
to mechanical or physical phenomena occurring on the specimens, while in active
thermography a thermal load, generally local and impulsive, is provided. Initial attempts
focused on classifying active thermography techniques according to the excitation mechanism
and the heating source. In structural industries and applications, the optical excitation
mechanism is the most used. Metal defect detection and material characterization is performed
with mainly two techniques known as Pulsed thermography (PT) [1]-[3] and Lock-in
thermography (LT) [4]-[7]. These studies suggested possible experimental procedures for
different active thermography techniques. Early data were interpreted by amplitude and phase
images. An alternative approach was developed by [8][9]. In these studies, mathematical
models were found to correlate sample temperature trends, material features and defects
dimensions. [10] suggested a possible correlation function to relate whether a noisy thermal
contrast evolution corresponds to a defect. [11] focused on identifying the reliability of
thermography processing techniques by the use of the signal to noise ratio. Much research in
recent years has explored the AT area. Previous works focused only on improvement of defect
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detection sensibility. However, although the qualitative investigation to amplitude and phase
images was demonstrated over the past years, little attention has been paid to the quantitative
side. Few researchers have addressed the problem of a direct correlation between thermographic
output and material characterization. A quantitative study can enable a deeper analysis of
material characterization and defect identification.

In the present paper, in the mechanical and material field, a new approach is proposed:
amplitude and phase of thermal response to a thermal impulse sequence are investigated in two
different materials of structural interest. In particular, a set of steels and ceramics samples are
excited by a laser impulse wave.

The purpose of this study is to quantitatively characterize the material behavior by means of
active thermography; in particular, the main aim is defining an experimental procedure to point
out the free thermal response parameters in the frequency domain which can lead to the follow
up of microstructural damage phenomena in the investigated materials. The full material
investigation covers also a Transient Analysis for the cooling down phase.

THEORETICAL BACKGROUND

AT implies an external excitation source. The specimen is therefore subject to heating up and
cooling down phases. By means of an IR camera, both the temporal and spatial thermal
evolution of the object are acquired. The output thermal imaging allows describing the heat
pattern of an area or of a single pixel.

The transient temperature in a surface point, in result of a thermal impulse, is obtained by the
Fourier law of heat conduction [11]:

o av2 1
o a V2T (1)

where a = p% [m?/s] is the thermal diffusivity, k [W/mK] the thermal conductivity, p [kg/m?]
P

the density, ¢, [J/kgK] the specific heat.

Assuming that the surface is uniformly heated, the 1D model brings to the thermal transient of
a single point:

ar a%T
- = 2
ot 0z? 2)
Equation (2) is well known for the calculation of heat transfer across a conductive layer with a
thermal gradient across the boundary surfaces. In case of an indefinite flat surface with
thickness value neglectable with respect to the other dimensions, in adiabatic conditions,

undergoing a it can be demonstrated that the time evolution of the average surface temperature
is a thermal 1D process:

ffs T3D(xl Y,z = 01 t)d.X'dy = TlD(Z = 0! t) (3)

Then, in case of semi-infinite homogenous, defect free material, the time-dependent surface
temperature response to a periodic thermal wave with pulsation w and wavelength A, is
calculated as the integral of the (2) that is [11]:

_z 2nz
T = Toe( M)cos (T — wt) 4)
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Ty is the initial temperature, w=2zf [rad/s] is the modulated pulsation, f [Hz] is the modulated
frequency, A [m] is the thermal wavelength in the specimen. The diffusion length x, that is a
measure of the depth of a thermal wave with a given wavelength can probe within the sample

is then [13]:
_ e _ 1
u—\/n:f—zn 5)

If the specimen is thermally excited with a square wave, the excitation can be considered as the
sum of sinusoidal harmonic contributions.

The DFT (Discrete Fourier Transformation) can give a description of the input signal energy
content, in which the even terms are present [12]. The nth Amplitude DFT term follows the
following equation [12]:
2
Ay =— (6)

mn

By means of these pieces of information the energy contribution of each harmonic of the square
wave can be calculated.

Then the cooling phase following a square wave excitation can be seen as the sum of the free
responses to many harmonic excitations.

In the present paper the frequency-domain data processing is adopted to investigate the material
behavior to free-response. Moreover, amplitude and phase spectra bring to system natural
frequencies identification.

The shift from time to frequency domain is guaranteed by the Parseval’s theorem: the energy
associated with a signal must assume the same value in time and frequency:

f (x())?dt = f X(F)P2df )

Where x(¢) is the time signal function that admits the X(f) transform function.

MATERIALS AND METHODS

Data obtained in previous studies [5], [9], [13]-[15] using active thermography techniques
qualitatively compared amplitude and phase of thermal wave signals. In most cases,
temperature profiles revealed considerable differences in thermal responses [10], [16]-[18].
According to He et al. (2013) raw thermal images gave the tool to detect inhomogeneities in
materials. In the case of [19] pulsed thermography was useful to observe the thermal contrast
of defects.

In the present paper, a methodology for material characterization by means of thermographic
approach is proposed.

In the current investigation a total of 2 samples were analysed.

The investigated materials are standard steels as reported in [1, 5] and a ceramic material, in
particular Silicon Nitride. In particular the first sample is a DP600 steel sheet 1,2mm thick, and
the second sample is a Si3N4 ceramic disk 1,35 mm thick and 12,09 mm diameter.

For the selected materials, according to literature data [22][23], indicative values are reported
in Table 1.
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Table 1 - Materials physical properties

k cp p o V)
DP600 52 502 7850 1,3196E-05 143149
SizNy 23 740 3260 9,5341E-06 7448.,8

Steel sample was sprayed by means of a black opaque paint to improve emissivity. The Si3N4
specimen is gray and emissivity was measured in initial calibration phase.

The experimental set up is as shown in Figure 1.

Fig. 1 - Experimental equipment: (1) laser source, (2) IR camera, (3) sample

The source of laser excitation is an IR waves generator, with a maximum power of 50 kW,
triggered to provide a short output pulse to the sample. The IR camera thermal sensitivity is
lower than 20 mK and operates in the 3-5 um spectral range.

Laser excitation and IR camera acquisition parameters are selected after a sensitivity analysis,
to maximize measuring performance and minimize acquisition errors.

Both laser and IR camera are controlled by a PC control unit in which a dedicated data
processing software is installed.

The distance between the source and the sample is controlled. Environmental conditions, in
particular, room temperature and humidity are monitored constantly for the test period by a
thermometer and a hygrometer.

IR camera and laser parameters were selected using a revised version of pulsed and lock in
thermography, reported by [24]. In particular, a sensitivity analysis was performed on laser
power, number of impulses, pulse period, thermal load and acquisition path. The definitive
experimental plan is reported in Table 2.

Table 2 - Experimental configurations

Test Period Laser Thermal Impulse Tf:mperatllre R;Si?ll(;l;isn Frame
[ms] % energy [J] number window [°C] [pixels] Rate [Hz]

Test 1 50 40 100,00 1 10-90 160 x 128 785.67
Test 2 55 35 96,25 1 10-90 160 x 128 785.67
Test 3 60 30 90,00 1 10-90 160 x 128 785.67
Test 4 65 25 81,25 1 10-90 160 x 128 785.67
Test 5 70 20 70,00 1 10-90 160 x 128 785.67
Test 6 75 15 56,25 1 10-90 160 x 128 785.67
Test 7 80 11 44,00 1 10-90 160 x 128 785.67
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Data processing refers to the time history of target pixel, that is the one with the maximum
temperature measured during experiments.

The output thermal response was processed by means of the FFT and the frequency domain
analysis on cooling phase temperature of the laser target point was performed. The numerical
values of amplitude and phase were related to frequencies for the purpose of quantitative
assessment.

The same cooling down phase was processed by means of a transient analysis processing
routine. A Region of Interest (ROI) was identified on all samples and the transient analysis was
conducted.

Amplitude, phase and thermal transients were compared for all materials: based on data
obtained for 0,25 Hz and 10 Hz in the FFT plots, the parameters to measure the different
behavior are defined as follows:

Aceramic - Asteel

Apop, = * 100 ()

Aintersection

(Dceramic - chteel "

Ago, = 100 9)

cI)intersection

Furthermore, an analytical simulation was run to estimate the effect of the parameters in the
thermal spectrum for the different materials. In particular a simplified model, taking into
account for the different material physical properties was developed. In particular, the thermal
amplitude spectrum was obtained considering in the integral (4) the contribution in amplitude.

RESULTS AND DISCUSSION

Processed results were quantitatively compared to study the thermal free response in the
frequency domain. Using the data processing procedure above described, the free thermal
response over frequency for steel and ceramic specimens were plotted.

In Figure 2 the plot of the FFT of the signal amplitude of the cooling phase is reported for the
different testing configurations and the two materials, while in Figure 3 the corresponding plot
of the FFT of the signal phase. Both diagrams are in log scales.

Fig. 2 - Steel and Ceramic thermal Amplitude over Frequency
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Pl

Fig. 3 - Steel and Ceramic thermal Phase over Frequency

It can be observed that, given the same testing conditions, ceramic and steel plots intersect. In
Table 3 the intersection frequencies are reported for the amplitude (fia ) and phase ( fir) plots;
in the same Table, the corresponding amplitude and phase values are reported for each testing
configuration.

Table 3 - Amplitude and phase intersection frequencies and values

[{;;] Amplitude [{;;] Phase
Test 1 3,57 0,226 0,49 0,0256
Test 2 4,65 0,172 0,54 0,0260
Test 3 5,1 0,148 0,57 0,0278
Test 4 5,79 0,118 0,62 0,0290
Test 5 6,48 0,091 0,65 0,0296
Test 6 8,42 0,058 0,66 0,0298
Test 7 6,44 0,054 0,62 0,0298

In Table 2, column 4 it can be observed that from Test 1 to Test 7 configuration the amount of
energy, supplyed to the specimen, decreases.

Given the input signal be a square wave, Figure 2 can be interpreted as the material response to
a white energy spectrum: the amplitude plot gives the information about what are the
“resonance” frequencies that is the frequencues to which the material is able to transmit the
higher quantity of energy, while the phase plot indicates the frequencies in which the material
dissipates or “elastically” reverse the energy incoming from the pulse.

In Figure 2 it can be observed that for every testing configuration, the energy associated to the
corresponding frequency decreases with increasing frequency. The slope of this decrement is
higher for the ceramic than for the steels. This can mean that the thermal stress produces higher
amplitude response at low frequency for ceramics than for steels. This phenomenon occurs for
every testing configuration.

In Figure 3 steel and ceramic show different behaviours. The spectrum highlights an almost flat
behavior over the frequency range. Steel plots show two maximums for low and high
frequencies, while ceramic plots a single maximum. These maximums can be interpreted
according to Eq. (4). Given and instant 7 and a generic set coordinate z, the temperature related
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to a defined wavelenght is given by the (4). Then the response of the materials for the different
wavelength and then for the different frequencies, follows a sinusoidal trend, characterized then
by maximums and minimums. The cycle period of ceramics appears then to be longer than the
steel one.

In Table 3, comparing the values of amplitude and phase of the curves in the intersection points
of ceramic and steel curves, it can be observed that amplitude values decrease from Tests 1 to
7 that is for impulse thermal energy decreasing. The phase values show an opposite behavior:
decreasing the input energy, the phase in the intersection point increases. That is for lower
energy higher dissipative phenomena take place.

To quantify and compare the difference between the thermal responses of the two materials, in
Table 4 amplitude and phase % difference between the curves, according to (8) and (9) are
reported. These parameters can give an estimation of the slope of the change of the response of
the material thermal response with frequency. For low-frequency value frow, the percentage
change in amplitude is higher for tests with lower energy content, while an opposite behavior
occurs at high-frequency fuigu: the percentage change in amplitude is lower for tests with lower
energy content,

The same procedure is applied to determine phase changes. The phase variation for high
frequency is one order of magnitude higher than for low frequency. This can mean that energy
dissipation phenomena are different and more elevated for high frequency radiation for ceramic
than for steel. This occurs for all testing configurations. It should be noticed that the phase
starting values are considerably low and future works should deeply investigate the
phenomenon.

Table 4 - Amplitude and phase % changes between ceramic and steel

Test Jrow= 0,25 Hz Jrica=10 Hz
AA % Ao % AA % Ao %
Test 1 -50,71 2,58 21,65 -86,33
Test 2 -85,58 2,38 17,79 -80,85
Test 3 -89,59 2,23 16,19 -75,54
Test 4 -103,39 3,93 12,24 -69,52
Test 5 -115,38 3,78 9,49 -67,64
Test 6 -151,72 0,94 10,07 -66,78
Test 7 -126,67 3,83 10,37 -64,77

Furthermore, the difference in amplitude and phase spectrum for the two materials can be
related to thermal and physical properties of the different materials.

In Table 5 the diffusion length for the two materials at 0,25 Hz and 10 Hz are calculated
according to Table 1 physical properties.

Table 5 - Effusivity and diffusion length calculated data

u do 251 dion:
DP600 143149 0,00410 0,00065
SizN4 7448,8 0,00348 0,00055
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The input thermal energy has a major effect on the specimen thickness. In low-frequency range,
for ceramics, the reduced thermal conductivity compared to steel leads to higher amplitude
values. These results of the experiments are in line with heat conduction law.

These plots confirm what is already known from physics: the different thermal conduction
properties of ceramic and steel. Ceramic is considered to be thermally isolating while steel is
considered thermally conductive. It can be pointed out that for the same energy supplied to steel
and ceramic at low frequencies (Table 4, columns 2 and 3) steel shows a temperature lower
than ceramic; the behaviour is opposite for higher frequencies (Table 4, columns 4 and 5).
Lower frequencies have a higher penetration ability as shown in Table 5, and this effect is more
evident for steel than for ceramic due to its isolating properties. The experimental confirmation
comes from Figure 2 and Figure 3: given the same incoming spectrum, the ceramic excites
mainly the lower frequencies, that is, it stores the incoming energy mainly at lower frequencies.
The steel, which is a conductive material, shows a similar behaviour but the slope of amplitude
vs frequency is lower, thus meaning that the received energy is distributed more uniformly on
the frequency spectrum.

In Figure 4 the simulation of amplitude spectrum for steel specimen is reported in two testing
conditions. The simulated curve approximates the trend and the values of the experimental ones
thus showing that the thermal phenomena can be modelled as described as a thermal resonance
response. The model requires further improvements.

LB 140

frequency

Test?

Test 1

Amphitude

Fig. 4 - Simulated amplitude spectrum for DP600 specimen in
different testing conditions

CONCLUSIONS

This research carries out non- destructive AT technique performance improving it and
enhancing other possible fields.

In this study, different mechanical and structural materials, steel and ceramic, underwent
thermal excitation with different energy content. Their thermal response is investigated by
means of FFT analysis of the cooling transitory.

In addition, this study correlates the laser thermal energy with the intersection frequency of
amplitude and phase. It was found that, for the same excitation thermal energy, steel and
ceramics show different behaviour. FFT related parameters can be investigated to quantify these
results.
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