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The present work is a comparative study on the laser cleaning of stonework using Nd:YAG lasers at different pulse durations. The
ablation rate, the degree of cleaning, and the appearance of the treated surface were studied irradiating a simulated sample and a
real stone artefact using three different Nd:YAG laser systems with pulse duration of 90 microseconds, 15 nanoseconds, and 150
picoseconds. To our knowledge, the picosecond laser is here used for the first time in stone conservation. Differences in efficiency

and in cleaning result are shown and discussed.
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1. INTRODUCTION

The use of Nd:YAG lasers as a cleaning tool for the removal
of black pollution encrustation from a variety of stonework is
well known, as reported in restoration studies. Nevertheless,
so far, there has not been a general agreement about the best
choice of laser pulse duration.

Up to a few years ago, laser cleaning of stones was mainly
carried out using nanosecond (ns) pulse Q-switched (QS)
Nd:YAG lasers but several research groups documented
problems connected with the aggressiveness [1, 2] and the
yellow appearance that QS lasers can induce on certain
lithotypes [3-5]. Many technological solutions have been
provided to solve the mentioned problems. In particular, the
use of short free running (SFR) Nd:YAG laser systems has
been proposed [2] to overcome mainly the lack of choice and
the aggressiveness of QS laser on fragile stones and to avoid
the yellowing of the substrate after the cleaning. In addition,
a new class of fiber-coupled long Q-switched laser (LQS),
with variable pulse duration from tens to hundreds of ns,
has been recently used for the cleaning of metal artworks as
well as for stone cleaning with satisfactory results [6].

Recently, the ultra-short laser technology was employed
in various material processing applications. Studies have
shown that the use of shorter pulse-widths is associated with

minimal thermal and chemical induced alterations, while en-
suring high spatial confinement and control [7-10]. Initial
studies on the use of ultra-short laser pulses in the process-
ing and analysis of objects with cultural and historical im-
portance [11] have shown their unique advantages (minimal
photochemical modifications to the remaining material and
high precision nearly independent of the optical properties
of the substrate) and thus highlight the prospective of their
exploitation in demanding applications. This work attempts
to assess their viability in stonework conservation and, to our
knowledge, the picosecond (ps) regime is here studied for the
first time for the laser cleaning of pollution encrustations.

2. EXPERIMENT

In this paper, the pulse duration effect on the laser assisted re-
moval of pollution crusts on stonework is investigated. Laser
cleaning tests with three Nd:YAG laser systems emitting in-
frared pulses (1064 nm) at different pulse duration (us, ns,
ps) were performed on both real black crusts on marble as
well as on a reference sample with simulated thick crust. The
cleaning result was comparatively assessed on the basis of
the removal efficiency (etching rate) and the cleaning result
(morphology and coloration of the laser cleaned surfaces).
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3. MATERIAL AND METHODS

Three Nd:YAG laser systems at their fundamental wavelength
(1064 nm) were used in the present study:

(1) a fiber-coupled SFR laser (EL.En. EOS 1000) with a
variable pulse duration between 50-130 us for increas-
ing output energies in the range of 120 up to 1000 mJ/
pulse,

(2) a Q-switched system (SPECTRON SL805) emitting
pulses of 15 ns and maximum output energy of 450 mJ,
and

(3) aQ-switched system (EKPLA SL 312M) with pulses up
to 120 mJ and 150 ps duration.

A reference sample simulating thick crust on stone (sam-
ple S) was used for comparison purposes. For the encrus-
tation simulation the idea was to imitate the most com-
mon accumulation encountered on archaeological objects
both in terms of composition and morphology. Therefore,
it was attempted to adhere a mixture of pulverised encrus-
tation (collected from real archaeological objects) on mar-
ble plates using gypsum as the binding medium. The com-
position of the layer is as follows: 49.25wt% of pulverised
encrustation from real excavation objects and 49.25 wt% of
hydrated calcium sulphate (CaSO4 2H,0). To enhance the
colour of the mixture and imitate the real case, ferrous ox-
ide (Fe;03) and carbon (C) were added in very small quan-
tities (0.50 and 1.00 wt%, resp.). XRD analysis on the pul-
verised encrustation indicated the following components:
sodium sulphate (Na,SO4), magnesium sulphate hydrate
(MgSO4 6(H,0)), picromerite (K;Mg(SO4), 6H,0), syn-
genite (K,Ca(SO4), H,0), gypsum (CaSO4, 2H,0) and cal-
cium carbonate (CaCOs3). The above mixture was applied
wet by brushing in several layers on the freshly cut marble
tablets in order to obtain a maximum thickness of about
1.5mm.

For the characterization study, some fragments coming
from a tortile column from Florence’s cathedral (samples
R) were selected. The composition and morphology of the
black encrustation accumulated on the surface as well as the
stratigraphy of the various layers and the decision of the
cleaning limit on these fragments are discussed in previous
studies [6, 12].

The ablation trials were performed both in dry and
wet (water-assisted) conditions. The laser spot was main-
tained constant throughout the tests, while the fluence vari-
ation was achieved using the appropriate optical attenua-
tors. Etch depth measurements, performed after laser abla-
tion, were carried out using a mechanical stylus profilome-
ter (Perthometer S5P, Mahr). Scanning electron microscopy
(SEM) observations were performed with a Quanta FEI 200
instrument.

4. RESULTS AND DISCUSSION
4.1. Ablation rates

Figure 1 displays the ablation rate curves attained for the ar-
tificial samples. The measurements were performed both in
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FIGURE 1: Ablation rate curves obtained for the artificial sample us-
ing Nd:YAG laser pulses at 1064 nm at three different pulse duration
regimes.

dry and wet conditions. The behavior of the ablation rates is
similar to the typical one of thermal ablation, which is char-
acterized by a threshold fluence Fy,, a linear regime and, in
some cases, a saturation fluence F;.

From the observation of the different curves, it is noticed
that, regardless the pulse duration, the ablation in wet condi-
tions is more efficient than in the dry ones. Water penetrates
into the black crust’s pores and the fast heating of the liquid
film, due to the absorption of energy from the laser pulse,
leads to an explosive vaporisation of the water molecules.
This explosion generates additional forces within the encrus-
tation which make the ejection of the dirt particles more ef-
fective [13].

From the graph it can be also derived that the etching
process is more efficient, at equal fluences, for shorter pulse
lengths. The shorter the pulse duration, t;, the shorter the
thermal diffusion length 24/Dt; in the substrate, where D is
the material diffusivity. This means that with shorter pulses
less energy is needed to reach the explosive vaporisation.
On the other side, the slope of ablation curves associated to
shorter pulses is steeper and this behavior leads to a less con-
trollable cleaning process because a small increasing of flu-
ence values results in a higher difference in material removal.

Another important result deals with the ablation thresh-
old, which plays a fundamental role in the optimisation of
the cleaning process. From Figure 1 and from the detail of
Figure 2, it can be noticed that the ablation threshold in-
creases with increasing pulse duration and thus higher flu-
ence values are required when cleaning with longer pulse-
widths.

The experimental threshold values are shown in Table 1.
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FIGURE 2: Detail of the ablation curves for the ns and ps regimes for
Sample S.

TaBLE 1: Experimental threshold fluence values as derived from the
measurements on the artificial sample.

Pulse duration Conditions Fy (J/cm?)
90 us Wet 5.0
90 us Dry 6.2
15ns Wet 0.6
15ns Dry 1.4
150 ps Wet 0.3
150 ps Dry 0.8

In Figure 2, a detail of the curves for the picosecond and
nanosecond regimes is displayed. For low fluences, close to
the ablation threshold, it seems that the ps pulses remove
more material than the ns ones (especially in wet conditions)
but, after a critical point (~1.6]J/cm? for both wet and dry
irradiation), where the two curves are crossing, the removal
rate is more or less the same.

Figure 3 displays the ablation rate curves obtained for the
real black crust (Sample R). The measurements have been
performed both in dry and wet conditions. The behavior of
the curves is similar to that attained for the simulation sam-
ples.

From the observation of the different curves, it is noticed
that, for the real crust too, the ablation in wet conditions is
more efficient than in the dry ones. The increasing of the ab-
lation threshold with the pulse duration is still present and
the cleaning efficiency is higher for shorter pulse durations.
The experimental threshold values are reported in Table 2.

A close inspection of the ps and ns ablation curves is dis-
played in Figure 4.
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FIGURE 3: Ablation rate curves obtained for the real black crust
(Sample R) using Nd:YAG laser pulses at 1064 nm at three differ-
ent pulse duration regimes.

TasLE 2: Experimental threshold fluence values as derived from the
measurements on the real crust.

Pulse duration Conditions Fy, (J/cm?)
90 us Wet 2.70
90 s dry 3.50
15ns Wet 0.56
15ns dry 0.86
150 ps Wet 0.20
150 ps Dry 0.50

From Figure 4, it is clear that for low fluence values, close
to the ablation threshold, ps pulses are, as expected, more ef-
ficient to remove the crust material both in wet and dry con-
ditions. Unfortunately for this specific sample, composition
and morphology of encrustation etch depth studies in the ps
regime were stopped at 2 J/cm? (dry condition) and 1.5 J/cm?
(wet condition) because, above these values, the underlying
sample surface was starting to get visibly damaged. As a re-
sult, it is not possible to compare the ablation efficiency of ps
and ns regimes for higher fluence values.

Comparing the etch depth attained for the artificial sam-
ple and for the real crust it is shown that, at the same fluence
and for the same pulse duration and irradiation conditions, a
larger amount of material is removed in the real black crust.
The corresponding etch depths obtained for fluence values
of about 1]J/cm? for ps and ns pulses both in wet and dry
conditions are presented in Table 3. It should be taken into
account that the real black crust is quite heterogeneous, both
in thickness and in consistency and appears “softer” than the
artificial crust.
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F1GURE 4: Detail of the ablation curves for the ns and ps regimes for
Sample R.

TasLE 3: Comparative etch depth values for the simulation (S) and
the real (R) encrustation for fluence values of about 1J/cm?, in ps
and ns cleaning regime for wet and dry irradiation conditions.

Pulse duration | Conditions  Sample Etch depth
(um/pulse)

150 ps Wet S 1.8
150 ps Wet R 3.2
15ns Wet S 0.5
15ns Wet R 1.4
150 ps Dry S 0.6
150 ps Dry R 1.25

No ablation
15ns Dry S (Fip = 1.4]/cm?)
15ns Dry R 0.3

The cleaning problem

The stratigraphy of the tortile column is shown in Figure 5
[6]. From the outer to the inner layers, black crust, sulphated
Ca-oxalate film, and surface pseudomorphic sulphation can
be observed. The Ca-oxalate film includes a pigment load
formed by ochres and black carbon. Cleaning trials were per-
formed on the column using the three different laser systems
in wet conditions. The fluence values used were as follow:

(i) 3.9J/cm? and 9 J/cm? at 90 us,
(ii) 0.85]/cm? and 1.4J/cm? at 15 ns, and
(iii) 0.55J/cm? at 150 ps,

corresponding to values just above and well above the thresh-
old values for each laser as measured through this study.

e

FIGURE 5: Stratigraphy of the tortile column. (a) Black crust, (b) Ca-
oxalate film, (c) surface pseudomorphic sulphation, (d) substrate.
The scale bar is 300 ym.

In Figure 6, three SEM images of the surface after clean-
ing with the three lasers are displayed.

In every case, the surface appears quite smooth and there
is no evidence of mechanical damages. To the naked eye, very
small colour differences were observed in the three different
treated parts. The cleaning result is satisfactory in all condi-
tions, taking into account the deteriorated state of the origi-
nal surface of the column, which was most probably weath-
ered before the black crust was deposited.

4.2. Degree of cleaning

In Figure 7, the stratigraphies of the treated parts are dis-
played, showing the final cleaning level achieved on the col-
umn using the three different laser systems.

The black crust was completely removed in all cases. The
main differences among the three stratigraphies lay in the de-
gree of removal of the Ca-oxalate layer and in the roughness
of the cleaned surface. The surfaces treated with the differ-
ent lasers appear smooth and the cleaning results effective
but careful (Figures 7(a)-7(c)). In the area cleaned with the
SER-us laser, the Ca-oxalate layer is clearly preserved (see,
Figure 7(a)). The final surface is smooth and very homoge-
neous.

On the other hand, throughout this study, shorter pulse-
widths did not result in similar cleaning effect as regards the
Ca-oxalate layer. This result is under further investigation as
it has often been reported in the literature that Ca-oxalate
layers have been successfully preserved using Q-switched



Laura Bartoli et al.

(®)

FIGURE 6: SEM pictures of the treated surface. (a) 90 us (F, = 3.9J/cm?), (b) 15ns (F, = 1.4 J/cm?), and (c) 150 ps (F, = 0.54 J/cm?).

FIGURE 7: Stratigraphies of the treated parts on sample R. (a) 90 ys (F; = 3.9)/cm?), (b) 15ns (F, = 0.85]/cm?), (c) 150 ps (F, = 0.54 J/cm?)

(10x magnification).

Nd:YAG lasers in the ns regime, including the laser cleaning
of the Parthenon West Frieze. The “ancient monochromatic
surface layers,” rich in Ca-oxalates, which uniquely character-
ize the sculpted surface of the Frieze were perfectly preserved
during laser cleaning, using QS-ns pulses at 1064 nm in the
range of 0.5-0.8 J/cm? [14]. This may be explained by the fact
that the original surface of the column was deteriorated and
in several areas the black crust was formed on already weath-
ered surface. As it is very difficult to discern the existence
of the Ca-oxalate layers beneath the thick black crust prior
to cleaning, it may be possible that the comparative studies
were performed on areas where Ca-oxalate layers were not
uniformly preserved. Therefore, further studies must be un-
dertaken to prove the initial experiments.

It is worth noticing that in the case of ns cleaning the flu-
ence window to eliminate this kind of encrustation is very
small: the use of a slightly higher fluence (F; = 1.4]/cm?)
caused, indeed, an unacceptable etching of the marble sub-
strate (Figure 8(a)). In contrast, laser cleaning trials in the ys
regime at fluence values significantly higher than the thresh-
old (9.0 J/cm?, about three times the threshold value) did not
cause any damage to the substrate, including the Ca-oxalate
layers (Figure 8(b)). Therefore, it can be said that the “safe”
fluence window for longer pulse durations is significantly
bigger, allowing more flexibility to the operator and less pos-
sibilities to cause side effects on the original stone surface.

5. CONCLUSIONS

This work provides a characterization of the effects involved
in laser cleaning of stonework under different operative con-
ditions. Three Nd:YAG laser systems have been used hav-
ing various pulse durations: 150 ps, 15ns, 90 us. The dif-
ferences among ablation rates in dry and wet conditions,
the degree of cleaning, and the appearance of the treated
surface were characterized by using simulation samples and
a stone artefact exposed outdoors. It was shown that, re-
gardless the pulse duration, the cleaning in wet condition
is more efficient than the dry one. In addition, the etch-
ing is more efficient, at equal fluences, for shorter pulse
lengths. The ps laser, which was used here for the first
time in cleaning of pollution crusts from stonework, did
not cause any mechanical damage to the treated surface,
but the fluence has to be kept quite low. The QS-ns laser
was very effective in the removal of the black crust but
the operative fluence window is very small: it is neces-
sary to use a low fluence, very close to the threshold one,
to avoid mechanical damages to the substrate. The SFR-
ys laser, which was specifically designed for the cleaning of
stonework, did not cause any thermal or mechanical dam-
age to the surface even at high fluences. Throughout this
study, the Ca-oxalate layer was better preserved with the SFR-
ps laser and further studies are underway to confirm this
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FIGURE 8: Stratigraphies of the treated parts on sample R. (a) 15ns (F, = 1.4]J/cm?), (b) 90 ps (F;, = 9.0 J/cm?) (20X magnification).

result and explain the mechanisms that may influence such
behavior.
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