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Abstract

In the present work we focus on the assessment of the chemical and physical side effects induced by
UV laser ablation of varnish samples (i.e. mastic, oil mastic, dammar and bleached shellac) after
natural curing and artificial ageing using micro-Raman spectroscopy, laser induced fluorescence
and environmental scanning electron microscopy. The varnish films were irradiated with the fifth
(213 nm) and fourth (266 nm) harmonics of a Q-switched Nd: YAG laser. Besides the systematic
microscopy inspection of the irradiated areas, a significant effort was devoted to the study of the
optical properties of the varnish films by means of UV-Vis absorption spectroscopy, which allowed
the determination of linear absorption coefficients at the present laser irradiation wavelengths.
Single-pulse laser ablation thresholds were measured by applying the spot regression method and
processing of the films was carried out using three different scanning speeds that resulted in 1, 5 and
10 laser pulses on each irradiated area. The results achieved using laser fluences well above the
single-pulse ablation threshold of the treated varnishes, indicated the quality of the material removal
process crucially depend on the irradiation wavelength, type of varnish and on its degree of
polymerization. In contrast with the undesired modifications observed at 266 nm, that led to the
formation of microbubbles, which produced a whitish appearance of the irradiated area, the absence
of relevant side effect at 213 nm emphasizes the importance of using a highly absorbed wavelength
to finely remove the altered uppermost layer of different types of aged varnishes.
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1 Introduction

The removal/thinning of aged varnish coatings from easel paintings is a very complex issue since
ageing and degradation phenomena strongly affect their chemical and physical properties, thus
making difficult any restoration attempt. For instance, auto-oxidation through chain radical reactions,
which occurs both in light and darkness according to different kinetics, is the most recognized
degradation pathway [1]. Well-known macroscopic effects of ageing are: cracking, hazing, loss of
gloss, yellowing and darkening over time, which produce significant aesthetic changes of the
paintings. Studies carried out on mastic and dammar varnishes have also showed that owing to light
and oxygen most of the oxidized and condensed products (i.e. carboxylic acids, esters, anyhydrides,
lactones), also including high molecular weight compounds (i.e. quinones), are mainly generated in
the uppermost varnish layer (within the first 10 um) [2]. It is therefore expected that upon ageing, the
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reduced number of cross-links and UV chromophores across depth will lead to changes in solubility
and laser interaction properties [3, 4], which have a significant importance in conservation treatments.
The latter need to be carefully optimized in order to recover the complete legibility of the painting
and avoid any injuries to the remaining varnish film and the pictorial layers underneath. To this goals,
presently the attention is strongly focused on the laser ablation approach, which is well-established
in conservation of stone and metal artefacts, as well as wall paintings [5-7] and in principle could
satisfy the mentioned requirements if the irradiation parameters are carefully optimized, but further
investigation are needed.

Since the early eighties, many laser systems operating in different spectral regions and pulse durations
have been proposed for restoration of paintings. Nanosecond (20-50 ns) excimer lasers emitting at
351 nm (XeF*), 308 nm (XeCl*), 248 nm (KrF*), and 193 nm (ArF*) [8-15], Free Running (200-
400 ps) Er:YAG (2.94 pum) laser [16], Q-Switched (5-15 ns) and Long Q-Switched (60-120 ns)
Nd:YAG lasers (1064, 532, 355, 266, 213 nm) [17-23] have been used in laboratory tests aimed at
assessing the laser-induced effects on pigments, binders, varnishes and their mixtures.

Furthermore, recently LQS Nd: YAG laser has also been successfully used for the first time in a
practical overpaint removal from a modern oil painting on canvas [24].

In previous studies, the most used wavelength for thinning aged varnish coatings has been 248 nm
(KrF* laser) [25], although a much better surface morphology and in-depth control was achieved
using 193 nm [9-10] (ArF* laser). On the other hand, the higher ablation rates observed at 248 nm
are better suited for achieving sufficient etching across the typical varnish layers found in paintings.
The mean ablation rates of different types of spirit and oil varnishes (i.e. dammar, mastic, copal-oil
and shellac) is between 0.5-1 um/pulse in a fluence range of 0.2-0.6 J/cm?. However, the large sizes,
weight, complex maintenance, and safety issues of the excimer lasers make them not suitable for
widespread use in the present application field. Thus, according to the general trend observed in laser
material processing, where gas lasers are being gradually replaced by solid state sources, the previous
results represent the starting point for exploring the potential of the most advanced UV solid state
lasers.

Recently, with the aim of minimizing photo-thermal, photo-mechanical and photo-chemical
undesired effects, ultra-short lasers operating in picosecond (ps) and femtosecond (fs) regimes have
been tested [26-27]. Processing of fresh mastic and dammar varnishes with 248 nm, 500 fs laser
pulses resulted in an improved etched morphology as compared with ns pulses at the same wavelength
[26]. Simultaneously, encouraging results were achieved using the fifth harmonic of a QS Nd: YAG
laser (213 nm, 15 ns) nm, which allowed micrometric gradual removal of shellac from photo-sensitive
tempera paint models without affecting the surface morphology and chemical composition of the
remaining varnish film and underlying paint layers. In contrast, fs multiple pulse Ti:Sapphire
irradiation at 795, 398 and 265 nm has turned out to be ineffective for removing shellac varnish from
egg-yolk based tempera paints [27].

Here, we extend this early investigation by focusing on the assessment of undesired chemical and
physical modifications of various natural resin varnishes typically encountered in conservation of
easel paintings. Furthermore, besides the fifth (213 nm) also the fourth (266 nm) harmonic of the QS
Nd: YAG laser was comparatively tested in order to thoroughly explore the potential of this laser
source in selective removal of aged varnishes. To this goal, laser induced-effects on naturally cured
and artificially aged samples of solvent mastic, dammar and bleached shellac varnishes along with
oil mastic varnish, were thoroughly investigated by using micro-Raman spectroscopy, laser induced
fluorescence and environmental scanning electron microscopy (ESEM).



2 Material and methods
2.1 Laboratory samples

Varnish samples were prepared according to the following methodology. Dammar, "Chios" mastic
and light shellac (bleached) (marketed by Zecchi, Florence) pure resins were dissolved in a suitable
solvent (30% wi/v) which was white spirit, iso-propanol and ethanol, respectively. Mastic-oil varnish
was prepared by heating oil and resin up to 220 °C using a sand bath. The mixture was allowed to
cool slowly until 60 °C when rectified turpentine oil in 1:1 wt% was added to the oil-resin mixture.
Afterwards, varnish films were applied by casting on synthetic round quartz plates (2.5 cm diameter,
2.5 mm thick) and eventually finely brushed on primed canvas. The latter was constituted of a
commercial blend of calcium sulphate and calcium carbonate, bound with a proteinaceous binder,
which represents a weakly absorbent ground suitable for paintings.

A set of reference samples, was left cured for about 20 months in controlled laboratory conditions
(T= 20 °C, R.H= 40-45%) behind a glass-window and protected from dust and the direct sunlight
radiation (i.e. the reference samples). A second set of samples was artificially aged in an air-cooled
Xenon test chamber (500 hours, B.S.T=50°C, cut-off of 290 nm, 50 mW/cm?). Once artificial ageing
was completed, the samples were exposed to free oxygen conditions for 6 months and then stored in
the dark for about one year prior to be investigated.

2.2 UV-Vis absorption spectroscopy

UV-Vis absorption spectra were collected using a Shimadzu UV3600 double-beam
spectrophotometer. The spectral window was settled in a wavelength range of 200-800 nm with a
sampling interval of 1 nm and a scan speed of 200 nm min~!. Dedicated samples were suitably
prepared on quartz plates as thin films in order to correctly measure the UV-Vis absorption. For this
reason, a small amount (of the order of mg) of each varnish film was weighted in a Sartorius Research
balance with a readability of 10° g. The weighted amount was grinded and then dissolved in equal
concentration of about 0.086 % (0.00259 g/3cc) (weight to volume) by selecting a suitable solvent or
blend by Teas chart (see Table 1) [28].

An ultrasonic bath was used to speed up the dissolution process. Afterward, a volume of about 3 ml
was cast by graduated Gilson micropipette on round quartz plates (5 cm diameter, 2 mm thick). Once
the films were dried and the solvent completely evaporated, the resulting thickness was measured
using a Digital Comparator (Mahr Extramess) with a resolution of up to 0.2 um. The measured values
ranged between 1.5-2 um. The spectra collected covered an absorbance range, which was well-below
the spectrophotometer saturation threshold of 3 absorbance units. All the spectra reported below were
achieved by plotting the mean absorption coefficient (amean) as a function of wavelength and no
solvent subtraction was needed in order to correct the absorption profiles. arer and oaa, as reported in
section 3.1.1, correspond to the absorption coefficient of reference and artificially aged samples,
respectively.

First order derivatives were calculated over the whole spectral window in order to find the correct
position of the inflection point, which provides useful information about the wavelength of maximum
absorbance. Afterwards a slight (5 points) average-adjacent smoothing filtering was applied in order
to improve the signal-to-noise ratio.



2.3 Micro-Raman spectroscopy

Micro-Raman analyses were performed on the varnish films applied on round quartz plates in order
to study both the material photo-degradation processes and the laser-induced modifications. Micro-
Raman spectra were recorded using a 785 nm excitation wavelength Renishaw System coupled to an
optical microscope. The Raman signal was calibrated using the emission line at 520 nm of a standard
Si target. The grating was 1200 lines/mm and the spectral resolution about 2 cm™. The excitation
laser was focused onto the sample surface using a 50x (NA 0.55) objective lens allowing for a spatial
(lateral) resolution down to 1 um. The spectra collected are presented without any correction.

2.4 Laser Induced Fluorescence spectroscopy

Laser Induced Fluorescence (LIF) measurements were performed on reference and artificially aged
varnish films applied on primed canvas using an excitation wavelength of 266 nm, which is a sensitive
probe for assessing the laser-induced modifications. LIF spectra were measured using a 0.30 m
spectrograph with a 300 lines mm™ grating (TMc300 Bentham) coupled to an intensified charged
coupled detector (2151 Andor Technologies) providing a spectral coverage of 280 nm. The spectral
range was centered around 450-500 nm and a 320 nm cut-off filter was used in order to reject the
second order peak of emissions at lower wavelengths including the excitation one. The time gating
was synchronized with the excitation laser pulse and had a duration of 3 ps.

The surface of the sample was illuminated at an incidence angle of 45° with a pulse energy less than
0.1 mJ and a spot of about 3 mm? (fluence of 3 mJ/cm?). Each spectrum was the average of 20
measurements acquired in two different points of each irradiated area [27]. The selected repetition
rate was 1 Hz. All the recorded spectra were normalized to their maxima to be independent from the
incident intensity and the quantity of analyzed material.

2.5 Microscopy examination

Micro-morphological changes of the laser irradiated films were preliminary investigated via optical
microscope examination (Leica DM LM microscope) and Raman microscopy (RM). Closer
inspections were carried out using an environmental electron microscope (ESEM, Quanta-200 FEI)
mainly exploiting back scattered electron (BSE) scans and using acceleration voltage of 25 kV and
pressure of 1 Torr.

2.6 Laser ablation thresholds

Laser irradiation tests were performed using a QS Nd: YAG laser (Lotis Il, LS-2147) operating at the
4th (266 nm) and 5th (213 nm) harmonics with a pulse duration of 15 ns and a repetition rate of 1 Hz.
The average pulse-to-pulse energy fluctuations were of about 10 % for both the harmonics. The laser
beam was focused on the surface of the sample by means of a spherical plano-convex quartz lens with
focal length of 80 mm at a fixed distance of about 71 mm. For continuous control of the laser pulse
energy, a suitable variable dielectric attenuator (Laser Optik) was used.

Ablation fluence thresholds were determined by measuring the minimum pulse energy at which gas
desorption was observed and calculating the size of the irradiated area by applying the spot regression
method using a sensitive photographic film [27, 29, 30].



For laser beams with a Gaussian spatial profile, the maximum laser fluence, F, on the sample surface
and the diameter, D, of the ablated area are related by D?=2w32In (F/Ft), where wo is the 1/e? radius
of the Gaussian beam distribution and Fin is the ablation fluence threshold. The diameter of the ablated
area was determined as observed on the photographic film through optical microscopy. From a plot
of D? versus InE, E being the pulse energy, Fin and wo can be determined. The value of wo was
calculated by a linear fit, taking the slope as equal to2wZ. The calculated values of wo were 0.3 and
0.55 mm at 213 and 266 nm respectively.

2.7 Laser processing

Laser ablation tests of the various varnishes were carried out at the two irradiation wavelengths on
quartz and canvas substrates. Each varnish sample was processed at fluences two times higher than
the corresponding to single-pulse ablation threshold (2Fw) previously measured. This value was
chosen to maximize the ablation efficiency, in terms of ejected material per incident fluence unit.
The laser beam at both wavelengths was focused at the varnish surface using a cylindrical plano-
convex quartz lens with focal length of 150 mm whose spot size was about 6.0x0.1 mm? at 213 nm
and 5.5x0.1 mm? at 266 nm. Each area was processed at a repetition rate of 10 Hz following two
different scanning procedures. The first one was achieved by manually turning a microstage over the
entire scanned area and the second one using a motorized stage setting 0.1, 0.2 and 1 mm/s as scan-
speeds along the x direction. The latter correspond respectively to 10, 5 and 1 laser pulses/step
delivered for each laser spot. Using the n=1-1/2r, where n is the pulse overlap, | is the length between
the center of two successive laser spots and r the spot radius (half width of the rectangular laser spot,
r=0.05 mm), the pulse-overlap can be easily estimated. Considering the three scan speeds reported
above the pulse overlap were 90%, 80%, and 0 %, respectively. Chemical and physical modifications
upon laser removal at 213 and 266 nm were evaluated on scanned areas at 0.1 mm/s (10 laser pulses,
overlap 90 %) with a fluence of 2F.

3 RESULTS
3.1 Characterization of samples
3.1.1 UV-Vis light absorption spectroscopy

Figure 1 displays the spectral behaviours of the absorption coefficients and the corresponding first
derivative of the varnish films understudy. The intense negative peaks at about 206 nm (orer=2400
cm™?) and at 210 nm (02a=2500 cm?) refer to the inflection points of the first absorption maxima of
reference and artificially aged mastic films (Fig. 1a), respectively. These peaks fall approximately at
190 nm, which is out of the spectrophotometer range. Furthermore, reference mastic films showed
an evident shoulder at about 245 nm (aref =1000 cm™), which is barely observable in the first
derivative of the artificially aged sample. In presence of linseed oil, the absorption pattern is slightly
different with respect to pure mastic (Fig. 1b). The negative peaks are for both samples at 203
(arer=3000 cm?) and 204 nm (0a=2950 cm™). The shoulder-peak is here present at 230 nm, and, as
previously discussed in mastic, the latter is more pronounced in the reference sample (arer=1450 cm”
1) than in the light aged one (aaa= 1400 cm').
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Contrarily to mastic, the first derivative of dammar samples present the negative peak at about 205
nm (orer= 3850 cm™ and 02a=2800 cmt). The broad shoulder band centred at 235-240 nm (arer=1340
cm) in the spectrum of reference dammar (Fig. 1d), which does not appear in the sample artificially
aged, can be considered a real absorption maximum.
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Figure 1 Mean absorption coefficients (solid lines) and their 1% derivatives (dotted lines) as a function of wavelength of

non-irradiated mastic (a), mastic-oil (b), bleached shellac (c), and dammar (d) varnish samples. Black and red lines refer
to reference and artificially aged samples.

The spectrum of reference bleached shellac (Fig. 1c) is characterized by a broad absorption peak with
a maximum centred at about 230 nm (arer=5150 cm™). For this evident reason, no differentiation was
applied. This maximum is assigned to a, B-olefinic carboxyl chromophore with a clear UV absorption
in the 220-230 region [31, 32]. Specifically, epishellolic acid has a maximum at 226, jalaric acid at
220 and shelloic at 218 nm suggesting a carboxylic function conjugated with an olefinic linkage [33,
34]. Aleuritic acid is essentially transparent in the near UV region.

The artificially aged bleached shellac sample was not reported due to the complete loss of solubility
in all the common organic solvents (see Table 1).

3.1.2 Characterization of samples by micro-Raman spectroscopy
Micro-Raman spectra recorded both on reference and artificially aged samples prior to the laser

irradiation tests are shown in Fig. 2. This preliminary comparison allowed discriminating the
structural differences among the studied terpenoid varnishes along with those induced by ageing.



In general, small changes are observed in the Raman spectra of varnishes during artificially ageing
(Fig. 2). The most important changes are observed in the 1800-1500 cm™' region, corresponding to
C=0 and C=C stretching vibrations and also in the 1300-700 cm’!. A tentative assignment of the
observed Raman bands is summarized in Table 3 [36-43].
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Figure 2. Micro-Raman spectra of (a) reference and (b) artificially aged mastic, oil mastic, shellac and dammar. The
Raman spectrum of the reference oil-mastic sample was multiplied by 5 in order to show the low intensity bands of the
spectrum.

In particular, in the case of mastic and oil-mastic Raman spectra, an increase of the fluorescence is
observed upon artificial ageing. The most important changes in the mastic sample are small shifts of
bands at 1653 to 1648 cm’!, and the disappearance of the band at 1587 cm™'. These modifications can
be related to minute changes in the C=0O bonds and to the disappearance of C=C bonds due to
oxidation and cross-linking. On the other hand, the artificially ageing process lead to an increase of
the bands at 1310, 1180, 1002, 952, 824 and 708 cm™'. These bands are assigned to deformation
vibrations of CH2/CH3, breathing of C-C rings, deformation of C-C ring, rocking of CH3, stretching
of C-C ring and out-of-plane deformation of C-H. The observed changes fit well with ring opening
(Norrish type I reaction), fragmentation and oxidation of the triterpenoid skeleton [35]. The Raman
spectrum of the reference sample of oil-mastic showed several differences with that of pure mastic
(Fig. 2a). A weak band at 1735 cm™! appears, related to the C=0 bond of esters. Besides, the band at
1625 cm™ is increased and that at 1587cm™! in mastic is shifted to 1582 cm™ in oil-mastic. These
changes indicate the appearance of additional unsaturations and ester groups and may be, therefore,
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related to polyunsaturated fatty acid chains (linseed oil) and monoterpenes (turpentine oil). The
increase of the band at 1305 cm™ in the Raman spectrum of oil-mastic, assigned to CHz in-plane
twisting is ascribed to linseed oil. Other bands in the 1200-800 cm™ almost disappear in the oil
sample. This fact is even more evident in the artificially aged oil-mastic Raman spectrum. Other
changes in the ageing process of the oil-mastic varnish are the disappearance of the bands at 1735
and 1582 cm..

The Raman spectra of shellac undergo small changes after ageing, such as the disappearance of the
bands at 1738, 1230, 870, 729 and 667 cm™'. These bands are assigned to stretching of the C=0 ester
group, deformation of CCH, rocking of CH, stretching of CH and breathing of the C-C ring,
respectively. Thus, little or no oxidation processes occurred in the ageing process. Changes on the
C-C ring bands together with the disappearance of the band at 870 cm™ depend on the fragmentation
of the aliphatic chain, mostly present in aleuritic acid, a main component of shellac.

The ageing of dammar leads to several modifications on the Raman spectra of the varnish. Shifts of
the bands at 1704 and 1659 cm™ to 1707 and 1654 cm™ in the artificially aged sample are related to
changes in the C=0 and C=C bonds. The same happens with the appearance of a band at 1577 cm’!
in the Raman spectrum of the aged sample. Increases of the intensity of bands at 1178, 957, 929, 830,
730 and 678 cm™! are also observed. The first band cannot be assigned. The following two bands are
related to rocking vibrations of CHs. The band at 830 cm™ corresponds to stretching of C-C-OH. That
at 730 cm! is assigned to out-of-plane deformation of C-H. The last band, at 678 cm™!, correspond to
C-C ring breathing. A decrease of the bands at 584, 556 and 530 cm™! is shown in the aged sample
compared to the reference. This indicates further modifications of the C-C-O groups in the lateral
substituents of oleanane and ursonic molecules. The changes observed are similar to that observed
previously for mastic and may suggest also in this case ring opening reaction.

3.1.3 Characterization of samples by Laser Induced Fluorescence

LIF spectra recorded at the laser excitation wavelength of 266 nm on reference and artificially aged
varnish samples are displayed in Fig.3. They were characterized by broad and unstructured bands
with fluorescence maxima (Amax) occurring at different emission wavelengths. In most cases, Amax
showed a slight bathochromic shift (red-shift) with ageing, evident in oil mastic, and a marked
increase of intensity, mainly due to the formation of new chromophores (accumulation of unsaturated
and oxidized products) in the outer varnish layer.

The fluorescence emission in mastic and dammar showed Amax respectively at 475 (Full Width at Half
Maximum, FWHM of 120 nm) and 459 nm (FWHM of 115 nm), which shifted 6 nm with ageing in
both resins. As reported in the literature [44], the differences in the fluorescence of mastic and
dammar have not yet been ascribed to specific fluorophores, although a significant contribution from
a-pinene and P-myrcene polymeric fraction is expected. The AAmax fluorescence shift of 13 nm
between reference (Amax=479 nm) and artificially aged (Amax= 492 nm) oil-mastic samples may be
related to the previous heating effect and to the greater photo-oxidative liability of fatty acid chains.
The LIF spectrum, recorded on reference bleached shellac, consists of a wide band with Amax centered
at 442 nm, which is, however, slightly narrower (FWHM of 100 nm) in comparison with those
observed in triterpenoid resins. As expected, no evidence of bands at 355, 375, 495 and 630 nm
assigned to fluorescent residual laccaic acids (orange-red fluorescence) were appreciated, although
only a slight shoulder at about 490 nm (ascribed to hydroxy acids) is barely distinguishable [27-45].
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A Almax fluorescence shift of 8 nm and a higher fluorescence intensity were observed and could be
therefore associated to the ester linkages occurring during photo-induced polymerization.
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Figure 3. LIF spectra (exc. 266 nm) with (left) and without (right) fluorescence intensity normalization of reference (black
line) and artificially aged (red line) varnish samples. Amax refers to the maximum emission wavelength.

3.2 Laser irradiation

3.2.1 Ablation thresholds

Single-pulse ablation threshold fluences, Fw, were measured applying the spot regression method, as
described in section 2.6. The decision on the onset of material removal (ablation threshold) was rather
simple upon irradiation at 266 nm, thanks to the corresponding occurrence of a well-visible emission
of gas from the irradiated area. This process was less pronounced at 213 nm, but it was still
appreciable to the naked eye. The results obtained for all the varnishes are summarized in Table 2.
For comparison purposes, the linear absorption coefficient (o) and the optical penetration depth (6 =
1/a), as derived from UV-Vis spectroscopy are also reported.

The operating fluence ranges for irradiation at 213 nm of reference and aged samples were similar,
thus allowing, independently from their degradation, the processing of different terpenoid varnish
types with only one wavelength. This feature, which is meaningful from the conservation standpoint,
was not observed for irradiation at 266 nm. For the latter, Fi were very similar for mastic and dammar
samples, while increased for oil-mastic and bleached shellac. Generally, the ratio Fi (266 nm)/F
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(213 nm) varied between 3.7 and 6.4 thus indicating an evident higher absorption of the varnishes at
213 than at 266 nm. Similarly, omean (213 nm)/ amean (266 NM) ranged between 3.1 and 5.8, which is
consistent with the previous Fw ratios. Furthermore, no remarkable differences were detected between
Fu and o of reference and artificially aged samples, tough the latter exhibited mostly at 266 nm a
lower a (higher 3), as pointed out also by UV-Vis absorption profiles (see 3.1.1).

Table 1. Single-pulse laser fluence thresholds, (Fi, mJ/cm?), absorption coefficient (o, cm™) and optical penetration depth
(8, um) measured on reference and artificially aged varnish films at 213 and 266 nm. The estimated error on Fi, is less
than 5 %, while for a can vary from 15 to 30 % depending from the solvent-extractable material (see Error! Reference
source not found., section 2.2).

Laser wavelength 213 nm 266 nm ratios
o 1) o ) Fin

Description P P *

P (mJ/cm?) ) s (mJ/cm?) L s 213/266

(cm?) x 10 (um) (emt)x 10 (um) 266/213

Reference
mastic 80+2 2.2 4.5 30045 0.55 18.3 3.8 4.0
mastic-oil 90+3 2.1 4.8 45548 0.55 18.3 5 3.8
dammar 85+3 2.6 3.9 31546 0.85 11.8 37 31
shellac 85+2 4.6 2.1 53049 1.25 7.9 6.4 3.7
Artificially aged
mastic 70+2 2.2 4.5 275+5 0.38 26.3 3.9 5.8
mastic-oil 80+2 2.2 4.7 47549 0.52 22.5 5.7 4.8
dammar 60+2 2.0 5.0 275+5 0.65 14.6 45 31
shellac 85+2 n.m* - 52049 n.m - 6.3 n.m
*n.m : not measurable

3.2.2 Laser processing

The varnish models were irradiated by scanning the laser beam over the sample surface using three
different speeds (see section 2.7) corresponding to 1, 5, 10 delivered pulses/step at a fluence of 2 Fin.
Particular care was devoted to safeguard a thin varnish film (5-10 um) over the quartz and paint
substrates, within which were then investigated the possible chemical changes (section 3.2.3 and
3.2.4). Previous RM inspections performed on the manually laser-scanned areas showed surface
inhomogeneity in the scanning process, which were improved by using the motorized stage for
moving the sample. However, none of the three speeds used served to return a flat surface
morphology, most probably due to the partial synchronization between delivered laser pulses and
motor steps and, the spatial energy fluctuations of the laser beam. Fig. 4 displays dark field images
and back scattered electron (BSE) details of mastic and oil-mastic varnish samples after laser-
scanning.

The areas irradiated at fluences well above the single-pulse ablation threshold (2Fw) were ablated
and/or morphological modified, depending markedly on the irradiation wavelengths and degree of
polymerization, but less from the type of varnish.

Irradiation at 213 nm induced ablation without noticeable morphological changes to the remaining
varnish layer, which preserved its natural gloss (Fig.4a). A high resolution layer by layer removal
was achieved. In particular, on reference mastic sample treated with a fluence of 2Fw and 10
successive laser pulses, an overall etched depth of about 4+0.5 um was measured. This value, which
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is 10 times lower than the optical penetration depth & reported in section 3.2.1, has to be considered
as averaged on a surface with a grating-like morphology. Irradiation at 266 nm gave rise to the
nucleation of microsized bubbles, as shown in Fig. 4g-l. Bubbles of about 10-15 um were observed
also in dammar and shellac samples (data not shown). In this case, the average etch depth achieved
on the reference mastic sample under the same irradiation conditions (2Fw, 10 pulses) was of 15+£1.5
um, which was 3.7 times larger than the thickness removed by irradiation at 213 nm. Most
importantly, the remaining varnish layer, of the order of 5-10 um, acquires a whitish and foamy
appearance as result of an increased light scattering (Fig.4f).

non-irradiated 213 nm non-irradiated 266 nm

Figure 4 Fig. 4. Comparison between non-irradiated and laser irradiated areas at 213 (left column) and 266 nm (right
column) with a fluence of 2Fy, and 10 laser pulses/step (0.1 mm/s, overlap 90 %). Optical microscope images (a,f) taken
on a varnish film applied on quartz substrate, which was in turn placed on a blue plastic film in order to make more
evident the whitish appearance upon irradiation at 266 nm. BSE details show morphological changes induced in the
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remaining oil-mastic (b,g,c,h) and mastic (d,i,e,f) varnish films. Ref. and Aged indicate reference and artificially aged
samples, respectively. The size of each BSE picture is 165x140 um.

3.2.3 Characterization of laser irradiation effects by micro-Raman spectroscopy

To assess the laser-induced chemical modifications on the remaining varnish layer and to investigate
in depth the laser ablation process, a thorough characterization by using micro-Raman spectroscopy
(exc. 785 nm) was carried out on laser treated (2 F, 10 pulses) areas.

Mastic, dammar and oil-mastic

Figure 5 displays micro-Raman spectra of mastic, oil-mastic and dammar varnish films acquired
before and after laser irradiation at 213 (b) and 266 nm (c). The Raman spectra of the reference mastic
sample showed little differences after irradiation (Fig. 5A).
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Figure 5 Micro-Raman spectra of reference (A) and artificially aged (B) samples of mastic, oil-mastic and dammar: non-
irradiated (), irradiated at 213 (b) and 266 nm (c).

An increase of the band at 1704 and a broadening of that at 1585 cm™ were observed upon irradiation
at 213 nm. The former band is assigned to the stretching of the C=0 group and the latter to the C=C
and CCH groups. Furthermore, an increase of the bands at 1315 and 1167 cm™ were also observed,
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which are associated to CH2/CHs and C-C vibrations, respectively. On the other hand, irradiation at
266 nm led to a Raman spectrum apparently identical to that of the non-irradiated sample. Decrease
of the bands at 1360 and 558 cm™* were observed, which are related to deformations of the CH2/CHs
and of the C-C-O groups. The latter band got smaller also upon treatment at 266 nm.

Regarding the artificially aged samples (Fig. 5B) even less differences were found. As in the reference
sample, an increase of the bands around 1600 cm™ was observed after irradiation at 213 nm. Bands
at 1263, 1207, 1175, 953 and 938 cm were better defined in the (b) spectrum as compared to the (a)
and (c). These bands correspond to vibrations of the deformations of CCH and =CH in-plane and
rocking of CHs, that could be related to polymerization processes. Finally, an increase of the band at
730 cm?, was observed as well. The irradiation treatment at 266 nm did not show significant
differences in the spectra compared to the non-irradiated sample, although a decrease in the shoulders
at 1704 cm™ was clearly observable.

The laser treatments applied to the oil-mastic gave rise to very little variations among the Raman
spectra. In the case of the reference samples (Fig. 5A) a small decrease of the bands at 1741, 1705
and 1585 cm related to C=0 and C=C was observed upon irradiation at 266 nm. These samples can
be considered highly oxidized after the thermal treatment and curing procedures. Thus, at this
wavelength the loss of the mention spectral features could be ascribed, as previously observed for
pure mastic film, to an ablation mechanism driven by a photo-thermal process consisting in emission
of small fragments and gaseous products (RCH20H, CHs, CH2, COOH, RCOOR, CO and CO2).The
comparison among the Raman spectra of the aged samples is quite difficult due to the low intensity
of the bands. This probably happens because the photo-oxidative reactions took place throughout the
film.

In the case of the dammar reference varnish samples, the Raman spectrum after irradiation at 213 nm
showed an increase of the bands at 1639, 1200, 1180 and 1160 cm™. The first one is assigned to C=0
and C=C vibrations and the other three to CCH and C-C. The irradiation at 266 nm led to a Raman
spectrum apparently identical to that of the non-treated sample. The only differences are the light
weakening of minor bands at 1261, 890 and 582 cm™. As in the previous varnishes, the artificially
aged dammar samples showed less differences among the non-irradiated and irradiated Raman
spectra, although C=0 stretching at 1706 cm™ is slightly decreased. The most important change upon
irradiation was the weakness of the band at 930 cm, related to a rocking vibration of the CHs group.
However, an overall decrease in the intensity of the Raman bands after processing the sample at 266
nm was evident.

Bleached shellac
Micro-Raman spectra recorded on bleached shellac varnishes after laser irradiation are shown in Fig.
6. Little differences were observed in the Raman spectra of shellac after irradiation at 213 and 266
nm when compared with the non-irradiated varnish (Fig. 6). In the reference sample, more variations
are shown after processing at 266 nm. Thus, a band at 1736 cm, assigned to the stretching vibration
of the C=0 bond in an ester group appeared, which suggest an esterification process. Besides, the
presence of the band at 1474 cm™, related to vibrations of CH2/CHz is better seen in the spectrum Fig.
6Ac. On the other hand, the previous Raman spectrum showed a decrease in intensity of the bands at
1229, 1086, 1000 and 947 cm™.These bands are assigned to deformations of CCH, stretching of C-
C, deformations of C-C rings and rocking of CHs, respectively.
Regarding the artificially aged samples, more differences were observed in the Raman spectrum
registered after irradiation at 213 nm compared to the other spectra. In particular, the band at 1706
13



cm?, assigned to a stretching of the C=0 band, is better defined. Besides, an increase of the bands at
1371, 1326, 1266 and 1000 cm™ was also observed. The first two bands are assigned to bending of
CH2/CHgs, and the third one to bending of CCH and in-plane of =C-H.
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Figure 6 Micro-Raman spectra of reference (A) and artificially aged (B) bleached shellac: non-irradiated sample (a),
irradiated at 213 (b) and 266 nm (c).

Finally, the last band corresponds to a deformation of the C-C ring. On the other hand, the Raman
spectrum of the sample after irradiation at 266 nm showed an increase of the band at 1225 cm™,
associated with the bending vibration of the CCH group. The Raman spectra of the aged bleached
shellac (Fig 6B) did not show
any indication of an esterification reaction, unlike the reference samples. In this case, a cross-linking
polymerization could happen.

3.2.4 Characterization of laser irradiation effects by Laser Induced Fluorescence
Chemical modification induced by laser irradiation on varnish samples were also assessed by
collecting fluorescence spectra on scanned areas irradiated with 1, 5 and 10 laser pulses. For

comparison, the fluorescence maxima (Amax) after normalization were plotted as function of the
number of pulses. Results obtained are displayed in Fig. 7.
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Figure 7 Fluorescence maxima as function of the number of laser pulses after irradiation at 213 nm and 266 nm of mastic
a), dammar b), oil-mastic ¢) and bleached shellac d). Black and red lines correspond to reference and artificially aged
samples, respectively.

Basically, reference mastic, dammar and oil mastic samples irradiated at 213 nm showed red-shifts
of Amax, Which tend to be closer to those of the artificially aged ones, especially after ten pulses. The
red shift was less pronounced in reference samples of bleached shellac. However, the Amax shifts of
reference samples reached slightly higher values upon irradiation at 266 nm. As regards the
fluorescence intensity (data not shown), irradiation at 213 nm of reference mastic and dammar lead
to an overall decrease, and the opposite effect in oil mastic. Changes of fluorescence intensity for
shellac were instead quite negligible. Contrarily to irradiation at 213 nm, LIF spectra of reference
samples irradiated at 266 nm experienced a notable increase of the fluorescence intensity.

Similarly, results from artificially aged mastic and dammar samples displayed a red-shift of Amax
although in less extent in comparison to reference samples and more marked at 266 nm. For aged
bleached shellac Amax shifts were instead the highest among the investigated samples at both
irradiation wavelengths. It is worth noting that Amax of oil mastic did not undergo any shift.

The fluorescence intensity of artificially aged mastic and dammar was reduced at 213 nm while for
bleached shellac did not change significantly. Irradiation at 266 nm of the same samples follows a
similar quenching behavior although the spectral changes were drastically magnified. Changes
observed in shellac resemble those observed upon irradiation at 213 nm. As regards aged oil mastic,
irradiation at 213 and 266 nm results in the increase of fluorescence intensity.

4 Discussion
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According to the irradiation wavelength, the considered varnish and its degree of oxidation/
polymerization, distinct phenomena occur upon laser irradiation at 213 and 266 nm. Preliminary
results obtained from UV-Vis absorption spectroscopy and ablation thresholds, allowed deriving
linear absorption coefficient of the studied varnishes, as well as the consideration of the underlying
ablation mechanisms. In turn, microscopic examination, micro-Raman and laser induced fluorescence
spectroscopy measurements, performed on irradiated areas with fluences two times higher than the
single-pulse ablation threshold (2Fw), have provided the basis for the discussion of the chemical and
physical modifications induced by laser irradiation.
As regards the UV-Vis spectral features, the analyzed terpenoid varnishes, with exception of shellac,
have the absorption maximum in the far UV. On the other hand, triterpenoid resins mainly consist of
polycyclic saturated molecules with dammarane, oleanane, ursane skeletons, which absorb mainly,
due to m—n* electronic transitions, in the 180-190 nm region. Within the investigated range (200-
400 nm), reference dammar and mastic films showed a weak shoulder at 230-240 nm ascribable to
a,B-unsaturated ketones. The latter were undetected in artificially aged triterpenoids as consequence
of the cleavage of keto-group via Norrish type reactions leading to functional groups (i.e. carboxylic
groups, aldehydes, and hydroperoxides) with absorption maxima close to 200 nm. As described in
section 3.1.1, the maximum absorption in shellac is assigned to a, B-olefinic carboxyl chromophore
with a clear UV absorption in the 220-230 region [31, 32].
As expected, the linear absorption coefficients derived for all the varnish samples are significantly
higher, from 3 up to 6 times, at 213 with respect to 266 nm and are consistent with the calculated
single-pulse Fwrange. The operating fluences for irradiation at 213 nm of reference and aged samples
are nominally rather similar, thus allowing, independently from the varnish degradation, the
processing of different terpenoid varnish types with only one wavelength. Most importantly, single-
pulse Fw found at 213 nm are three times lower than those needed for the discoloration of naturally
aged (after eight years) vermilion-based tempera paint, which is known as the most laser sensitive
pigment at all tested wavelengths [27]. Instead, the value of Fi at 266 nm, depends on the type of
varnish, less from the ageing and during the removal, due to the lower absorption, discoloration of
the paint layers underneath may easily take place.
Accordingly, RM and ESEM inspections on laser-scanned areas at both wavelengths revealed
noticeable morphological differences. Varnish films ablated at 266 nm appear swelled and formation
of microsized bubble-like structures (10-15 um) is detected within the irradiated bulk, as consequence
of photo-thermal decomposition. In the literature, it was widely demonstrated that nanosecond UV
ablation of weakly absorbing polymers (o< 1000 cm™ at the irradiation wavelength) reveals features
of a first-order phase transition within the bulk material, bulk boiling, with bubbles formation [46-
51]. Formation of a foamy layer was also observed in films of shellac varnish applied on tempera
paints upon femtosecond laser irradiation at 795, 398 and 265 nm [27]. Furthermore, as evidenced by
Rebollar [52], bubbles growth larger, independently from the value of the linear absorption
coefficients (o), in polymers with low molecular weight. It is also observed that the bubble diameter
increases with laser fluence above the polymer ablation threshold until a maximum value is reached.
Generally the latter is comparable to the optical penetration depth.
The mentioned morphological changes fit well with what is observed herein and are indicative
of an ablation mechanism mainly driven by photo-thermal bond-breaking through the ejection
of gaseous products. Using laser pulses of 15 ns the thermal diffusion length zt=2(Dw-1)1/2,
where Dt is the thermal diffusivity and t the pulse duration, spans between 77.5 and 24.5 nm
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(Dth~10-3-10-% cm?/s). Although for organic substrates znh is much lower than the optical
penetration depth (1/a), for a weakly absorbing material, as terpenoid varnishes at 266 nm,
the thermal damages may be extended to underlying paint layers.

In contrast ablation at 213 nm, which is a strongly absorbed wavelength, does not results in
such deleterious effects (whitish appearance, bubbles) to the etched substrate, which remains
morphologically undamaged. In this case, material removal occurs efficiently via purely non-
thermal laser ablation (i.e. photochemical) mechanism, with minimal heat diffusion and light
penetration to the remaining varnish substrate.

The heat confinement condition (zm<< &) allows calculating the depth distribution of the
temperature rise as AT(z) = Fa-e'2/8/ §pCp, where p is the density and Cp the specific heat of the
varnish layer. Here, to estimate the temperature rise attained upon UV laser irradiation,
specific heat capacities (Ci) were calculated by using a commercial computational analysis
software (PerkinElmer-ChemOffice).

Considering the contribution of the main hydrocarbon skeleton types, the estimated average specific
heat capacities are 1.34 and 1.22 J/g-K for triterpenoid (i.e. mastic and dammar), and shellac resins,
respectively. Possible contributions arising from different substituent and oxidized groups were not
taken into account in this simulation, although they are not expected to give a significant influence.
In fact, the monomer molecular weight extrapolated from these calculations is only slightly lower,
but of the same order of magnitude, than those measured using different mass spectrometry
techniques [53]. The temperature rise at the surface (z=0) calculated for single-pulse at Fu of
reference mastic, dammar and shellac correspond to 150, 120 and 280 °C at 213 nm and to 180, 110
and 500 °C at 266 nm, respectively.

Despite the attained heating may be apparently high, for short laser pulses, the thermal diffusion time
tth=1/a2- D is estimated in 0.1-2 ms at 213 nm and 10-100 ms at 266 nm. This implies that the thermal
degradation rate is several orders of magnitude slower than the decomposition and material removal
rate, which occurs on a very fast time scale (= 30-50 ns). In these conditions, heat diffusion to the
substrate is minimal upon laser removal treatment and any thermal side effect is confined within the
ablated volume. However, for irradiation tests performed at 266 nm at 2Fw and successive laser pulses
(10 Hz), a possible contribution from incubation effects has to be taken into account.

To assess the maximum extent of chemical changes induced and to get more insight on the ablation
mechanisms, Raman measurements were carried out on irradiated areas with 2Fw and 10 laser pulses
delivered on each location. Basically, the spectroscopic data obtained on reference and aged samples
are complex and hence, for completeness, they have to be discussed on the basis of the varnish
preparation procedure and composition. Thus, reference mastic and dammar have shown, mainly at
213 nm, increase of C=C, C=0, CHsand CH: groups and other minor bands accompanied at both
wavelengths by a slight red-shift of fluorescence maxima, thus indicating oxidation processes and
formation of new chromophores. Irradiation at 266 nm produced Raman spectrum apparently
identical to that of the non-treated sample although some bands related to CH2/CHzs and of the C-C-
O groups decreased. At the same time red-shift of fluorescence maxima was slightly higher than 213
nm. On the opposite, fluorescence intensity decreased after irradiation at 213 nm while notably
increases at 266 nm.

Considering the changes occurring between non-irradiated reference and aged samples (sec. 3.1.2),
we can expect that the results obtained on laser irradiated reference samples, especially those
following upon irradiation at 213 nm, should be related more to the onset of a stepped oxidation/cross-
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linking across the varnish thickness than to laser-induced modifications. As reported in the literature
[3,4], oxidation/cross-linking processes in mastic and dammar take place mainly in the uppermost
varnish layer. However, it is not to be excluded, as demonstrated by studies conducted on polymers
[50, 51], that the absorption of UV light leads also to formation of polar products, including
aldehydes, carboxylic acids, esters, methyl and methylene radicals and unsaturated fragments
containing C=C bonds. In any way, oxidation gradient and formation of photoproducts may be
competitive during the UV laser removal of mastic and dammar varnishes.

Results obtained on artificially aged mastic and dammar films indicate an opposite trend in
comparison to reference samples. Here, in contrast to reference samples even less differences are
found as well as in the shifts of fluorescence, behavior which has to be mostly correlated to the major
extent of photo-oxidative products throughout the film. However, as in the reference sample, increase
of C=C, CCH and CHs bonds were observed after irradiation at 213 nm. Contrarily, irradiation at 266
nm does not show similar differences although the shoulder bands related to C=0O stretching
decreased upon irradiation at 266 nm.

The laser treatments applied to the oil-mastic induced very little variations among the Raman spectra.
Nevertheless, as previously mentioned for mastic and dammar, small decrease of the bands related to
C=0 and C=C is shown upon irradiation at 266 nm. These samples can be considered highly oxidized
after the thermal treatment and curing procedures and hence, at this wavelength, the loss of these
spectral features could be therefore ascribed to an ablation mechanism driven by a photo-thermal
process consisting in emission of small fragments and gaseous products (RCH20H, CHs, CHz,
COOH, RCOOR, CO and COz2). The same consideration cannot be made among the Raman spectra
of the aged oil-mastic samples due to the low intensity of the bands.

No evidence of such chemical alteration were pointed out upon irradiation at 213 nm. On the other
hand, in varnish films oxidized/ polymerized throughout ablation at 213 nm proceeds by
photochemical ablation and hence, without inducing such an effect.

Finally, little differences were observed in the Raman spectra of shellac after treatment at 213 and
266 nm, thus indicating a varnish composition more stable upon laser irradiation. In the reference
sample, more variations are shown after processing at 266 nm. Thus, a band at 1736 cm™, assigned
to the stretching vibration of the C=0 bond in an ester group appears, which suggest an esterification
process.

Regarding the artificially aged samples, more differences are observed in the Raman spectrum
registered upon irradiation at 213 nm in comparison to 266 nm. However, the Raman spectra of the
aged bleached shellac do not show any indication of an esterification reaction, unlike the reference
samples, and the fluorescence maxima tend to be always shifted toward longer wavelength.

5 Conclusions

In this work, UV laser ablation along with associated chemical and physical side effects induced of a
set of naturally cured and artificially aged varnishes (mastic, oil mastic, dammar and bleached shellac)
were thoroughly characterized using micro-Raman spectroscopy, LIF and ESEM microscopy. In
particular, we studied the ablation phenomenology of the fourth (266 nm) and fifth (213) harmonic
of the Nd: YAG laser.
The mentioned techniques allowed characterizing both structural differences between unaged and
artificially aged samples and the effects associated with the present UV laser ablation. We found the
latter strongly depends on the specific UV wavelength, varnish, preparation procedure and the degree
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of oxidation/cross linking across the film thickness. The mentioned analytical approach allowed
demonstrating that in contrast to the unacceptable modifications induced at 266 nm, minimal
chemical changes and the clean surface morphology (no whitish appearance, nor surface damage at
micrometer scale) were achieved at 213 nm. The latter exhibited a narrow operating fluence range for
the different varnishes and a very controllable micrometric removal, which makes this wavelength
very promising for practical applications in painting conservation treatments.
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