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Abstract

The object of this work is to approach the possibilities of stimulated infrared thermography for in situ
measurement of thermal diffusivity of mural paintings of the inheritance.

We present first the principle of the method. We show then the feasibility of the measurement, using theoretical
simulations.

Finally, we show that the method allows a good estimation of the thermal diffusivity of a partial copy of the
“Saint Christophe” of the Campana collection in the Louvre.

1. Introduction

Conservation of cultural heritage is essential. For this reason, many physicals methods are already
implemented by the restorers of the inheritance. Without being exhaustive, we can cite the optical analysis, the X
analysis or the acoustic analysis [1-4]. These techniques are not, of course, universal. It explains why other modes of
non destructive testing are still studied in the research laboratories. Stimulated infrared thermography is one of these
new methods. This technique is promising. It already showed its possibilities for the detection of delamination located in
mural painting of the inheritance [5-18]. It already allowed, for example, the in situ analysis, of the "Saint Christophe" of
the “Campana” collection in the “Louvre”, the in situ analysis of the "Saint Martin " of the “Saint Florentin” church in
“Bonnet”, the in situ analysis of the "Traversée du désert" of the painted ceilings of the “Savin Saint sur Gartempe” abbey
(classified with the world inheritance of UNESCO), the in situ analysis of the " Saint Pierre livré aux soldats de Pilates "
of the “Saint Pierre” church of “Villefranche sur mer” or the in situ analysis of the painted ceilings of the “Médicis” library
of the French Senate [12-18].

The possibilities of the stimulated infra-red thermography for the detection of delamination located in murals
paintings of the inheritance are then now recognized by the scientific community. There is now to study its possibilities
for the dimensional characterization of theses defects. Our team already proposed two approaches allowing a local and
in situ measurement of the thermal diffusivity parameter [19-20]. Having the objective to determine, the best
measurement protocol (the most robust, the most reliable, the less intrusive), we still study other ways of analyses. The
work presented here comes within this framework. It presents a third way to measure the local thermal diffusivity of a
work of art. It is based on the temporal analysis of the maximum of the photothermal signal, measured at the place of a
laser excitation.

Our presentation is divided into three parts:

We present first the principle of this new measurement method.

We show then the feasibility of the approach using theoretical simulations.

Finally, we shows experimentally, that the method allows a good and in situ estimation of the thermal diffusivity
of a partial copy of the “Saint Christophe” of the “Campana” collection in the Louvre.

2. Longitudinal thermal diffusivity measuring method developed for the study

The longitudinal thermal diffusivity measuring method principle developed for the study is the following. A
sample is submitted on its front face to a laser excitation at a given position. It is temporally close to a Dirac delta
function &(t). It is spatially close to a Gaussian function. Variations in the temperature field induced by the excitation are
measured with an infrared camera of thermography. Setting off from the time change of this temperature field, the
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material’'s thermal diffusivity value is inferred, thanks to a mathematical post-treatment. This mathematical post-
treatment, which this measuring technique is based on, must be looked at closely.

Let L be a plate’s thickness, radially semi-infinite. Let a thermal disturbance be very short (temporal Dirac delta
function &(t)) and spatially of a Gaussian shape. This excitation is applied to t = 0 in the centre of the previous plate. Let
R be the radius beam of the excitation spot (measured at Qmax/€?, with Qmax the energy value in the centre of the
excitation spot). Let A, p, ¢ and a be, respectively, thermal conductivity, density, heat capacity and thermal diffusivity of
the studied sample. Initially, the sample is in temperature balance within the environment. The temperature of this one is
equal to Text. Last, the model does not take into account the convecto-radiative exchanges between the studied sample
and the environment. The mathematical translation of these assumptions leads to the following differential system:
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The resolution of this differential system was already presented in [20]. To resolve this differential system, two
integral transformations are chosen: On one hand Hankel’s transformation of O order on r axis; On the other, a Fourier
transformation in time. It leads to the space-time evolution of the temperature in front face of the studied sample given by
the formula (2).
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By rearranging this expression mathematically, we can then write:
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Formula (4) shows that required thermal diffusivity can thus be simply calculate from the slope, the origin
ordinate, of the inverse of the product of the maximum temperature of the thermal spot generated by the laser excitation
and the square root of time (5). That thus offers to us a new method of estimate of this thermophysical parameter.
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3. Theoretical simulations

To test this new method of longitudinal thermal diffusivity measurement, we have developed simulations. They
use the finite element method to solve the preceding differential system (1). The simulations conditions retained for the
study are the following: First, we considered a 3D geometry. Then, we considered a plaster block. It indeed presents
thermophysical properties close to those of a mural painting. We considered a thermal conductivity equal to » = 0,4
W/mK, a density equal to p = 1100 Kg/m?, and a heat capacity equal to ¢ =830 J/Kg K. The thermal diffusivity is then
equal to a = 4,38.107 m?/s. By simplicity, the shape of this plaster block was taken rectangular. Its dimensions are the
following: Its length is equal to 12 cm. Its width is equal to 12 cm. And its thickness is equal to 3 mm. The excitation, with
a Gaussian shape was deposited in the center of this plaster block. Its characteristics are the following: Its power is equal
to 3 Watts (it is the maximum power delivered by the laser of the laboratory associated with this study). To approach a
Dirac function, the duration of excitation is equal to 20 ms. The characteristic radius of the excitation is equal to 660 pm.
It is a classical value accessible by the experiment. Finally, to reduce the computing times, we considered a progressive
meshing of the studied sample. It is finer at the place of the laser excitation and with a greater width elsewhere. From the
results provided by these simulations, we extracted, at each moment, the maximum value of the temperature, measured
at the place of the laser excitation. We then plotted the temporal evolution of the inverse of the product: maximum
temperature of the thermal spot generated by the laser excitation multiplied by the square root of time (figure 1). We then
estimated the slope and the origin ordinate of the line obtained. We then used formula 5 to determine required thermal
diffusivity. In our study, figure 1, shows a slope equal to 0,113 K "1s -¥2 and one origin ordinate equal to 1,40 10 2K 1s -
V2 These values lead to a thermal diffusivity equal to 4,39.10 7 m2/s. The theoretical value is equal to 4,38.10 -7 m?/s.
These values are very close. It shows the feasibility of the method.
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Fig 1.: Temporal evolution of the inverse of the product maximum temperature of the thermal signature generated by the
laser excitation multiplied by the square root of time
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4. Experimental study

4.1 The experimental device implemented

The results obtained during the theoretical study are encouraging. Then we passed in a second time to an
experimental study. The experimental device implemented for the study is the SAMMTHIR system. It is a device of our
laboratory. The excitation source is a laser diode. Its wavelength is equal to 810 nm. It is coupled with collimation and
focusing optics. The acquisition system is micro bolometers infrared camera. To obtain a sufficient space resolution, it
works in macro mode. The latter is placed perpendicularly with the sample, at a distance equal about to 5 cm. Because
of the obstruction of the camera, the laser spot lighted in a tilted way the studied sample. Its shape is then slightly elliptic.
The power of the laser spot is equal to 2W. The duration of the excitation is equal to 20 ms. The acquisition frequency of
the infra-red camera thermography is equal to 50 Hz.

4.2 Study of a mural painting

The studied sample is a mural painting. It is a partial copy of “Saint Christophe” of the Campana collection in the
Louvre (figure 2). It was already characterized previously using two methods: On the one hand, it was characterized by
space Fourier analysis of the photothermal response of the sample submitted to a localised laser excitation [19]. On the
other hand, it was characterized by a temporal analysis of the characteristic diameter of the photothermal signature of
the laser spot [20]. In the first case the local thermal diffusivity estimated at the place of the right eye of the Jesus child
was equal to 5,1310 " m? s 1. In the second case and in the same place, the estimated thermal diffusivity was equal
5,0910 "m?s 1,

Fig 2: The studied mural painting

It is always with this position that we developed our new analysis. We used the same analyze protocol as at the
time of the theoretical study. We obtained the result presented in figure 3. This figure shows, as waited, a line with a
positive slope. The value of this slope is equal to 37,6 10 *K "1's -32, The value of the origin ordinate origin is equal to 9,5
10 3K -1s -2, The first thermogram gives an excitation characteristic radius equal to 1,01 mm. Formula (5) leads then to
a thermal diffusivity equal to 4,96 10 " m2 S 1. This experimental value is close to the previous values. It confirms the
feasibility of the method.
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Fig 3.: Characterization of a mural painting using SAMMTHIR system

5. Conclusion

In this work, we studied the possibilities of stimulated infra-red thermography for the measurement of
longitudinal thermal diffusivity of mural painting.

First we presented the principle of the measurement method. It consists to study the temporal evolution of the
maximum value of the photothermal signal, measured at the place of a laser excitation.

We presented then the simulations developed for the study and showed theoretically that the photothermal
method allowed the measurement of the longitudinal thermal diffusivity of a plaster sample.

The theoretical results obtained being positive, we developed in a third step, an experimental study. We then
presented the experimental device developed for the study.

Finally we showed in a experimental way, that the method permits a good estimate of the longitudinal thermal
diffusivity of a fresco.

These theoretical and experimental results are encouraging since open. They seem open the way to an in situ
photothermal characterization of works of art. They have now to be generalized and be implemented during the
restoration of works of art. Studies going in this direction are in progress.
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