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Abstract: Wooden artefacts embrace wide-ranging types of objects, like paintings on panel, sculptures,
musical instruments, and furniture. Generally, in the manufacturing process of an artwork, wood
is firstly treated with organic and inorganic materials to make it nonporous and morphologically
homogeneous, and, at last, the surface treatment consists of varnishes or coatings applied with the
aims of conferring aesthetic properties and protecting wood from biological growth and external
degradation agents, as well as mechanical damage. In this work, different wooden mock-ups were
prepared by varying some parameters: concentration of filler and pigment, respectively, in the
ground and paint layers, thickness of the protective varnish coat, and sequence of the layers. The
mock-ups were subsequently exposed to time-varying artificial aging processes. The multi-analytical
non-invasive approach involved spectroscopic (reflection FT-IR, Raman, and X-ray fluorescence),
tomographic (optical coherence tomography) and colorimetric techniques. Data were interpreted
using both univariate and multivariate methods. The aim was to evaluate potential and limits of each
non-invasive technique into the study of different stratigraphies of wooden artworks. This approach
was supported by microscopic observations of cross-sections obtained from selected mock-ups. The
methodological approach proposed here would add valuable technical know-how and information
about the non-invasive techniques applied to the study of wooden artworks.

Keywords: wooden artefacts; stratigraphic analyses; non-invasive techniques; OCT; reflection FT-IR;
portable Raman; XRF; principal component analysis; artificial aging

1. Introduction

Wood is a multifaceted material that has been employed to realize several classes of
artworks since prehistory, such as paintings on panel, sculptures, musical instruments, or
furniture, and, today, these artefacts can be considered one of the most important classes of
our common heritage [1]. The woodworking and the construction of wooden objects belong
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to those ancient arts and crafts which have endured for centuries, mainly because of the
widespread availability of wood but also for its natural aesthetic qualities, as color, grain
and texture [2]. Historically, wood has undergone a large variety of treatments according
to its manufacturing and its purpose (e.g., aesthetical, functional, or acoustic). Different
studies have been carried out by international research groups, with the aim of better
clarifying treatments of wood, procedures to increase its performance, as well as materials
used in the diverse coats (paints, varnishes, grounds, etc.) [3-7]. These scientific results
have been generally compared to the historic literature, where recipes and construction
processes are described [8,9].

Considering the large differences existing within the wooden artefact classes and
the thousands of ancient recipes, it was possible to define some recurring actions in the
manufacturing practice extending from the wood treatments up to the surface coatings. A
preliminary step involves the physical or chemical pre-treatment of the wood: physical
treatments mainly consisted in the exposure of the wood to solar radiation or to high
temperature for long time [8,10], while the chemical ones were generally performed using
alkaline ammonia- and lye-based solutions, as well documented in the history of art and
studied by scientific community [11-19]. These preliminary procedures were probably
intended to age the wood and make it more permeable to subsequent treatments; in fact,
especially alkaline solutions can modify the structure of the wood fibers, hydrolyzing
the hemicellulose and the crystalline cellulose, as well as promoting the bleaching and
the detergency of the wood. Subsequently, wood is isolated to prevent that materials
applied afterwards can penetrate inside it. This size treatment was mostly realized using
animal or casein glues [8,9,20,21] or oils [22-24], deeply penetrating in the wood and fill-
ing up its pores. The impregnation should also have a considerable preservative value,
mainly protecting the wood from biological degradation and giving the artefact a higher
durability [23,25]. In the following phase, an inorganic ground layer (generally made of
sulphates or silicates) was applied on the wood mixed with an organic medium, such
as hide glue or siccative oils [26-30]. In this regard, the application of the ground can
significantly vary depending on the wooden objects: polychrome works are generally char-
acterized by high-thickness and opaque ground above which the pictorial film would then
be laid [6,31,32], whereas in furniture and musical instruments this layer is usually much
thinner and transparent [4,33-35]. Finally, the application of surface coatings concerns a
colored film (paint) in the case of polychrome artefacts [5,8,32,36] and a transparent and
translucent coat (varnish) in the furniture and musical instrument fields [34,37-39]. This
treatment also includes the external organic coats, aimed at protecting the artwork from
the environmental degradation agents. Commonly, the protective coatings were composed
of natural products, like proteins, lipids, polysaccharides, or terpenoids [40]. It is worth
reporting that, in violins and other instruments in the family of the modern string quartet,
the finishing treatments have a significant impact on the tone qualities [41].

Aim of the present work was to assess potential and limits of the considered portable
non-invasive instrumentation in the stratigraphic study of wooden artefacts and define an
analytical methodology when approaching these complex systems.

Different wooden stratigraphies were analyzed using a multi-analytical non-invasive
approach including spectroscopic (reflection FT-IR, Raman, and X-ray fluorescence), to-
mographic (optical coherence tomography) and colorimetric techniques. The mock-ups
under investigation were prepared by varying different parameters, such as concentration
of filler and pigment, respectively, in the ground and paint layers, thickness of the pro-
tective varnish coat, and sequence of the layers. Moreover, the mock-ups were exposed
to time-varying artificial aging processes: material degradation, in fact, may be particu-
larly relevant for wooden artefacts, and changes in their structure can allow for planning
proper maintenance activities. The acquired data were interpreted using both univariate
and multivariate methods. This approach was supported by microscopic observations of
cross-sections obtained from selected mock-ups.
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Today;, scientific investigation of historical wooden artefacts can help conservators
and curators better understand technical skills of the past, providing information on
the wood treatments, as well as on the conservation state and on the historical period
during which the artworks were realized [42,43]. Increasing the knowledge on the ancient
practices is becoming progressively necessary for the preservation of our cultural heritage,
in order to develop innovative analytical methods, possibly non-invasive, which are able
to identify the different materials and to characterize the artwork stratigraphy from wood
pre-treatments to surface treatments.

2. Materials and Methods
2.1. Preparation of the Mock-Ups

A total of eight mock-ups (m.A-m.H) were prepared by varying the following pa-
rameters at different stratigraphic levels: (i) concentration of the filler in the ground coat,
(ii) concentration of the pigment in the paint layer, (iii) presence or absence of uncolored
varnish between the ground coat and the paint layer, and (iv) thickness of the protective
coat. A schematic representation of the mock-ups under investigation, with their different
multi-layered coating systems, is shown in (Figure 1).

[ Size treatment* [ Paint layer (Fe,O, 1% w/w)

Ground coat** [ Paint layer (Fe,0, 2% w/w)

[ Uncoloured varnish*** [l Paint layer (Fe,O, 5% wiw)
Hl Paint layer (Fe,0, 10% w/w)

m.E m.F m.G m.H

Figure 1. Schematic representation of the mock-ups, with their multi-layered coating systems. * Size
treatment: completely penetrated the wood. ** Ground coat: different black point abundances indicate
different concentrations of talc in potassium caseinate (respectively, 1%, 5%, 10%). *** Uncolored
varnish: top position in m.B, m.G, and m.H (protective coating), intermediate position in m.C, m.D,
m.E, and m.F (documented in bowed string musical instrument stratigraphies).

Wood boards of maple (Acer pseudoplatanus) were obtained by cutting the log along the
radial-longitudinal direction. The dimensions of the maple boards are 15 cm (longitudinal
direction) x 5 cm (radial direction) x 0.3 cm (tangential direction) each and, to prevent
warping, a 0.9-cm-thick piece of multi-layered birch plywood was glued on one radial lon-
gitudinally cut face of the boards. The opposite radial longitudinally cut face was smoothed
with Abranet sandpapers (P400, P1000) and its residual powder removed by brush and
akapad gum before being treated. A potassium-caseinate-based size (S) treatment was
applied by brush, completely penetrating the wood. After the smoothing with Abranet
P1000 sandpaper (Jepua, Finland), the surface of each sized board was subdivided into
three areas and coated, by brush, with a ground (G) layer composed of a dispersion of
mineral talc in potassium caseinate in different concentrations (respectively, 1%, 5%, and
10% w/w). The ground coat measures ca. 5 pm of thickness. The surface was smoothed
again with Abranet P1000 sandpaper and then covered with multiple layers using a bar
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film applicator (K Hand Coatermodel, Erichsen GmbH, Hemer, Germany). In detail, a
first layer of uncolored linseed oil-colophony varnish (V) was laid on the mock-ups from
m.B to m.F (thickness of about 10 um), while a first layer composed of a dispersion of
Fe,O3 pigment in linseed oil-colophony varnish (P) (thickness of about 20 um) was laid
on the mock-ups m.G and m.H in concentrations, respectively, of 5% and 10% w/w. In
the four mock-ups m.C-m.F, the second layer is made of a dispersion of Fe;O3 pigment in
linseed oil-colophony varnish (P) (thickness of about 20 um) in concentrations of 1%, 2%,
5%, and 10% w/w, respectively, whilst in the mock-ups m.B, m.G and m.H it is composed
of ca. 10 pm thick uncolored linseed oil-colophony varnish (V). Just in m.B, m.G, and
mH, a third layer of uncolored linseed oil-colophony varnish (ca. 10 um thick) was added
to the stratigraphy. The pigmented varnish represents the paint layer and it is always
characterized by an approximate thickness of 20 um, whereas the external uncolored one
acts as a protective coating in the mock-ups m.B, m.G, and m.H (totally measuring ca.
20 pm thick). In the other mock-ups (i.e., m.C-m.F), the uncolored varnish, underneath the
paint layer, is motivated by its documented use in the bowed string musical instrument
field [21] and measures around 10 pm of thickness. After every varnish application, the
mock-ups were dried under UV lamps (Philips TL60 W/10-R 1SL/25 Attiniche UVA /10,
Amsterdam, The Netherlands) for 18 h (ty). The mock-up named m.A, instead, was not
varnished. Thickness measurements of the layers above described were performed by
Optical Coherence Tomography (OCT) directly on the mock-ups and by optical microscopy
on the cross-sectional samples, and they are summarized in Table 1.

Table 1. Thickness measurements (um) of the different stratigraphic levels of the mock-ups (n.d. not
detected). Approximate values are reported, with total thickness calculated for each coating system.

Stratigraphic Mock-Up
Level m.A m.B m.C m.D m.E m.F m.G m.H
Size Treatment * n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ground coat 5 5 5 5 5 5 5 5
Uncolored varnish *** - 20 ** 10 10 10 10 20 ** 20 **
Paint layer - - 20 20 20 20 20 20
Total thickness 5 25 35 35 35 35 45 45

* Size treatment: completely penetrated the wood. ** The thickness of 20 um is the result of two
varnish applications (10 um thick each). *** Uncolored varnish: external position in m.B, m.G, and
m.H (protective coating), intermediate position between ground coat and paint layer in m.C, m.D,
m.E, and m.F.

The solution of potassium caseinate was obtained by adding casein to distilled water
(10% w/w), subsequently dissolved in KOH solution 0.5 M. The procedure used to prepare
the linseed oil-colophony varnish (ratio 65/35 or 2:1) is described as follows: linseed oil
was first heated up to 250 °C, and it was maintained at this temperature for 30 min; then,
milled colophony was added under magnetic stirring until complete dissolution, and the
resulting mixture was maintained at 250 °C for 30 min.

The compounds under study were purchased from Kremer Pigmente GmbH & Co.,
Aichstetten, Germany (talc cat. No. 58420, casein cat. No. 63200, linseed oil cat. No. 73054,
iron oxide FepO3 120M cat. No. 48120), and Cremona Tools SAS, Cremona, Italy (colophony
cat. No. 504434). For this study, it is important to report the composition of the mineral talc
as stated by Kremer in the technical specifications: SiO; 47%, MgO 31%, Al,O3 10%, Fe; O3
1.5%, and CaO 1%.

2.2. Exposure to Artificial Solar Radiation

Dried mock-ups (fp = 18 h under UV lamps after varnishing) were symmetrically
halved along the longitudinal direction (dimensions 7.5 cm X 5 cm x 0.3 cm each). The
portion, i.e., of one half of each mock-up, characterized by a ground coat with 1% w/w of
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talc concentration in K-caseinate, was exposed to artificial daylight in the aging chamber
Heraeus Suntest CPS (Hanau, Germany) equipped with a filtered Xenon lamp (non-aging
coated quartz glass simulating a 3-mm thick window glass, cutting wavelengths <300 nm).
The average irradiation was 750 W/m?, and the air-venting system of the chamber kept
the internal temperature at about 50 °C. The mock-ups were aged in two steps (t; =25 h
and tp = 425 h under simulated solar irradiation) in order to evaluate the response of the
coating systems over time. The portion of each mock-up which underwent artificial solar
aging is highlighted in Figure S1.

2.3. Analytical Methods

Optical Coherence Tomography (OCT) examination was conducted in the Arvedi
Laboratory of Non-Invasive Diagnostics hosted in the Museo del Violino (Cremona, Italy),
within the MOLAB Transnational Access-EU H2020 Project IPERION CH. The analysis
was carried out with a laboratory-built high-resolution portable Spectral domain OCT
(SdOCT) instrument [44—46]. The tomograph is equipped with a broad-band light source
made up of coupled super-luminescent LEDs emitting in the band of 750-930 nm and
providing 0.8 mW power at the object. To obtain a cross-sectional image (tomogram),
the probing light was scanned over the object, focusing at any given spot for 45 ps only.
The fluence was not higher than 20 mJ/cm?, far below the damage threshold for any
materials constituting objects of art. The distance to the object from the most protruding
element of the device was 43 mm. The lateral imaging resolution was about 12 pm, while
the axial one was ca. 3.3 um in air and ca. 2.2 um in a material with refractive index
nr = 1.5. Therefore, a structure could be identified as a layer (i.e., with both interfaces seen
separately) if its thickness was at least 5 pm. In raw OCT data, axial distances (depths)
are expressed as optical ones. Therefore, to correctly represent axial distances within the
object, the images were corrected for the refractive index of the medium, thus, all distances
shown in figures are geometrical ones. In this case, the value ng = 1.5 was adopted as an
average. In case of thin layers examined herein, possible deviations from this number for
various media, in fact, would lead to differences which should be considered negligible
because possible deviations would be less than measurement uncertainty caused by the
axial resolution of the instrument. Data for OCT images presented herein were collected
by scanning the mock-ups m.A, m.B, m.C, m.D, and m.H over an area of (10 x 6) mm?
in ca. 8.1 s as a series of 60 parallel, adjacent linear scans and the mock-up m.F over an
area of (7 x 7) mm? in ca. 4.5 s as a series of 100 parallel scans. The most representative
tomograms, or B-scans, were then chosen for this article and presented in a false-color
scale with colors codified automatically by the software. Black areas in the tomograms are
those for which no scattering of the probing radiation is detected, either due to the intrinsic
properties of the material (as for air, for instance) or because these areas are not reached
by the radiation. Areas with detectable, albeit low, scattering properties were colored
from blue to green. Centers of medium-to-high scattering properties are colored from
yellow to red, respectively. It is important to note that the gradual fading of the OCT signal
(“fading tails”) visible below the lowest imagined layer are artefacts which originate from
photons impeded in the structure due to multi scattering events [47]. For better readability
of the coating systems, the tomograms were vertically stretched 6-fold, and scale bars
represent 200 um in both directions. Therefore, the OCT images in this work represent
areas (2.5 x 0.43) mm?. A limited number of dried and aged (t;) mock-ups (i.e., m.A-m.D,
m.F, and m.H) were analyzed by selecting a unique spot for each area characterized by
different concentrations of talc in K-caseinate at the ground level.

Reflection FT-IR spectroscopy was carried out using the Alpha portable spectrometer
(Bruker Optics, Billerica, MA, USA) equipped with the R-Alpha external reflectance module
that is composed of an optical layout of 23°/23°. The compact optical bench is made up
of a SiC Globar source, a RockSolid interferometer (with gold mirrors), and an uncooled
DLaTGS detector. Areas of about 5 mm in diameter were measured at a working distance
of 15 mm. Reflectance spectra were collected between 7500 and 375 cm ™!, at a resolution of
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4 cm~! and with an acquisition time of 1 min. Spectra from a gold flat mirror were used as
background. Three shifted measurements (10 mm step) were performed on each portion
of the mock-ups characterized by different concentration of talc in K-caseinate (1%, 5%,
and 10% w/w) at the ground level, yielding a total of 9 x 8 = 72 spectra at typ and 3 x 8 =
24 spectra for each stage of aging (t; and t;). For the study of bands produced by organic
compounds, reflection infrared spectra were transformed to absorbance spectra by applying
the Kramers-Kronig (KK) algorithm (included in the OPUS 7.2 software package) [48] and
a portion of the mid-IR spectral range is exhibited in figures.

Raman spectroscopy was performed by the BRAVO portable spectrometer (Bruker
Optics, Billerica, MA, USA), which employs the SSE™ (Sequentially Shifted Excitation,
patent number US8570507B1 [49]) patented technology to reduce fluorescence [50,51]. The
instrument is equipped with two different lasers (Duo Laser™, Bruker, Billerica, MA, USA)
ranging from 700 to 1100 nm and with power less than 100 mW. During the acquisition,
the laser is slightly wavelength shifted for three times and three raw Raman spectra are
collected. An algorithm identifies the peaks that shift at different laser wavelengths as good
Raman signals, while the non-shifting peaks are recognized as fluorescence (or absorbance)
signals and removed. The spectra were acquired in the range 3200 to 300 cm ™!, with
acquisition time from 500 ms to 2 s and accumulation from 5 to 100 scans. OPUS™ software
(Version 7.7) was used to set the acquisition parameters and to smooth the spectra.

X-ray Fluorescence (XRF) spectroscopy was carried out using the EDXRF spectrometer
ELIO (Bruker Optics, Billerica, MA, USA). The system is composed of a large-area Silicon
Drift Detector (SSD) (25 mm?) with its read-out based on a Complementary Metal-Oxide
Semiconductor (CMOS) preamplifier (CUBE). The device is equipped with a low-power
X-ray tube with Rh anode and 1.2 mm of analytical spot diameter. The selected working
conditions were measuring time 480 s, fixed tube voltage 40 kV, tube current 40 pA, and
acquisition channels 2048. Nine spectra were collected from each dried mock-up at ¢,
namely three for each area characterized by different concentrations of talc in potassium
caseinate at the ground level. The whole XRF dataset is, therefore, composed of 9 x 8 =
72 spectra. For each element taken into consideration, the displayed value corresponds to
the net area counts of the peak (K«) normalized to the average of net area counts of the
coherent scattering Rh-K« peak of the entire dataset. The detection limit below which the
values are considered approaching zero is 0.05. The integration of the peaks was calculated
using both the background component determined with a fitting on the whole spectrum
(global parameter) and the Gaussian fitting of the specific section of the spectrum (local
parameter) where the peak was located. The concentration of light elements, such as Si
and S, could be underrated, since their low-energy secondary emission is attenuated by air
and by the matrix [52,53]. Data were processed using the ELIO 1.6.0.29 software.

Statistical multivariate analysis of the reflectance IR and XRF data was performed
by chemometric tools. Principal Component Analysis (PCA) was applied to the spectra
collected on dried mock-ups (tp) in order to extract the dominant patterns in the data matrix
in terms of a complementary set of score and loading plots. The multivariate approach
considered a m X n matrix composed of as many rows (1) as the number of spectra and as
many columns (1) as the number of variables, respectively, wavenumbers and chemical
elements for the IR and XRF sets. The optimal number of Principal Components (PCs)
to be retained was selected by evaluating the scree plot [54]. As for the IR dataset, a
matrix of 72 x 490 was considered. Reflectance spectra are considered in the restricted
interval 1400400 cm~! [55,56] in order to investigate the impact of the varnish film on the
diagnostic bands produced by the mineral talc. First derivative (Savitzky-Golay) and mean
centering spectral pre-treatments were applied. As for the XRF data, a matrix of 72 x 4 was
examined. In detail, the row number is the result of the spectra acquired on dried mock-ups
(72), and the column number (4) is defined by the elements considered as diagnostic for the
stratigraphic study (i.e., 5i, S, K, Fe). The XRF variable value corresponds to the net area
counts of the peak (Kx) of each element normalized to the average of net area counts of
the coherent scattering Rh-K« peak of the entire dataset. Mean centering and scaling pre-
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treatments were combined. PCA data analysis was performed using the Nonlinear Iterative
Partial Least Squares (NIPALS) algorithm with the R-based software CAT (Chemometric
Agile Tool), freely available on the site of the Italian Group of Chemometrics [57].
Chromatic variations at different aging stages were measured using the portable Kon-
ica Minolta CM-2600d spectrophotometer (Chiyoda, Tokyo, Japan). Data were collected in
the wavelength range 400-740 nm (spectral resolution of 10 nm) using a round target mask
of 11 mm diameter. L*, a* and b* coordinates were calculated in SCE mode (specular com-
ponent excluded) with a 10° standard observer and illuminant D65 according to CIELAB
1976 color space. The magnitude of the overall color variation is given by AE* = [(AL*)?

+ (Aa*)? + (Ab*)z]%. Three shifted measurements (10 mm step) were performed on each
portion of the mock-ups characterized by different concentration of talc in K-caseinate (1%,
5%, and 10% w/w) at the ground level, yielding a total of 9 x 8 =72 dataatfyand 3 x 8 =24
spectra for each stage of aging (t; and tp). The average value of the three measurements
carried out on each differently ground coated portion was considered.

Sub-millimetric samples were collected with a scalpel in different areas of the mock-
ups and embedded into epoxy resin (Epofix Struers and Epofix Hardener with ratio 15:2).
Embedded samples were then cut to obtain cross-sections and polished with silicon carbide
fine sandpapers (1200-8000 mesh). The exposed surfaces were observed at high magni-
fications using the Olympus BX51TF (Tokyo, Japan) Polarized light Optical Microscope
(MOP), equipped with visible (Olympus TH4-200) and Ultraviolet (Olympus U-RFL-T) il-
luminants, and the Scanning Electron Microscope (SEM) FE-SEM Tescan Mira 3XMU-series
(Brno, Czech Republic) located at Pavia Arvedi Laboratory, CISRiC, University of Pavia,
set with an accelerating voltage of 15-20 kV in low vacuum (lvac).

3. Results and Discussion

Results obtained on dried mock-ups (¢p) from the different non-invasive techniques
are discussed in this section, and a summary of their potential and limitations is reported
in Table 2. The effects of artificial light exposure as recorded by colorimetric and reflection
FT-IR spectroscopy are subsequently described.

3.1. Optical Coherence Tomography

OCT examinations allowed us to non-invasively measure the thickness of the coats
lying above the wood support in the stratigraphies. Although no layer of K-caseinate,
used to size the wood, was detected, it is probable that the sizing had enhanced the
translucency of the wooden support since the near IR radiation penetrated the wood
down to a depth of ca. 100 um, which would not be the case for untreated wood. The
OCT thickness measurements of surface coatings, supported by the observations of cross-
sectional samples under optical microscopy, are reported in Table 1. Interestingly, it was
possible to identify three cases, in the mock-up series, where the technique was not able
to discriminate adjacent layers, and consequently measure their thicknesses accurately:
(i) comparable intensity of light scattering at particles dispersed in different layers, as
observed for the ground and paint films in m.H (Figure 2a), (ii) close in time applications
of transparent layers characterized by the same refractive index, as occurred for the two
protective uncolored varnish layers of m.H (Figure 2a), and (iii) layer with very high
concentration of particles concealing visibility of a thin transparent undercoat, as the case
of m.F where the paint layer containing hematite in concentration of 10% is laid over ca.
10 pm of uncolored varnish (Figure 2b). In the last case, the high scattering and absorbing
of near IR radiation in the pigmented layer (P in Figure 2b) totally obscured the underlying
thin transparent film and the interface between them, which was not the case with pigment
concentrations of 1% and 2%.
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Table 2. Summary of the potential and limits of different non-invasive techniques applied to the study of the dried mock-ups

(tp) investigated in this work.

Analy.t ical Potential Limits
Technique

Non-discrimination of adjacent layers above
the wood in the following specific cases: (i)
comparable intensity of light scattering at

Discrimination of layers above the wood in particles dispersed in the layers; (ii) close in

terms of number and thickness time applications of transparent layers
characterized by the same refractive index; (iii)
layer with very high concentration of particles
concealing visibility of a thin transparent
undercoat

}nduect assumption about the presence of size Non-discrimination of size layer into the wood

ayer from the wood transparency to the

OCT near-IR light
Non-discrimination of individual particles in
semi-scattering and scattering layers in the
following specific cases: (i) size and average
distance among particles lower than the lateral
. . resolution of the instrument; (ii) uniformity of
Detection of particles dispersi
persion

Size of dots (speckles) depending on coherence
properties of probing light and instrument’s
optics rather than the actual size of particles in
case of layers scattering light weakly or
moderately

Discrimination of different particle Apparent scattering properties of given strata

concentrations may depend on scattering properties of upper
layers
Non-identification of proteinaceous

Identification of proteinaceous components in components in the ground in presence of

the ground in case of its direct exposition to air overlying layers with minimum thickness of
20 um (minimum value for uncolored
oil-colophony varnish)

Identification of hematite pigment in case of its Non-identification of hematite pigment in case

high concentration in oil-colophony varnish (at of its low concentration in oil-colophony

least 5% w/w when paint layer is exposed to varnish (below 5% w/w when paint layer is

air; at least 10% w/w when paint layer is exposed to air; below 10% w/w when paint

covered by 20 pm of uncolored oil-colophony layer is covered by 20 um of uncolored

Reflection FT-IR varnish) oil-colophony varnish)
spectroscopy

Identification of all the marker bands* of the
silicate mineral in the ground in the following
specific cases: (i) direct exposition of the
ground to the air; (ii) presence of thin
overlying uncolored varnish layer (verified up
to 20 um of thickness)

Assumption about the presence of silicate
mineral in the ground from the detection of its
lower-wavenumber bands when overlying
multi-layered varnish coating is present

Non-detection of the marker band at

1015 cm ™! of the silicate mineral in the ground
in presence of overlying multi-layered varnish
coating

Non-discrimination of different concentrations
of silicate mineral in the ground
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Table 2. Cont.

Analy.t ical Potential Limits
Technique
L .
Ident1f.1cat1.o e au oz mark.er ba.mds olfilue Non-detection of the marker band at 608 cm !
hematite pigment in case of its high o . .
Lo . of the hematite pigment in case of its low
concentration in oil-colophony varnish (at least .0 .
o . . . concentration in oil-colophony varnish (below
5% w/w when paint layer is exposed to air; at = 5 h N
O . : 5% w/w when paint layer is exposed to air;
least 10% w/w when paint layer is covered by o . .
. . below 10% w/w when paint layer is covered by
20 um of uncolored oil-colophony varnish) 5 ¢ lored oil-colonh ish
Raman 0 um of uncolored oil-colophony varnish)
spectrosco
P Py Scattering intensity attenuation of hematite
- bands when paint layer is covered by 20 pm of
uncolored oil-colophony varnish
Non-detection of organic components in layers
- with thicknesses up to ca. 50 pm (not explored
beyond this value)
- Non-detection of silicate mineral in the ground
e . . Non-detection of silicate mineral in the ground
Discrimination of different concentrations of . . . ..
T . L in presence of overlying paint layer containing
silicate mineral and hematite pigment . . . .
] " o hematite pigment in concentrations equal to or
(concerning hematite, the minimum higher than 10% w /w
concentration value to distinguish paint layer S & .. . . £ Fe si |
o e p——N A cattering intensity attenuation ot Fe signa
XRF spectroscopy when paint layer is covered by 20 um of

uncolored oil-colophony varnish

Indirect assumption about different amounts of
proteinaceous binder in the ground (inversely
proportional to the filler concentration)

* Marker bands referred to in the table are those identified in the text.

Figure 2. Optical Coherence Tomography (OCT) analysis of the mock-ups: m.H (a) and m.F (b) in
correspondence of the areas with talc concentration of 1%, and m.D (c) in correspondence of the area
with talc concentration of 10%. Arrows indicate the stratigraphic layers (V: uncolored varnish, P:
paint layer, G: ground coat). In (b), the layers G and V, as well as the lower boundary of P, are not
defined for the reasons explained in the text.

In case of examination of historical bowed string musical instruments by OCT, it was
possible to detect the presence of large particles and their distribution in the stratigraphies,
especially when embedded in transparent varnishes [7,58]. However, it needs to be taken
into consideration that, in case of semi-scattering and scattering layers, the “grains” in the
structures visible in OCT tomograms should not be always interpreted as realistic imaging
of the particles. For instance, in the mock-up series, the ground and paint layers appeared
as grainy structures, which could be discriminated from each other only due to the presence
of an interlayer of transparent varnish lying between them. Within each layer, however, the
individual scattering centers could not be distinguished from each other (Figure 2c). This
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evidence was found for both hematite and talc, acting as pigment and filler, respectively,
and it can be likely ascribed to jointly contributing factors related to the particles: (i) size
and average distance among the particles (also at a minimum concentration of 1%) lower
than the lateral resolution of the instrument and (ii) uniformity of dispersion. It is important
to point out, moreover, that every layer scattering light weakly or moderately is seen in
OCT imaging as composed of small dots (speckles) in which size depends on coherence
properties of probing light and instrument’s optics rather than the actual size of scattering
centers. To investigate the real size and distribution of both hematite and talc grains, SEM
observations of a representative mock-up stratigraphy were performed (Figure 3).

Figure 3. BSE-SEM images of the mock-up m.D (a), with hematite (b) and talc (c) particles at higher
magnifications highlighted in red rectangles. Letters refer to the stratigraphic layers (P: paint layer, V:
uncolored varnish, G: ground coat, W: wood).

Another consideration concerns the OCT sensitivity in discriminating different con-
centrations of filler or pigment. As the particle concentration increases, the tomograms
generally show a slight increment in the scattering intensity, with the color varying from
blue to green, as well as in the local concentration of dots, and vice versa. In particular,
these variations resulted more evident for the paint layer (Figure 4a—c) than for the ground
one (Figure 4d—f), this last being laid in direct contact with the wood support.

T10%

Figure 4. OCT analysis of the mock-ups: m.C (a), m.D (b), and m.F (c), with the paint layer characterized by increasing
concentrations of hematite (respectively, H1%, H2%, H10%, where the letter H stands for hematite), and of the mock-up
m.A (d—f), with the ground coat characterized by increasing concentrations of talc (respectively, T1%, T5%, T10%, where the

letter T stands for talc). Arrows indicate the stratigraphic layers (V: uncolored varnish, P: paint layer, G: ground coat). In (c)

the layers G and V, as well as the lower boundary of P, are not defined for the reasons explained in the text.
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Finally, an interesting phenomenon strictly involved the paint layer of some strati-
graphies under investigation. The paint layer in m.H (P in Figure 2a), in fact, appeared to
be more transparent to the near IR radiation, or less scattering, than that of the mock-up
m.F (P in Figure 2b). It must be underlined that the hematite concentration, as well as the
paint layer thickness, are identical in both the mock-ups. The observed difference in light
scattering intensity can be likely ascribed to the transparent uncolored varnish covering
the paint layer in m.H. On the contrary, no protective layer is present in m.F, where the
uncolored varnish is instead positioned underneath the paint layer.

3.2. Reflection FT-IR Spectroscopy

Focus of the reflection FT-IR study was to assess to what extent the different varnish-
based coatings affected the detection of spectral bands produced by the organic and
inorganic components of the underlying ground coat, respectively, K-caseinate and talc.

As for the K-caseinate, its diagnostic bands (v(N-H) at 3300 cm ™!, 9(C=0) or amide
I at 1650 cm ™!, combination of v(C-N) and 5N-H or amide II at 1540 cm~!) [48,59] were
merely identified in the Kramers-Kronig transformed (KKT) spectra acquired on the mock-
up m.A, where the ground surface is directly exposed. Therefore, any overlying varnish
coating here considered included the ca. 20 pm of protective varnish in m.B, made the
proteinaceous bands undetectable (Figure 5a). This result is consistent with the previous
studies conducted by the authors [4,60].

f

G

:

Laall,

Reflectance

RN S

Absorbance

1800 1600 1400 1200 1400 1200 1000 800 600 400
Wavenumber (om”) Wavenumber (om”)

Figure 5. Representative reflection FT-IR spectra collected on the mock-ups in correspondence of

the areas characterized by talc concentration in the ground of 1%. The spectra after (a) and before

(b) Kramers-Kronig (KK) transformations are displayed for the study of organic and inorganic

compounds, respectively. Marker bands of K-caseinate (asterisk), talc (dotted line and rectangle), and

hematite (round) are highlighted.

As for the talc, the picture appeared rather more complicated from a spectral point of
view because its bands behaved differently from each other. Three groups of Reststrahlen
bands were firstly identified as diagnostic of the talc in the reflectance spectra of these
stratigraphies, namely (i) v,5(Si-O) (v3) at 1015 em™ 1, (i) v + 8Si-O (v4) at 670 cm ! and the
third one (iii) comprising in-plane §Mg-O (vy) at 465 and 450 cm !, 8Si-O (vs) at 425 cm~ L,
and 8Si-O at 395 and 385 cm ! [60-63] (Figure 5b, spectrum of m.A). A general trend was
then recognized by observing the spectra collected on the mock-up areas characterized
by the same talc concentration in the ground (Figure 5b): the intensity of the talc marker
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bands diminished with the increase in the varnish coating thickness and in the hematite
concentration. Interestingly, the signals at 670 and around 400-300 cm !, albeit reduced in
intensity, are always detectable in the mock-ups differently from the signal at 1015 cm ™!
(Figure 5b), in which intensity dramatically decreased up to completely disappearing. This
suggests that, in presence of multi-layered structures with thicknesses from 30 pm on, the
silicate mineral can be identified merely by its lower-wavenumber bands.

The band intensity variation was confirmed by the PCA analysis of the dataset in the
restricted range 1400400 cm~!. The PC1 versus PC2 scatter score plot (accounting for
81.4% of the total variance) showed a clear separation between the spectra acquired on
m.A and m.B, with negative PC1 score values, and the spectra from all the other mock-ups,
with positive, or null, PC1 scores (Figure 6a). As visible in Figure 5b, the band intensities of
talc in m.A and m.B are, in fact, the most pronounced of the entire dataset.
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Component 1 (58.3% of variance)

Figure 6. Results of the principal component analysis (PCA) performed on the reflection FT-IR spec-
tral dataset in the range 1400400 cm~!: PC1 versus PC2 scatter score plot (a) and its magnification
in correspondence of the region enclosed in the dotted rectangle (b). Letters indicate the mock-ups
under investigation; colors highlight different hematite concentrations in the paint layer as reported
in the legend (i.e., H_0%, H_1%, H_2%, H_5%, and H_10%, where the letter H stands for hematite).

From the spectra, moreover, it is evident how the presence of varnish-based layers
led to a marked change in the relative intensities of the three groups of talc marker bands
(Figure 5b).

As concerns the hematite pigment, the presence of its derivative marker band at
around 530 cm ™! (maximum point) was detected in the spectra collected on m.E, m.F, and,
more weakly, on m.H [64] (Figure 5b). The other characteristic band of Fe; O3, falling at
about 480 cm~!, was not considered because of its overlapping with the third group of talc
signals above identified as (iii). When the paint layer is exposed (m.E, m.F), hence, the iron
oxide can be revealed if its concentration is at least of 5%; when it is covered by ca. 20 pm
of the protective varnish layer, instead, the minimum concentration to be detected is 10%.
Interestingly, spectra of these mock-ups group in the area of the PC1 versus PC2 score plot
mostly characterized by positive PC1 and negative PC2 score values (Figure 6a,b).

While the PC1 direction mainly described the intensity variation of the bands, the
second PC seemed to be affected by the variation in their shape. As shown in the loading
plot of PC1 and PC2 (Figure 7), the highest variations, for both the PCs, occurred in the
lowest-wavenumber region (i.e., original variables between 400 and 500).

Finally, it is worth reporting that the reflection FI-IR spectroscopy was not able to
discriminate different concentrations of talc in the ground layer: band intensities related
to that mineral, in fact, did not significantly change in the three areas of each mock-up
corresponding to concentrations of 1%, 5%, and 10%.
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Figure 7. Results of the principal component analysis (PCA) performed on the reflection FI-IR

spectral dataset in the range 1400-400 cm~!: loading plot of PC1 and PC2.

3.3. Raman Spectroscopy

In the range from 3200 to 300 cm~!, Raman spectra collected on the mock-ups are
all characterized by the predominant profile of the wood. Signals produced by linseed
oil-colophony mixture and K-caseinate were not revealed in any of the stratigraphies,
suggesting that the thicknesses of ground and varnish-based layers are too low to be
investigated by this technique. As evident from this result, the incident lasers directly
arrived at the wooden support without being scattered by the organic components of the
overlying coating system. In addition, the bands of the mineral talc were never detected,
not even in m.A, where the ground is exposed.

The hematite bands occurring in the investigated spectral region are positioned at
608, 495, and 408 cm 1. These signals, assigned to the Fe-O stretching vibrations [65], are
well visible in the spectra of m.E, m.F, and m.H, with their characteristic relative Raman
intensities (Figure 8). However, since the weaker and broader band centered at 495 cm !
overlaps with a wood signal at the same frequency, we could not consider this band as
diagnostic of the pigment in these stratigraphies, and, consequently, it was not highlighted
in Figure 8. By the analysis of the spectra collected on the mock-ups with the paint layer
exposed, the intensity of the marker band at 408 cm™ was found to gradually increase
from m.C to m.D, m.E, and m.F, according to the increment in the hematite concentration
(Figure 8). With the intensity increase, the shape of this band also becomes better resolved
and sharper. In the mock-up series above mentioned, the signal at 608 cm ™! is instead
evident only with paint layers characterized by Fe,O3 concentrations of 5% (m.E) and 10%
(m.F).

Interestingly, the presence of a protective layer turned out to affect the intensity of
the hematite bands. In particular, the spectrum acquired on m.G merely shows the band
at 408 cm !, with a far lower intensity compared to the mock-up with the same pigment
concentration of 5% (m.E). Furthermore, a broad band centered at 620 cm~! was also
detected in this spectrum, but both the shape and the wavenumber shift allowed us to
attribute it to the wood. As for the spectrum from m.H, the diagnostic bands of the hematite
are well visible but appear less intense than those of the corresponding, in terms of Fe,O3
concentration, mock-up m.F.
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Figure 8. Representative Raman spectra collected on the mock-ups in correspondence of the areas
characterized by talc concentration in the ground of 1%. Marker bands of hematite (red dotted line)
are highlighted.

3.4. X-ray Fluorescence Spectroscopy

XRF investigation was aimed at observing the influence of the differently overlapped
layers on the net area counts related to four chemical elements, namely Si (Ko = 1.740 keV),
S (Ka = 2.309 keV), K (Ka = 3.314 keV), and Fe (Kx = 6.405 keV). These elements were
selected because representative of the materials composing the mock-up stratigraphies
(i.e., Si: talc; S and K: potassium caseinate; Fe: hematite; and, as an impurity, talc). The
normalized values of the net area counts are reported in the Supplementary Materials
(Table S1).

As regards Si (Figure 9a), XRF results highlighted a significant variation in the area
counts within the mock-up set. In particular, high counts of Si were detected in m.A,
where the ground is directly exposed, while its values significantly decreased nearly to
the detection limit in m.B, m.C, m.D, m.E, and m.G, as a twofold consequence of the layer
application on the ground and of the low atomic weight of silicon [4,66]. The 10% of Fe;O3
concentration in the paint layer (m.F), together with the superimposition of additional
protective coats (m.H), then brought the counts of Si and S up to zero in the two mock-ups
in exam (Figure 9a,b). Observing the elemental trends in relation to the talc concentration
in the K-caseinate binder for each mock-up, moreover, a general increase in the Si-K« line
intensity (Figure 9a) was found and, complementarily, a decrease in the counts of S and K,
both ascribed to the K-caseinate (Figure 9b,c): this behavior can be justified by the decrease
in the amount of binder as the filler concentration increases in the mixture, and vice versa.
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Figure 9. Net area count estimation of the peak Ku of Si (a), S (b), K (¢), and Fe (d) detected by X-ray Fluorescence
(XRF), with the related Standard Deviation of Mean (SDOM). Each bar corresponds to the average of three measurements,
normalized to the mean value, calculated on the whole dataset, of the net area counts of the coherent scattering peak (K«) of

Rh. For all the elements investigated, the three bars per mock-up correspond to the areas with different talc concentrations
(T1%, T5%, T10%, where the letter T stands for talc), as highlighted in the X-axis labels of graphs (a—c). In graph (d), the
x-axis labels highlight the different hematite concentrations (H0%, H1%, H2%, H5%, H10%, where the letter H stands for
hematite). Numerical values are reported in Table S1.
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A more accurate picture was obtained by combining XRF spectral results with the
PCA analysis. The PC2 versus PC4 scatter score plot (accounting for 23.1% of total vari-
ance) (Figure 10a) was chosen for representation in this work because it clearly reveals
a separation of the objects on the basis of different talc concentrations in the K-caseinate
binder. Positive PC2 score values are related to spectra collected on the areas with 10%
of talc (Figure 10a, green objects) and, consequently, characterized by higher Si counts.
Negative PC2 values are instead referred to spectra with increasing values of K, collected
on the areas with 5% (Figure 10a, red objects) and 1% (Figure 10a, black objects) of talc in
K-caseinate. As visible from the biplot in Figure 10b, objects with high Si counts are mainly
scattered in the first quadrant, and those with progressively higher values of K are grouped
in second and third quadrants.
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Figure 10. Results of the principal component analysis (PCA) performed on the XRF spectral dataset:
PC2 versus PC4 scatter score plot (a) and the related biplot (b). Letters in (a,b) indicate the mock-ups
under investigation; colors in (a) highlight different talc concentrations in the ground as reported in
the legend (i.e., T_1%, T_5%, and T_10%, where the letter T stands for talc).

XREF results related to Fe (Figure 9d) appeared to be strongly affected by the hematite
concentration in the paint layer and by the presence of a protective film. In fact, the Fe-Ka
line intensity progressively increased from m.C and m.D, respectively, with 1% and 2% of
hematite in the paint film, up to m.E and m.F, where the concentration reaches, respectively,
5% and 10%. On the other hand, the presence of ca. 20 pm of protective coat dramatically
affected the net area counts of the element: spectra recorded on m.G and m.H show Fe
counts almost halved if compared to those collected, respectively, on the mock-ups m.E
and m.E

Exploring the PC1 versus PC3 scatter score plot (Figure 11a), which accounts 76.8%
of the total variance, objects with negative PC1 and positive PC3 score values are well
grouped in the second quadrant. These objects are characterized by higher Fe counts, as
visible in the biplot of Figure 11b, and are related to m.E and m.F. As for the m.G group,
the presence of a protective layer likely affected the PC score values: in this case, objects
are grouped around the origin of axes, similarly to m.D. As visible in Figure 9d, it is worth
noting that the net area counts of Fe in m.G and m.D are, in fact, comparable, although
the concentration of Fe;O3z in m.G is much higher than that of m.D. In addition, for the
mock-up m.H, the external uncolored varnish brought these objects at a certain distance
from the group of m.E and m.F, falling in the third quadrant.

A final consideration concerns the mock-up m.C, characterized by 1% of hematite
concentration in the paint layer: the XRF investigation was not able to clearly discriminate
it from the non-pigmented mock-ups.
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Figure 11. Results of the principal component analysis (PCA) performed on the XRF spectral dataset:
PC1 versus PC3 scatter score plot (a) and the related biplot (b). Letters in (a,b) indicate the mock-ups
under investigation; colors in (a) highlight different hematite concentrations in the paint layer as
reported in the legend (i.e., H_0%, H_1%, H_2%, H_5%, H_10%, where the letter H stands for
hematite).

3.5. Artificial Aging

Figure 12 displays the time evolution of L*, a*, b* coordinates and the total color
variation AE* as a function of the aging time of the layered mock-ups.

The mock-ups generally underwent the twofold effect of darkening and yellowing
as a result of the decrease in L* and increase in b*, respectively. This effect was expected
by the aging of oil- and colophony-based varnishes [67], representing one of the main
conservation problems in paintings [68]. Interestingly, the behavior above described was
also observed, in a marked way, in m.A, where neither the paint film nor the protective
varnish are present: the wooden support was mostly responsible for the great variation
recorded in m.A. In the light of this, we can suppose that the variations observed in the
mock-ups with transparent or semi-transparent layers (i.e., m.B, m.C, and mD) partially
derive from the underneath wood; likewise, in these stratigraphies the layers likely act as
protective against more pronounced darkening and yellowing of the wood. Within the
series characterized by negative AL* and positive Ab* variations, some mock-ups (namely
m.A, m.B, m.C, and m.G) showed an increase in the a* values: these changes indicate a
shift towards a brown-orange hue [67].

An opposite trend, instead, was found for those mock-ups (m.E and m.F) where
the paint layer is directly exposed to air and its Fe,O3; concentration is high (5% and
10%, respectively): in these conditions, the simultaneous increase in L* and decrease in
b* occurred. This effect, known as bleaching [67], cannot be attributed to the hematite
pigment, due to its well-established stability under these conditions, but rather to the
complex stratigraphic systems, as well.

Particular cases are finally represented by the mock-up m.D, which showed a discol-
oration behavior towards the yellow-green direction (increase in b* and decrease in a*), and
by the mock-up m.H, where a* values increased and b* values decreased over time.

After 25 h of exposure, AE*;1_4 varied between 2.3 and 5.3, with the minimum and
maximum variations observed in m.H and m.B, respectively. The total colorimetric varia-
tion in m.B can be mainly ascribed to the b* increase, and, after an additional 400 h of aging,
the further significant increment in b* and decrease in L* determined a value of AE*ip 4 =
13.1 for this mock-up, with a total AE*;5_49 = 16.6. The greatest total color variation between
t; and t, aging stages, however, was observed in m.A (AE*p_ 41 = 19.7), with L* values
varying from 77.2 to 66.9 and b* values from 19.0 to 34.7. As aforementioned, this important
variation was attributed to the wood used as support of the stratigraphy. On the other
hand, the mock-up m.D, which is the only one of the series that underwent a discoloration
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towards the yellow-green hue, was characterized by the minimum total color variation
(AE*15_49 = 4.4), followed by m.G (AE*1p_4 = 7.3) and m.H (AE*;»_49 = 9.4). For the other

mock-ups, the total variation of color is comprised between ca. 14 and 18.
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Figure 12. L*, a*, b* coordinates of the mock-ups as a function of the aging time. The calculated values

AE*11_40 and AE*;;_4 are reported in correspondence with the x-axis labels t1 and tp, respectively.
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The light-induced effects on the mock-up surface layers were evaluated during aging
by the reflection FT-IR spectroscopy. In Figure 13, spectra collected on m.B and m.F were
selected for representation in this work because representative of two different types of
layer on the top of their stratigraphy: the pure linseed oil-colophony varnish, on one hand,
and the same mixture with hematite pigment dispersed therein, on the other. The frequency
shifts over time of the varnish bands, and their assignment, are listed in Table 3.

Absorbance

Absorbance

e e e
3500 3000 1800 1600 14004 1200 1000 800 3500 3000 1800 1600 1400,‘ 1200 1000 800
Wavenumber (cm ) Wavenumber (cm™)
Figure 13. Representative reflection FI-IR spectra, after KK transformations, collected on the mock-
ups m.B (a) and m.F (b) at different aging times: t( (dried), t; (25 h), t, (425 h). Arrows indicate the
main change observed and discussed in the text.

Table 3. Assignment of the KKT bands of the linseed-oil colophony varnish [67] at different aging
times: ty (dried), t; (25 h), t; (425 h). The spectral study was limited to the region not interested by
artefacts, and the precise wavenumber values of the KKT band maxima derived from the second-
derivative analysis. Abbreviation (sh) corresponds to shoulder bands.

Linseed Oil-Colophony Varnish

Assignment * Contribution to t ty
vas(CH3) oil, resin 2960 (sh) 2960 (sh) 2960 (sh)
0as(CHp) oil, resin 2927 2927 2935
vs(CH3) oil, resin 2870 (sh) 2870 (sh) 2865
vs(CHp) oil, resin 2853 2853 2850 (sh)
v(C=0) oil 1741 1741 1735
v(C=0) resin 1705-10 (sh) 1705-10 (sh) 1720 (sh)

5(CH3/CHy) oil, resin 1460 1460 1460
8s(CH;)-CH,-CO-O- oil 1412 1412 1420
5(CH3) oil, resin 1382 1382 1382
v(C-0) oil, resin 1240 1240 1240 (sh)
0a5(C-0) oil

5(CH), v(C-O) resin 1175 1175 1175

025(O-CH,—C) oil

5(CH), v(C-O) resin 1100 1100 1100

* v: stretching; &: bending; as: asymmetric; s: symmetric.

The infrared reflection study of the mock-ups was conducted on the spectra after the
application of KKT. Although necessary for the analysis of organic bands, these transfor-
mations created artefacts between 4000 and 3000 cm ! [69] and around 1000 cm ™1, making
undetectable the evolution of the varnish spectral behavior in those regions (respectively,
related to the v(O-H) band and to the v(C-O) and 6C-H bands, produced by colophony).
In particular, the Reststrahlen band of talc at around 1000 cm ™!, giving rise to the artefact
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when KKT is applied, is pronounced only in m.B (Figure 13); as shown in Figure 5, in fact,
this signal turned out to be absent—or almost—in all the other mock-ups. From Figure 13,
we can see that, after 25 h of exposure, the spectral profiles did not undergo any variation
compared to those acquired on dried mock-ups. This evidence is true for all the mock-ups,
whether the protective varnish or the paint layer is directly exposed to the air. After an
additional 400 h of aging, significant qualitative variations were clearly revealed in all the
mock-ups: the intensity of C-H bands at around 2900-2800 and 1460 cm ! displayed a re-
markable decrease, whereas the v(C=0) band increased in intensity and slightly broadened
in shape. The intensity increase of v(C=0) band, in particular, appeared more pronounced
in pure linseed oil-colophony mixture than in the pigmented varnish. Moreover, the bands
in the v(C-0) region underwent a broadening effect and, just for the pure mixture, an
increment in intensity. The spectral changes observed at t, witness the photo-induced
oxidation effects of oil-based varnishes, as described in Reference [67].

4. Conclusions

In the present work, we assessed strengths and limits of a totally non-invasive ap-
proach in the study of different wooden artefact stratigraphies properly prepared by
varying specific parameters. Tomographic (OCT) and spectroscopic (reflection FT-IR, Ra-
man, XRF) techniques were employed for this investigation and the collected data were
analyzed through both the univariate and multivariate approaches. The non-invasive
analysis was supported by microscopic observations of the cross-sections obtained from
the mock-ups.

Subsequently, the effects of the progressive artificial solar exposure were non-invasively
evaluated from chemical and chromatic points of view. After 425 h of aging, reflection
FT-IR spectroscopy revealed spectral changes in band intensity and shape related to specific
functional groups composing the surface layers, witnessing the photo-induced oxidation
effects of oil-based varnishes. It is worth reporting that, for the first time, this technique was
employed to monitor the chemical changes over time of an oil-colophony mixture applied
to bulk material. In order to study complex mixtures as varnishes, in fact, the transmission
or ATR modes are certainly to be preferred because they are more suitable to investigate
band variations in both qualitative and quantitative terms. However, if the integrity of
the object needs to be totally preserved, the use of non-invasive reflection techniques is
mandatory, with all the drawbacks deriving from its application, such as distortions of
band, baseline variations, or impossibility of using conventional databases for substance
identification [48]. Meanwhile, colorimetry recorded yellowing and darkening effects of
the wood support and varnishes, except for those mock-ups with the highest hematite
concentrations at the top layer. Other chromatic effects were also singled out in some of
the stratigraphies.

This multi-technique study would represent a significant first step towards the ap-
plication of non-invasive and portable instrumentation to the stratigraphy of wooden
works of art, such as paintings on panel, sculptures, musical instruments, and furniture.
When approaching a wood artefact stratigraphy, information on number and thickness of
the layers above support can be straightforwardly gathered, except in specific cases (see
Table 2), by OCT. If tomographic techniques are not available, some indirect hypotheses
could be drawn through the reflection FI-IR analysis of areas of the artwork at differ-
ent states of preservation, that is to say, exposing different coats to air. The presence of
inorganic fillers and pigments dispersed in the coating system can be visually detected
in the OCT tomograms, with limitations mainly related to the instrumental properties,
while the chemical identification of their nature is provided by FT-IR, Raman, and XRF
spectroscopies according to the respective conditions reported in Table 2. Moreover, it
is possible to obtain approximative information about the particle concentration by the
OCT and XRF data. As for the organic binders, reflection FT-IR turned out to be the most
suitable method for their investigation; Raman spectroscopy, in fact, is not able to reveal
proteinaceous and oil-based layers with thicknesses of few tens of microns (explored up to



Coatings 2021, 11, 29 21 of 24

about 50 pm). Finally, an indirect assumption on the presence of a size treatment can be
made from the transparency of wood to the near-IR light by OCT, and, if the procedure
involved the use of marker compounds, XRF allows one to advance further hypotheses.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-641
2/11/1/29/s1, Figure S1: representative mock-up, after cutting, with the portion exposed to artificial
solar aging highlighted, Table S1: estimate net area counts of Si, S, K, and Fe detected by XRF.
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