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Abstract — In this paper, we consider the possibilities of the stimulated infra-red thermography for local
metallic sample thermal characterization. At first we introduce the measurement principle, which is based
on the local measurement of the thermal diffusivity parameter. Then, using simulations, we demonstrate
the feasibility of the method. We then present the experimental device implemented for the study. Finally,
we show that this approach allows a good estimation of the thermal diffusivity of a metal sample.
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1 Introduction

The non destructive testing of the samples is being
used more and more in the industrial field. The aim of
this type of control is to offer to the customers machined
parts providing the best possible quality. Many NDT tech-
niques are also further implemented to follow the ageing
of industrial materials. Without being exhaustive, we can
quote the ultrasounds, the Eddy’s currents, the penetrant
testing method, the magnetic particle inspection, the X
and 7 radiography and the visual monitoring [1,2]. Other
techniques, such as those using the thermal waves, start to
develop. Here we can quote the stimulated infrared ther-
mography implemented in our study. This method has the
advantage of being without contact, of being able to be
applied remotely and finally of being very flexible [3-25].
In addition, the cost of the equipment decreases while
the materials become increasingly powerful. Therefore it
seemed interesting to us to consider the possibilities of
this particular method for the local thermal characteriza-
tion of metal samples. This type of measurement is indeed
necessary in order to for example: determine the depth of
a defect, estimate a thickness of coating or appreciate a
loss of thickness related to corrosion. The approach pre-
sented in this work aims at considering the thermal dif-
fusivity of the sample studied starting from a local laser
excitation and of a spatio-temporal analysis of the pho-
tothermal answer then obtained. Our presentation breaks
up into four parts. In the first place, we introduce the
principle of the method of measurement. Second, using
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simulations, we demonstrate the feasibility of the method.
We then present the experimental device implemented for
the study. Finally, we show that the approach allows a
good estimate of the local thermal diffusivity of sample
chromium-nickel-steel.

2 Principle of the measurement method used

The principle of the method of local estimate of ther-
mal diffusivity retained for the study is the following: an
anisotropic sample is subjected on its front face to an
excitation temporally close to a function delta of Dirac
0 (t) and space form f(x,y) unspecified. Then, using an
infrared camera of thermography, we measure the field
of surface temperature of the studied sample. From the
temporal evolution of this field of temperature, we go up,
using a post mathematical treatment, the values of ther-
mal diffusivity of material according to its directions of
anisotropy. Let us examine in details this mathematical
post-treatment on which this measurement technique is
based. Az, Ay and A, are the thermal conductivities of
the studied sample. These thermal conductivities will be
supposed to be constant in time and according to the tem-
perature (assumptions of short analysis and weak temper-
ature variations). p and Cp stand for the density and the
heat-storage capacity of this same sample. a;, ay and a,
represent the thermal diffusivities of the studied sample.
ho and he are the exchange coefficients of the front and
back faces of the sample. e is the thickness of the studied
sample. This thickness is supposed very weak in front of
side dimensions of the sample, which makes it possible
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Fig. 1. Boundary conditions retained for the study.

to neglect the side convecto-radiative losses of the sam-
ple. Finally, the sample is considered initially in thermal
balance with its environment (Fig. 1).

The mathematical translation of these assumptions
leads to the following differential system:

Ao (07T J0x?) + 1y (0*T ) 0y?) + \.(0°T /02%) = pc(OT/Ot)
At 2 =0 A, (0T/02),=0=ho(T(z = 0) —Text) — f(z,4)d(t)

At z=¢e A (0T /02) 20 = —he(T(z = €) — Text)
Atz=0 et x= Ly, oT/0xz =0

Aty=0 et y=1Ly, T /0y =0

Att=0, T =T (1)

To solve this differential connection, we chose to imple-
ment three integral transformations; a transformation of
Laplace into time associated with a transformation of
Fourier into a cosine that coordinates with space X and
there:

oo Ly L,
@(an,ﬁmz,p):///T(x,y,z,t)COS(ana?)
t=0y=02x=0
X cos(Bmy) exp(—pt)dedydt (2)

with:

o vy, =nw/Ly;
® B =mn/Ly.

By applying this integral transformation to the preceding
differential connection, the differential equation to solve
in space transformed does not depend any more that of
Z and can thus be solved easily by the method of the
thermal quadrupoles [26]. We then obtain:

See equation (3) above
with:

- Tnm = \/p/az + (Aa/Az)aZ + (Ay/X) B
— F(an, Bm), the transform of Laplace Fourier of exiting

flow f(z,y)d(t).

Now taking the opposite transform of Laplace of the tem-
perature, we gain:

(S 500) - ()
— (agaZt +ayBat)  (4)

It is noticed whereas longitudinal diffusivities az and ay
can be deduced simply from the slope of the curve rep-
resenting the report/ratio of the logarithm of the coeffi-
cients of Fourier traced compared to time (5).

2

Slope_of the_curve x Dimension_of _the_area
a= -
Fourier's_order? x w2

(5)

3 Theoretical study

Initially, in order to approach the feasibility of the
method, we developed a theoretical study based on nu-
merical simulations. We implemented the finite element
method to solve the preceding differential system. The
sample that we studied is a cylinder of chromium-nickel
steel (18 Cr, 8 Ni) 30 mm in diameter and 10 mm
thick. The thermo-physical properties taken into ac-
count are the following. The thermal conductivity is
equal to 14.3 W.m~'.K. The heat capacity is equal to
460 J.kg~!.K. The density is equal to 7820 kg.m 3. Thus,
thermal diffusivity is equal to 3.98 x 107% m.s~!. The ex-
citation flash was imposed on the centre of the sample and
its duration is equal to 20 ms. Its characteristic diameter
is equal to 1.8 mm. The deposited power is equal to 3 W.
Convective exchanges are considered on the upper and
lower faces of the sample. The value of the coefficient of
exchange is equal to 10 W.m~2.K~!. In order to reduce
the computing times, a progressive grid of the sample was
considered. This grid retained finer on the level of the ex-
cited zone and coarser on the edges of the sample (Fig. 2).
Elementary space dimension is equal to 200 um. The step
of computing time is equal to 2 ms. The duration of ob-
servation is equal to 0.8 s.

In order to lead up to the theoretical measurement
of longitudinal thermal diffusivity, we initially calculated
for each step in time the thermal signature on the surface
of the studied sample. Figures 3 and 4 show that this
very intense and localized signature becomes less full and
wider with time.

For each obtained thermogram, we then calculated the
average in a direction of space in order to consider diffu-
sivity thermal in the perpendicular direction. We further
broke up the result obtained in the space of Fourier us-
ing a transformation into a cosine. Finally, we calculated
the temporal evolution of the report/ratio of the coeffi-
cients of Fourier to order 2, compared to the coefficient of
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Fig. 2. Grid used for the study.

Fig. 3. Evolution of the thermal signature of the sample stud-
ied with time (respectively ¢t = 20 ms; ¢ = 40 ms; ¢t = 60 ms;
t = 100 ms and finally ¢ = 200 ms).
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Fig. 4. Evolution of the central profiles of the thermal signa-
ture of the sample studied with time (respectively ¢ = 20 ms;
t =40 ms; t = 60 ms; ¢ = 100 ms and finally ¢ = 200 ms).

Fourier calculated with order 0. In Figure 5, we present
the result obtained. As predicted, it reveals a line with a
negative slope. We then analyzed this slope in order to
conclude a required thermal diffusivity. We found a value
of —1.54 s71. As the width of the analyzed zone is of 1 cm,
formula (5) leads to a value of thermal diffusivity equal
t0 3.92 x 1076 m2.s~!. This value is very close, except for
the numerical errors with the theoretical value equal to
3.98 x 1075 m2.s~!. This seems to show the theoretical
feasibility of the method.
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Fig. 5. Temporal evolution of the report/ratio of the coeffi-
cients of Fourier with order 2 and order 0.

4 The experimental device implemented
for the study

After the encouraging results of the theoretical study,
we decided to develop an experimental study in order to
try to confirm them. The device implemented is presented
in Figure 6. It shows that the excitation is provided by
a laser diode. The later is controlled electronically while
running, with a wavelength of emission of 0.808 pum and
maximum power of 4 W. This source of light is placed
on a horizontal support, aiming at a mirror of reference
which allows a quasi normal excitation of the studied sam-
ple. The type of excitation implemented during the study
is impulse. The duration of excitation corresponded to
20 ms. Finally, the characteristic diameter of the spot
of excitation is of approximately 2 mm. Figure 6 also
demonstrates that the detection of the photothermal sig-
nal is ensured by an infra-red camera of thermography. As
the duration of the thermal transient used for the study
is close to several hundred milliseconds, it is a bolome-
ter camera. On one side such a camera is slower but on
the other much less expensive than a matrix camera of
quantum detectors. With a view of technology transfer in
mind, it can be bought more easily by the industrialists,
which further justifies our choice. In addition, because of
the heating being rather limited, we chose a “long wave”
camera, which is more adapted for the study of the tem-
peratures close to the ambient one. Lastly, to obtain a
sufficient space resolution, our equipment also included
an A20 camera with Flir, an objective of macrothermog-
raphy. It allows a side space resolution of approximately
100 pm. This system of detection is placed perpendicular
to the sample at a distance of approximately 20 cm. In
order to have a sufficient temporal resolution, we fixed
the frequency of acquisition of the infra-red camera ther-
mography at 50 Hz.

5 The studied sample

The studied sample in our experiment was a pastille of
steel-nickel-chromium, 30 mm in diameter and 10.21 mm



310 K. Mouhoubi et al.: Mechanics & Industry 15, 307-312 (2014)

A
- 8

Fig. 6. The experimental device implemented for the study.

Fig. 7. The studied sample.

thick. It was covered with a fine coat of black paint in or-
der to improve and to homogenize its radiative properties
(Fig. 7).

In order to obtain a thermal value of diffusivity of
reference, this sample was initially studied with the dif-
fusivimeter flash with contact of reference of the labora-
tory. It is a system allowing a precise measurement of the
thermal parameter diffusivity by a photothermal analy-
sis back face and with contact. As presented in Figure 8,
the composition of the system of excitation is made up of
4 flash lamps. It is fed by a source of a tension of 1000 V,
allowing a deposit of energy during approximately 5 ms
on the front face of the analyzed sample. The temperature
measurement is ensured by a thermocouple contact sep-
arated out of Bismuth telluride (BizTes), which comes
in electrical contact from the back face of the analyzed
sample. The device is supplemented by a software con-
tinuation allowing a measurement of the thermal param-
eter diffusivity by 4 methods of examinations: method of
Parker (method without losses), method of part times,
method of the moments and finally an adjustment the-
ory/experiment [27, 28].

The result obtained during the analysis of our sample
is presented in Figure 9. It shows that the thermal diffu-
sivity of our sample is evaluated 4.14 x 1076 m?.s~! with
the method of Parker, 4.07x107% m2.s~! with the method
of part times, 4.00 x 107% m?.s~! with the method of the
moments and 4.12 x 107% m?.s™! with the adjustment
theory/experiment.

Fig. 8. The diffusivimeter with contact of laboratory used.

6 Experimental results obtained
by photothermal analysis front face

The front face of the sample was then analyzed with
the help of a stimulated infra-red thermography. The cen-
ter part surface of this sample was enlightened at approx-
imately 12.5 mm, with a power of 3 W and during 20 ms.
This heating was recorded synchronously with the exci-
tation by an infrared camera of thermography. It is a Flir
A20 type in macro mode. Figures 10 and 11 present the
temporal evolution of the thermal signature of the ob-
tained laser spot. They show, as we have anticipated in
the theory, the signatures becoming wider and less intense
with time.

As during the theoretical simulations and as the the-
ory envisaged it, we then calculated the average of these
images in a direction of space and taken the transforms
as a cosine of the results obtained. For each various im-
age we calculated the logarithm of the report/ratio of the
coefficients of Fourier obtained with order 2 and order 0.
Figure 12 represents these results and revealing, just like
the theory foretold, a line with a negative slope. It is
equal, in this case to —7.77 s~1.

We finished our experiment with a measurement of
longitudinal diffusivity by calibrating spatially our exper-
imental device. For that, we placed a standard hold on
the surface of the studied and deduced object, infra-red
image obtained, the space dimension seen by pixel. We
found a value of 115 pm. Formula (5) has then allowed
us to determine the longitudinal value of the thermal dif-
fusivity of the analyzed steel sample. We find a median
value equal to 4.06 x 1079 m?.s~!. This value is very close
to those gained classically with the flash method, which
seems to show the possibilities of the method as regards
measurement “in situ”, of this thermophysical parameter.

7 Conclusion

In this work, we considered the possibilities of the
infra-red thermography stimulated as regards thermal
characterization in situ, of metal sample. We intro-
duced the principle of the measurement method. We
demonstrated the feasibility of the method using digital
simulation.

We presented the experimental device implemented
for the study. We showed, using the experimental study
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Fig. 9. Measure thermal diffusivity of the sample assistance of a diffusivimeter flash of laboratory.

Fig. 10. Evolution of the infra-red signature of the laser
heating with time (respectively with t = 20 ms, ¢ = 40 ms,
t =80 ms and ¢ = 200 ms).
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Fig. 11. Evolution of the central profiles of the infra-red
signature of the laser heating with time (respectively with
t =20 ms, t = 40 ms, ¢t = 80 ms and ¢ = 200 ms).
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Fig. 12. Evolution of the report/ratio of the logarithms of the
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of a steel sample chromium plates nickel, that the pho-
tothermal method allows, in a particular case, a good
approximation of the thermal parameter diffusivity. This
experimental result, gained from a particular sample, is
encouraging since pretense to open the way with the pho-
tothermal metallic material characterization in situ. The
question at hand is if these results can be generalized.
In addition, more conclusions have to be made about the
possibility to use tools for geometrical characterization, to
lead industrially to measurements of depth of inclusion,
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with thickness measurements of coating or in die of thick-
ness loss of matter related to corrosion. Studies dealing
with these issues are being conducted.
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