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Abstract

In this work, we present various examples of a@st# to the restoration of works of art by stimedainfra-
red thermography. We show initially that the mettalbws the detection of delamination located inrahu
paintings, such as in the «Saint Christophe» ofGampana collection of the Louvre French museum stéav
then that it also makes it possible to detect dilations or galleries of worms in marquetries. \iievg in a
third stage that it provides for the detection efatthment of greyness in stained glasses. We sma@afaurth
stage that it allows the visualization of shardsnetal insert located in a Greek “panathénaiqugitara of the
French National museum of the Ceramics of Sevresskow finally, that the method permits the detectf a
crack located in an ovoid vase of the same Nationesleum of the Ceramics of Sevres.
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1. Introduction

In the area of assistance to the restoration oksvof art, the Research Laboratory of
Historical Monuments (LRMH), the Research RestoratCentre of the Museums of France
(C2RMF) and the art restorers use many physicalchedical instruments. For example, we
can cite visible photography, ultra-violet photqgrg, infra-red photography (implemented in
natural light, polarized light or in oblique light)X radiography, electron scanning
microscopy, spectroscopy, chromatography in liquidrapour phase, the particle accelerator
AGLAE, acoustic sounding, etc. These various methae very powerful in their areas of
application, but are not universal. In additionita® methods can be difficult to implement,
such as the detection of defects in extend muiatipgs by acoustic analysis.

New non destructive methods can thus still findrtpice in the field of the assistance to
the restoration of works of art.

One method of non destructive testing is stimulaté@red thermography. The principle
of this analysis method is relatively simple. Ihests first in thermally exciting the sample to
be analyzed, with a luminous flow. The absorptiénhés thermal stimulus produces a local
rise of temperature near the point of excitatiome Tprinciple of stimulated infrared
thermography consists then of observe the photothilesignal emitted by the sample using an
infrared camera. The resulting photothermal sigieglends on the optical and thermophysical
properties of analyzed sample, allowing for it ®dharacterized. This method allows for the
thermophysical analysis of thin materials both westructively and without contact. It has
already been implemented to detect and characteadeus types of localised or extended
defects (delaminations, cracks, inclusions, eta),various types of materials (metal,
composite, etc) [1-8]. Due to this descriptionmatiated infrared thermography is very fitting
for use in the field of the restoration of worksast and for several years now, many teams
have used it in this way [9-11].

In this work, five examples of assistance to thetamation of works of art by stimulated
infra-red thermography are presented including:



1) The detection of delaminations located in myaihtings, such as for example in the
«Saint Christophe» of the Campana collection ofLin@vre French museum.

2) The detection of delaminations or galleries ofms in marquetries.

3) The detection of the detachment of greynestined glasses.

4) The visualization of shards or metal insert tedan a Greek “panathénaique” amphora
of the French National museum of the Ceramics ofé&e

5) The detection of a crack located in an ovoisevaf the same National museum of the
Ceramics of Sevres.

2. Experimental set up
2.1. Description of the experimental set up

The experimental systems that we implemented fisrdtudy are all based on the same
principle. It is the principle of the System of Aymis of Thin Materials by Infra-red
Thermography (SAMMTHIR) of the GRESPI laboratory thfe Reims University. The
excitation optical device is composed of a coudldha@ogen lamps. Halogen lamps were
selected not only because they are inexpensivealbatthey lead to only a moderate of the
sample’s surface temperature. The detection ingnsation is composed of an infra-red
camera of thermography. For our study, we haveahasm A20 FLIR Systems™ infra-red
camera, because of the good price / performanddi®fdevice. Finally, the experimental
system implemented for this study used electrooittrol and data processing software to
allow photothermal analysis (figures 1 and 2).
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Figure 2: Example of experimental devices usesitu

2.2. The excitation signals used

In this study we have used two main type of exaitatpulse excitation and random
excitation. The pulse excitation consists in ergtihe analysed sample for a given time. The



duration of the pulse depends on the thermophysisalperties of the analysed sample. In
our case, the works of art studied are insulatiagenmals. Typically the duration of the pulse
excitation is from a few seconds to a few tensemosds This type of excitation is easy to
implement and explains why it is often the firstciation type used in infrared non
destructive testing, and why it is the most useithi; study.

This kind of excitation leads to an increase ofgierature as well which can be relatively
important, and a disadvantage for works of art.avoid this, the random excitation mode
may be used.

The principle of random photothermal thermograploysists in exciting the material
under study by means of a signal approaching widige, then to reconstruct the pulse
response and the harmonic response of the sampla Iparametric analysis of the
photothermal response obtained.

The parametric analysis is performed by reconstrgahe pulse and harmonic responses
of the studied physical system from a behavior modsually of the type ARMA: The
ARMA model is built from the analysis of the phdtetmal response of the sample studied in
front of an excitation being the whitest possilitey(ire 3)

| Excitation signal [e (t)] |
© A
Parametric behavior model
(AR, MA, ARMA, ...)

i p q
Physical system s(n) = Z a_s(n-m)+ mee(n ~m)
m=1 m=0
(case of ARMA model )
\7 \7
\ Physical response [S(t)] \ Estimated responsg)$
\7 \7

Parametric adjustment(at k) such as Physical respons&stimated response

(Use the direct means squares or the recursivesrseprares)
Figure 3: Principle of construction of a behawiwwdel by parametric analysis

The construction of the pulse response is madaloylating the response of the behavior
model in front of a Dirac function. The constructiof the harmonic response is made by
calculating the Fourier transform of this pulseo@sse (Figure 4).

\ Theoretical Dirac excitation [e(t) &(t)] \
v

Parametric behavior model of studied physica
system
(AR, MA, ARMA, ...)
v

| Calculation of pulse response of studied physicaystem [RI (t)] |

| Fourier transform |
\Z

Calculation of harmonic response of studied physidaystem [RH ()]

Figure 4: Principle of parametric identificationpfysical system



Finally, we used the procedures proposed by J.AuyiZ] to build the white noise
necessary for these modes of analyses and to thdldinest behavior model. He suggests
three different manners of approaching this thémaksignal: either build a pseudo random
binary sequence, build a Gaussian signal or busligial with frequency scanning.

In our studies, we implemented the pseudo randararpisequences, essentially for ease of
implementation. In this case, the mode of constwnaf the pseudo random binary sequences
consists of collecting the signal delivered at ¢xé@ of a register composed of a D flip flop,
locked upon itself via a modulo 2 addition (Figiée The exits of the D flip flop taken into
account during this addition were defined by thengiive polynomials associated with the
procedure of creation (Figure 6). An example ofsayglo random binary signal is presented
in Figure 7.

D Flip flop
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Figure 5: Principle of creation of pseudo randomaby sequence

degrees Primitives polynomials
2 X2+ X+1
3 X+ X+1
4 X'+ X+1
5 X+ X +1
6 X+ X+1
7 X +xX3+1
8 XX+ X+ X2+ 1
9 XT+ X +1
10 X+ X +1
Figure 6: Table of primitive polynomials used tongeate pseudo random binary sequence
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-200
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Figure 7: Example of excitation signal usable for &inalysis: a pseudo random binary signal

Many potential applications exist for random phbé&stmal thermography due to its main
advantages of allowing non-destructive analysegngdesser energy constraints and giving
access to three types of photothermal signalsratwerandom response (analyzable by direct
deconvolution), the pulse response and the harmmgsponse of the analyzed material
(analyzable by the analysis tools developed foshfland harmonic analyses). Because of



these characteristics, the method is well adapewbh-destructive study of fragile samples
such as works of art and is therefore implantetthim study.

In this study, because of the thermal propertiethefwork of art, we use a frequency
excitation of some tenths of seconds. A length xfitation of 256 terms gives a good
compromise between the duration of excitation dresmoothness of measurement results.
An ARMA model with 40 input and output parametefeas a good reconstruction of the
pulse response.

3. Analyses of mural paintings
3.1. Analysis of an academic fresco

The first type of mural painting we analyzed isaatial copy of the «Saint Christophe» of
the Campana collection of the Louvre French muséiguare 8 left). The fresco was made
according to the primitive Italian technique, freaamixture of lime and plaster. The whole is
cover with a pictorial layer, representing the tifdesus here. This fresco contains four
defects (figure 8 right) of inclusions of plastazofThis fresco was initially made as a
martyred sample of the «Saint Christophe» study.

=y

Figure 8: The studied academic fresco (on the left)
and the position of the four internal defects (o tight)

In order to detect these defects, we analyzed ftesco by stimulated infrared
thermography. The experimental conditions usedHw analysis follow. We used a pseudo
random binary sequence of excitation, having atlergual to 256 terms and excitation
frequency equal to 0.1 Hz. The excitation power getsto 500 W. The detection procedure
uses a parametric analysis of ARMA type. Lastlg, tlumber of input and output parameters
of the parametric model was 40.

Figure 9 shows the obtained infrared images, oingpfalse colours (on the left) and a
three-dimensional view (on the right). They clearlveal a more important infra-red
signature in the regions of the defects. We cantlse@ppearance of four blue rectangles in
the first case and of four bumps in the second.CHsese characteristic signatures are due to
the more insulating thermal properties of the jplaste compared to the lime mixture plasters.
Indeed our procedure consists of exciting the samth visible light. The irradiation of this
light slightly heats the surface of the work of, avhich is then propagated by conduction in
the fresco. The locations of defects are primaribde up of air and are thus more thermally
insulating than the lime mixture/plaster on whichswdeposited the pictorial layer. Therefore
thermal propagation is slowed down meaning sloweticg of the surface at the locations of
defects and, thus, is noticeable infra-red sigratoithis place.



Figure 9: Infra-red photothermal image coded iriséacolours” (on the left)
and in three-dimensional view (on the right) of #tedied academic fresco

3.2. Analysis of the «Saint Christophe»

With the encouraging results obtained on the acadéesco, we analyzed the original
fresco of «Saint Christophe» itself. This work of Bepresents «Saint Christophe» carrying
the Infant Jesus and it attributed to Tommaso dat24. It was created between 1385 and
1390 and now belongs to the Campana collectiohetbuvre French Museum (figure 10).

hniliies.
Figure 10: The studied fresco of the «Saint Chpisé»

This fresco was first initially analyzed by an astict method by Gabriella Szatanick, art
restorer of the inheritance. We then analyzedsitngi stimulated infrared thermography in a
zone by zone fashion to obtain a sufficient opticasolution for each image. The
experimental conditions were the following: a pdigxcitation of 360 s, a power equal to 2 *
800 W and continuous detection.

An example of a result obtained is presented iar&dL1, showing the analysis of the zone
close to the right hand of the «Saint Christophes figure reveals a dark spot on the level
of the right hand of the «Saint Christophe», whibharacteristic of the presence of a defect.

Figure 11: Detection of a delamination by stimulitgfrared thermography
near the right hand of the «Saint Christophe»



In order to validate the results obtained on thele/lof the fresco using the photothermal
method, we compared them in figure 12 with thosiakd by acoustic analysis. This figure
shows that the characteristic signatures of visildéects by photothermal radiometry (blue
areas, figure 12 on the left) correspond to ardadetachment detected with the acoustic
method (grey areas, figure 12 on the right).

Figure 12: Comparison between experimental resbiigined using photothermal analysis
(on the left) and acoustic analysis (on the righthe «Saint Christophe»

4. Analysis of marquetries

The results obtained during the analysis of mueahgings were very encouraging. In a
second stage, we investigated the possibilitiegsoig stimulated infrared thermography as
assistance with the restoration of marquetries. thisr type of work of art we try to find
defects of layer separation of marquetry or gakerof worms, which are likely to have
photothermal behaviour similar to that of the defenet in the murals paintings, due to their
physical nature.

4.1. Analysis of an academic chess-board
The first sample of marquetry we analyzed was ad@nic chess-board (figure 8 on the

left). It includes defects of various sizes to emant separation of marquetry and galleries of
worms (figure 13 on the right).

Figure 13: The analyzed academic chess-board é)
and the location of the defects (on the right)



The experimental conditions used for the study wenaulsed excitation with duration
equal to 31 s. The excitation power was equal t001WV. Detection was performed
continuously for 512 s.

The photothermal analysis on this chess-boardlgleaveals, all of the defects found in
marquetry, as shown in figure 14 (left, in falséocws view and right in 3D view). As in the

previous case, this detection is due to the thebaaier effect induced by the air filling the
defects.
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Figure 14: Infra-red photothermal image code Hdalslours” (on the left)
and three-dimensional (on the right) of the analyaeademic chess-board

4.2. Analysis of samples of the European program “aseract”

The second type of samples of marquetry we analy&ede samples provided by the
Research Laboratory of Historical Monuments (LRM&ithe European program « laseract »
(figure 15). Theses samples present three typedefafcts: separations of marquetry (red
areas), cracks (green thin lines) and galleriesams (pointed by arrows).

Figure 15: Four studied samples of m;rquetry ofplogram laseract



The experimental conditions for the photothermadleation of these samples were: a
pulsed excitation with duration of 30 s, an exaiatpower equal to 1000 W and continuous
detection for 300s.

The results obtained are presented in figure Itded the conditions of macroscopic
analysis implemented, the results show that théhodkets sensitive to the defects of more
significant size like delaminations. They also shinat the photothermal signal obtained is
sensitive to the drawing present on the marquetnych is penalizing.

Figure 16: Photothermal results obtained duringsthdy of four Samples
of marquetry of the European program laseract

5. Analysis of stained glasses

The third type of works of art we analyzed wasratdiglass. Stained glass is composed of
lead oxide (greyness) deposited on a substrat&as$.gThis type of coating can also separate
from the surface and give defects which from phwonal point of view, are close, to those
found in mural paintings and marquetries.

The stained glass analyzed here is a piece fromFteach Cathedral of “Chartres”
presented in figure 17 (on the left). It is covenmedhe center region with a lead oxide band
(greyness). An inspection carried out in reflectigtht by the Research laboratory of the
Historical Monuments revealed a separation of ttegyrgess in the upper part of this oxide
band (figure 17 on the right).
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Figure 17: The piece of stained glass of the Fre&Datimedral of “Chartres” analyzed (on the
left) and the position of the defect detected by BResearch laboratory on the Historical
monuments (on the right)

The photothermal analysis on this sample was chraat using two methods of
excitation. We initially studied it by photothermeddiometry and thus implemented an
optical excitation. The second time, we used a floiwhot air, as a different source of
excitation, in order to avoid optical problems &gsfrom the first method of analysis.

For the photothermal analysis, the experimentalditmms were the use of a pulsed
excitation, with duration of 1 s and an excitatpower equal to 100 W. Continuous detection
was employed with duration of 64 s.

For the excitation with a hot air flux, the expeeintal conditions were again a pulsed
excitation with duration equal to 10 s and an extiwh power equal to 1000 W. The detection
was made continuously with duration of 60 s.

The obtained results are presented in figure 18]dft for the optical excitation and the
right for the hot air flow. They both reveal a metble photothermal signal, significant of a
separation of greyness, at the place of the defetgcted in reflected light by the LRMH.
This result confirms this analysis. Additionallpely both reveal other peaks of photothermal
signals, perhaps indicating, the presence of atbfacts.

Figure 18: Infra-red phbtothermal Images code;js#atolours" obtained under luminous
excitation (on the left) and hot air flow (on thght) of the studied piece of stained glass of
the French Cathedral of “Chartres

6. Analysis ceramics

The last types of works of art which we analyzedengeramics of the French National
museum of the Ceramics of Sevres.
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6.1. Analysis of a Greek “panathénaique” amphor&@Vi7230, dated 332 B.C.) of the
French National museum of the Ceramics of Sevres

The first ceramics sample analyzed is a Greek ‘fhemaique” amphora dated from 32
before Jesus Christ (figure 19). This amphora le@s Ibestored on several occasions. It is thus
made up of shards assembled using adhesive antstagtie. The first objective of this study
was to test the effectiveness of the photothermedhod to detect these shards. As the
adhesive and staples located between the varioarsistare of different thermophysical
natures than the shards themselves, they behasedékects and thus would seem to be
detectable by photothermal thermography.

: Vasque : vue de face. s ! | *
Figure 19: The studied panathénaique amphora @teft), its internal structure (in the
centre, X radiography) and the face studied bygthetmal radiometry (on the right)

The experimental conditions for the study were kseul excitation having duration of
120s and an excitation power equal to 1000 W. Deteevas continuous and performed for
900 s.

The photothermal results obtained are presentdmjune 20. It shows in the left image
that the photothermal result is very sensitivento fictorial layer present on the amphora. The
right image shows that the photothermal answerlss aensitive to the thermophysical
variations of properties between the adhesive hadhards, which then makes it possible to
detect these shards

Figure 20: Photothermal image obtained during thetgthermal analysis of a face of
panathénaique amphora MNC 7230 (on the left : tiwgthermal answers of the pictorial
layer are underlined on the right : positionshaf shards are underlined)

After these encouraging results, we analyzed thee lif the Greek “panathénaique”
amphora. The goal of this study was to detect bgtgthermal method a metal inclusion
being used as ballast within the amphora (figur@21he left, imagery X). The experimental
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conditions were the same as in the previous cdse.ré&sult of this photothermal study is
presented in figure 21 on the right showing sigaifitly different signal in the centre of the
base of the amphora, revealing the presence of themogeneity which is the metal insert.

e

Figure 21: etection by imagery X (on the left) qtwtothermal radiometry (on the right)
of a metal inclusion in the base of panathénagmehora MNC 7230

6.2. Analysis of an ovoid vase (MNC 7235, 1883 AG) the French National museum of
the Ceramics of Sevres

The second type of ceramics work of art that welistllwas a fissured ovoid vase. It is
dated from 1883 A.D. (figure 22). The vase is fisguin the upper portion pointed out in
figure 22. A crack is like a delamination actingaathermal barrier and is therefore detectable
by stimulated infrared thermography.

Figure 22: Studied fissured ovoid vase MNC 7235
of the French National museum of Ceramics

To take advantage of the directionality of the mhalrbarrier created by the crack, we did
not thermally excite the face of the vase uniforiaywas done in the other cases. Instead we
preferred to use a dissymmetrical excitation, faaneple, by a flow of hot air applied to the
right side of the vase.

The experimental conditions were the use of a plubseitation with duration equal to 30s
and an excitation power equal to 2000 W. Continutetection was used wit a duration of
180 s.

The results presented in figure 23 represent tlmeogiermal images obtained at various
times during the detection process (during thetaton on the left, at the beginning of the
cooling of the sample in the centre and at the @nithe analysis on the right). They clearly
show a blocking of heat at the place of the crask t its behaviour as a thermal barrier.
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Therefore, they show the possibility of detectigs ttype of defect using photothermal
analysis.

Figure 23: Detection of a crack in vase MNC 7235tayulated therograpy
7. Conclusion

In this work, we investigated the potential of silated infra-red thermography as a
means of assistance for the restoration of inhrergavorks of art.

We initially showed by this technique, the detettad delamination in mural paintings (in
an academic fresco and in the «Saint ChristophahefCampana collection of the Louvre
French Museum).

We then showed the detection of delaminations atldrges of worms in marquetries.

We showed in a third stage, that the technique makgossible to detect separations of
greyness in stained glass.

In a fourth stage, we demonstrated the possilblityisualizing the separate shards or the
metal inserts located in a Greek “panathénaiqugihama of the French National museum of
the ceramics of Sevres.

Finally, we showed the possibility of using by tkeEhnique to detect a crack located in
an ovoid vase of the same National museum of tmarfies of Sevres.

These very encouraging results now require confionand supplementation.

Initially, the photothermal alternative that widldd to the most complete analysis of works
of art will need to be determined and implemented.

The less disturbing photothermal stimulus (randoritation?) will then need to be
determined.

The guantitative possibilities of the infrared noattwill still need to be studied as well.

Finally, the analysis procedures will need to beroved to remove the artefacts of
detections.

Ongoing work is being performed in these directions
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