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Abstract: In cultural heritage, paint stratigraphies are complex systems typically consisting of
various paint layers with fine crystalline phases mixed with coarse pigment and filler grains. This
complexity poses significant challenges for X-ray diffraction (XRD) analysis. In this work, we
employed synchrotron radiation micro-X-ray diffraction in transmission geometry (SR-pTXRD) with
linear mapping to develop a novel approach for studying the crystalline phases (pigments and fillers)
in mock-up paint stratigraphies. A targeted approach was followed for qualitative, quantitative,
and microstructural analysis, combining signals from micrometric crystallites and coarse single
crystals as well as from randomly oriented and iso-oriented crystalline phases. This allows for
identifying, localizing, and quantifying these phases even in low fractions and distinguishes the
same phases across different layers with varying grain sizes or spatial orientations. Critical analysis
of 2D XRD patterns, coupled with full-profile fitting performed by the Rietveld method, provides
insights into material preparation (e.g., grinding), painting technique (e.g., color palette, use of fillers,
brushing), and crystallo-chemical modifications over time. This analytical approach, integrating
spatially resolved investigation with high-quality phase characterization, enhances the potential of
specific XRD methodologies for a 2D investigation of multi-phase materials in cultural heritage, even
without dedicated micro-mapping techniques.

Keywords: paint stratigraphy; synchrotron radiation micro-X-ray diffraction in transmission geometry;
Rietveld method; XRD mapping; pigments; fillers

1. Introduction

Paint stratigraphies are of great interest in the fields of heritage science and conserva-
tion science. Information about their composition and micro-structure, both at and below
the surface, enables an unveiling of the painting techniques, the employed materials, and
the variations that occurred over time [1,2]. The awareness that the materials of cultural
heritage (CH) objects change inexorably with time in response to their composition (i.e.,
chemical reactions that take place within paint layers and below the surface) or to their
interaction with the surrounding environment (i.e., chemical reactions that take place at the
interface between the paint surface and the air) leads research increasingly towards modern
approaches to study the composition and the external and sub-subsurface microstructure
of paint stratigraphies [3-5]. The analytical characterization of the chemistry, mineralogy,
and spatial distribution of crystalline phases in paint layers also provides a substantial
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contribution to explore the state of conservation of a work of art and its conservation history,
also investigating the presence of decay phases and/or restoration products as well as
distinguishing between genuine and counterfeit artifacts [1,2,4,6,7].

In many cases, an exhaustive analytical investigation of paint stratigraphies is not a
straightforward task. In general, they represent very complex systems, characterized by
compositional and microstructural heterogeneity from the macro- to the microscopic scale.
They are multi-layered systems of micrometric layers with irregular thickness and consist
of a mixture of compounds, including organic and inorganic substances in crystalline and
amorphous phases [2-8]. Each paint layer is, moreover, generally composed of several
pigments or fillers, and these particles may be both heterogeneously distributed within the
paint layers and characterized by very different grain sizes, resulting in the coexistence
of very fine-grained particles in a mixture with coarser ones. Such a compositional and
microstructural complexity makes their characterization an analytical challenge that sets
the conditions to develop advanced multi-analytical approaches.

Working with fragments from works of art commonly imposes the necessity to investi-
gate very small samples (as in the case of the paint stratigraphies) and to identify mineral
phases in very low weight fractions, whose detection and quantification are analytically
very challenging. In this complex scenario, the use of analytical laboratory-scale sources
is crucial to obtain preliminary information about the stratigraphy, but often a similar ap-
proach faces several limitations due to the complexity of the materials and the instrumental
detection limits. Therefore, a multi-analytical characterization requires, in some cases, the
use of unconventional sources, such as synchrotron radiation (SR) [9-11].

In recent years, synchrotron-based X-ray techniques have provided valuable insights
into the study and characterization of pigments, micrometric paint samples, or entire
paintings thanks to the use of pencil X-ray beams [12,13]. Specifically, the choice of using
SR-based techniques to study these complex materials is due to their unique instrumental
capabilities and source properties, such as brightness, small beam size, and energy tunabil-
ity in a broad spectral range [14,15]. These properties have led to the development of a
wide range of X-ray-based analytical techniques [16-19], offering structural characteriza-
tion, high elemental sensitivity, chemical specificity, and three-dimensional imaging with
spatial resolution down to the nanometric length scale, requiring a very low mass sample.
These characteristics are particularly beneficial for the study of highly heterogeneous and
complex samples from CH, such as those from paintings, as demonstrated by some of the
most recent SR X-ray multi-analytical studies, carried out on small micro-fragments of
masterpieces by Cimabue, Pablo Picasso, and Rembrandt [16-19].

Focusing on X-ray diffraction (XRD), different geometries can be used for XRD analy-
sis: grazing incidence, reflectance, and transmission (in capillary or thin section) [20-23].
The XRD analysis carried out in transmitting geometry with SR and a micro-sized X-ray
beam (SR-uTXRD) has turned out to be, in recent years, an extremely powerful analytical
approach in CH studies, and many articles have been published based on the study of
pigments, alteration products, and conservation treatments [1,9,16]. The transmission
mode geometry, performed on a thin section of paint stratigraphies, allows the investiga-
tion of the samples providing crystallo-chemical information of the crystalline phases in
polycrystalline materials with a spatially resolved approach [15].

This research aims to highlight the great potential of the SR-uTXRD in the characteri-
zation of paint materials presenting high complexity in XRD phase analysis [24,25]. Such
complexities are pervasive in CH investigations, where paint layers frequently exhibit a
variety of challenging features, including (i) the presence of coexisting crystalline phases
in the same layer, even in significantly different weight fractions; (ii) the occurrence of
the same crystalline phases in contiguous layers; (iii) mixtures made by extremely fine
crystallites co-existing with significantly coarser ones of the same species; and (iv) preferred
orientation of crystallites. Therefore, this study presents the potential of synchrotron-based
micro-X-ray diffraction in transmission geometry (SR-uTXRD) linear mapping to study the
mineralogical composition, the layer sequence/thickness, and the microstructure of paint
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layers (i.e., preferred orientation of pigments and fillers) in paint stratigraphies [8,15,26,27].
In recent years, growing attention has been devoted to the use of SR-uTXRD to character-
ize materials belonging to CH, and scientists have optimized the SR beamlines for their
investigation by defining ad hoc setups, specific spatial resolutions, and detection limits.
As reported by Smieska et al. [12], this has been facilitated by the establishment of new
facilities, such as the MAX IV Laboratory in Lund, Sweden, and the modernization of
existing European facilities. Notable examples include advancements at the European
Synchrotron Radiation Facility (ESRF) in France, as well as planned upgrades at Elettra in
Italy and SOLEIL in France.

The study is carried out on cross sections of mock-ups composed of five paint layers.
One or two marker pigments and at least three inorganic fillers, characterized by different
grain sizes (coarse grains and very fine grains in the mixture) and different spatial orien-
tations (preferred orientation and/or random orientation in the 3D space), were used in
a complex mixture in each paint layer. To validate the SR-uTXRD results, the mock-up
specimens were preliminarily characterized through a multimethodological approach,
employing home-laboratory analytical instruments.

The study highlights the capability of SR-uTXRD linear mapping to (i) explore, with a
high spatial resolution, polycrystalline heterogeneous materials; (ii) provide high-quality
data of multiphase systems having (or not having) a powder-like ideal configuration; and
(iii) perform qualitative, quantitative, and a full-profile fit of the XRD patterns through the
Rietveld method, even in the case of crystalline components with very low weight fraction.

2. Materials and Methods
2.1. Materials

Mock-up samples of paint stratigraphy were prepared ad hoc in our home laboratory,
and their stratigraphy is reported in Table 1.

Table 1. Scheme of the paint stratigraphy: layer color composition (pigment and filler) and estimated
expected thickness.

Paint Stratigraphy: Layer, Color, Composition, and Thickness

. . Expected
Layer Color Pigment Fillers Thickness
5 white white lead calcite, talc 60 um
4 light blue cobalt blue calcite, talc 75 um
3 red hematite + Prussian blue calcite, talc 75 um
2 blue azurite wollastonite, portlandite 120 pm
1 white titanium white wollastonite, portlandite 105 um
gypsum base

Pigments and fillers used to prepare the mock-up were selected on the basis of the
aforementioned research aims as well as on the following key points:

(i) the color palette of CH paint materials, embracing a wide range of pigments from
different historical periods, including ancient mineral pigments (i.e., hematite), as
well as more modern ones (Prussian blue, cobalt blue, titanium white) and inorganic
fillers;

(ii) the need to select pigments/fillers characterized by an elemental marker, which has
been used to unambiguously identify a specific paint layer; and

(iii) the need to prepare layers as homogeneous and reproducible as possible, which led
us to select commercial materials and patented dispersants.

The substrate of paint stratigraphy samples was made of gypsum, obtained by mix-
ing deionized water and calcium sulfate hemihydrate (bassanite, CaSO4-1/2H,0), in a
1:2 = bassanite:water ratio. After the hydration of bassanite and the subsequent transfor-
mation into gypsum, the surface of the gypsum substrates was polished with an abrasive
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paper of P800 mesh to obtain a flat surface to be painted. The paint stratigraphies were
composed of 5 different layers, each of them characterized by a marker pigment (or mixture
of pigments). The pigments selected for the study were “white lead” (mixture of cerussite
PbCOj3 and hydrocerussite Pb3(COs3),(OH),), cobalt blue (CoAl;Oy4), hematite (Fe;O3),
Prussian blue (Fey[Fe(CN)gl3-H»0), azurite (Cuz(CO3),(OH),), and titanium white (TiO,).

For the preparation of the paint layers, the pigments were finely ground before being
used to make a concentrated colored paste [75% wt of the pigment was dispersed in 22.5%
wt of water and 2.5% wt patented fillers, and a patented dispersant (AkzoNobel, Corporate
Privacy Officer, Amsterdam, The Netherlands) was used to prevent pigment clumping].
Then, 62 mL of concentrated colored paste was dispersed in 200 mL of “white acrylic base”
(AkzoNobel), containing calcite (CaCOs3) and talc (Mg3SisO19(OH),) as fillers/dispersants,
and further diluted in water to reach the appropriate viscosity for their application on
the substrate. Only the first-layer pigments were mixed using wollastonite (CaSiO3) and
portlandite (Ca(OH),) as fillers, due to the use of a pre-optimized paste for titanium white.
The obtained paints were then applied, one by one, onto the gypsum surface with a brush.
The mean thickness of each layer (hereafter reported as expected thickness) was determined
a priori by overlapping a given number of coats of pigment film, which were estimated to be
~15 um thick each by checking the thickness of dry single coats in cross sections under an
optical microscope. The layer sequence and the detailed mineralogical composition of each
layer are reported in Table 1. At complete drying, selected micro-fragments of the painted
specimens were sampled and embedded in cold polymerizable epoxy resin. The embedded
micro-fragment was then cut with a diamond-bladed circular saw and then lapped through
a circular laboratory polisher on both sides to obtain a thin section of 700 um thickness.
The polishing stage enabled the thin section to be free of the surface resin layer and made it
suitable to be analyzed in transmission mode.

2.2. Methods

A preliminary characterization of the investigated samples was performed in our home
laboratory. Their features were first explored by optical microscopy in reflected light (OM)
with a Leitz Ortholux microscope (magnifications in the range 11x-22x), coupled with a
digital camera Nikon DS-5M/USB and managed by the Lucia Image ™ software (version
5.0). Backscattered (BSE) images were acquired by a JEOL 5910 LV scanning electron
microscope (SEM) with a tungsten filament source, coupled with an energy dispersive
X-ray spectrometer (EDS) IXRF-2000 (0-20 keV), to investigate the elemental composition
and the textural features of the samples.

SR-uTXRD data were collected at the XRD1 beamline of the ELETTRA large-scale
facility (Trieste, Italy). The investigations were performed on the mock-up samples, and the
diffraction data were collected in the 2°-50° (26) angular range, using a focused monochro-
matic beam with A = 0.701054 A and a DECTRIS 2M single-photon counting detector
(Figure 1).

Instrumental calibration for the synchrotron experiment was performed by using a
standard LaBg (SRM from NIST, code 660c) polycrystalline sample in a borosilicate capillary
(© 0.3 mm). The capillary was centered and rotated about the goniometer axis during X-ray
exposure, with the rotation axis on the focal plane of the camera used for sample centering.
The detector was kept in a fixed position during the different measurements, ensuring the
same sample-detector distance and detector tilting.

For the mock-up samples, linear scans from the surface (layer 5) to the bulk (gypsum
base) have been carried out with an elliptical beam of 30 x 15 um? (horizontal x vertical),
with a step size of 15 um (vertical), which allowed proper probing of the different layers
along the lane. The major axis (horizontal) of the beam has been set parallel to the layer
sequence of the paint stratigraphy, while the minor axis (vertical) has been set perpendicular
to the layer sequence, as schematically shown in Figure 2.
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Figure 1. (a) Experimental set-up at the XRD1 beamline, ELETTRA Synchrotron Trieste; (b,c) paint

stratigraphy sample on the sample holder; (d) schematic view of the experimental set-up; (e) 2D and
1D XRD pattern obtained using the Fit2D software.
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Figure 2. Schematic view of the paint stratigraphy layers and of the SR X-ray elliptical beam where
the circles under the beam represent the sampling spots.

As a whole, 30 XRD diffraction patterns for each vertical scan were acquired, and the
collections were repeated two times from different segments of the sample to obtain a good
representation of the specimen. The exposure time was 60 s for each diffraction pattern. We
evaluated the sample volume investigated per lane (~450 x 30 x 700 um?) as an adequate
representation of the entire stratigraphy. The 2D XRD images were integrated by the Fit2D
software V12.077 to generate the corresponding 1D diffraction patterns. A preliminary XRD
qualitative phase analysis was performed using the PANalytical X'Pert High Score Plus
2.1.2 software, referring to the ICDD database (PDF-2). The SR-uTXRD patterns were then
fitted by the Rietveld method using the GSAS-II package until convergence was achieved
with final satisfactory values of the statistical parameters [26,27]. Data from the calibration
experiment with LaBg were used to model the pseudo-Voigt peak profile function (as
defined in GSAS-II) in order to reach the best full-profile fit of the collected patterns. Unit-
cell parameters, average crystallite size, individual scale factor (for each crystalline species),
zero shift, and a Chebychev polynomial function (used to model the background function)
were refined during the Rietveld fit. Atomic coordinates and displacement parameters were
not refined but used the data available in the literature. Preferred orientation correction
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was applied to model only the profile function of talc [crystallographic plane (001)] and
portlandite [plane (001)] by using the March-Dollase model [28]; the best fit was obtained
with Ryp of ca. 0.81 and 0.85 for talc (001) and portlandite (001) peaks, respectively. When
convergence was achieved, the statistical parameters suggested a good profile fit for all the
diffraction patterns, having wRy, ranging between 7.4%~7.8% and GooF between 1.5-1.7.

3. Results and Discussion

This section describes the principal features of the paint stratigraphy (i.e., layer thick-
ness, mineralogy, and microstructure), comparing the data obtained from home-laboratory
analytical instruments to those from SR-uTXRD. Furthermore, a critical discussion of the
results is provided, highlighting the limitations and/or potential of the analytical methods
employed in this study.

3.1. Paint Stratigraphy: Layer Mineralogy

SEM-EDS analysis was used to acquire 2D maps of the paint stratigraphy, providing
information about the chemical composition of the stratigraphy that allows us to reconstruct
the type of pigments and filler in each single layer (Figure 3). For instance, the Cu elemental
map unambiguously identifies layer 2, characterized by azurite (Figure 3c).

100 um

(©) azurite (@) wollastonite & portlandite

w10 um w— 10 (m

I Layer 4-A1

)
A

d Layer 3-Fe

S 20 L1

Figure 3. SEM-BSE images and EDS chemical maps: (a,b) stratigraphy image at 220 magnification
and its schematic reconstruction (b); (c,d) magnification of pigment grain size in layers 2 (azurite)
and 1 (wollastonite and portlandite); (e) Fe-Al chemical maps in layers 3—4 (hematite and Prussian
blue and cobalt blue); (f) Mg chemical map in layers 3—4. Question marks have been added to the
layer boundaries to indicate uncertainty in their identification. The five layers (1-5) are described in
the text.

In some cases, the distribution maps of marker chemical elements failed in distin-
guishing some selected pigments from others, especially for those in a mixture that share
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the same elemental marker, as in the case of hematite and Prussian blue in layer 3, both
characterized by the dominant presence of iron (Figure 3e).

On the contrary, the thin sections investigated by SR-uTXRD enable the comprehensive
mineralogical characterization of each single layer. In particular, this method provides a
sequence of linear XRD mapping from the surface of the paint stratigraphy down to the
core of the gypsum substrate, as described in Section 2.2. This analytical approach gave rise
to a large number of XRD patterns, which contain a series of data discussed below. A total
number of 30 patterns for each scan line have been collected and manually analyzed one
by one. In Figure 4, a comparison among a selection of the most representative SR-uTXRD
patterns, collected at different depths of the paint stratigraphy, is displayed.

12000
cerussite (whire lead)
L4

10000 hydrocernssite
(white lead)

L ]

:

cobalt biue

Prussian blue hematire
* layer 3
4000
hematite
. layer 2
2000

wollastonite
ruiile
[

£000

6000

Intensity (a.u.)

portlandire
4

layer 1

3 10 15 20 25 30

Diffraction angle 260 (°)

Figure 4. SR-uTXRD 1D patterns collected at different depths of the paint stratigraphy, representative
for each one of the five layers.

The qualitative phase analysis showed that the crystalline components attributable to
pigments (i.e., azurite, hematite, Prussian blue, cobalt blue, and white lead) and the filler
fractions (i.e., calcite, talc, wollastonite) are easily distinguishable by their marker Bragg
peaks. The qualitative phase analysis also revealed that (i) in the gypsum substrate, the
presence of a low fraction of bassanite is most probably associated with its incomplete
hydration into gypsum and (ii) in the wollastonite and portlandite layer, the occurrence of
calcite is likely the result of a partial carbonation of portlandite during the setting, as we
can see from the coating around the portlandite grains by SEM-EDS investigation.

Furthermore, the high brilliance of the synchrotron radiation, as well as the high
signal-to-background ratio in the SR-uTXRD patterns, enabled the detection of the minor
phases. For instance, the quantitative phase analysis carried out by the Rietveld method
highlighted the coexistence of hematite and Prussian blue in low weight fraction (lower
than 2% wt in the case of the Prussian Blue and lower than 7% wton average in the case of
hematite).

3.2. Paint Stratigraphy: Layer Thickness

Figure 5a illustrates the thin section paint stratigraphy observed through reflected
light microscopy, from which it was possible to investigate the thickness of each one of the
five paint layers and to analyze the interface between juxtaposed layers (Figure 5b). By
measuring the real thickness of each layer (based on 30 different segments for each layer),
it was possible to estimate the average thickness for each of them, reported in Table 2 as
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“Optical thickness”. The mismatch between the “Optical thickness” and the expected one
(SR-maximum estimated thickness) ended up being moderate, and, overall, they were in
good agreement.

Figure 5. OM micrographs: (a) paint stratigraphy layers and (b) schematic reconstruction of the
paint stratigraphy, where the arrows indicate some sampling segments used to calculate the average
thickness. The five paint layers (1-5) are described in the text.

Table 2. Comparison between the expected thickness of each layer and the ones obtained by OM and
SR-WTXRD.

Expected Optical Thickness SR-uTXRD Maximum
Layer Thickﬁess (um) P (um) OM St. Dev. Thickness (um)
5 60 60 10 105
4 75 50 10 105
3 75 70 10 120
2 120 90 10 90
1 105 150 20 165

The high standard deviation associated with the OM values (resulting in a variation
higher than 10%) reflected a non-homogeneity of the layer thickness, which is also a
common feature in paint stratigraphies of works of art.

BSE images failed in marking the boundary interface between contiguous layers.
Layers 2-5 show all homogeneous grain size and contrast, making the different layers
almost indistinguishable (Figure 3).

This is not the case with the SR-uTXRD analysis. The sequence of XRD data, from the
surface of the paint stratigraphy down to the gypsum substrate (as described in Section 2.2),
and the Rietveld fits of the diffraction patterns were used to develop a new way to pro-
vide the SR-maximum estimated thickness of paint layers. By tracking the presence and
abundance of pigments (each of them a marker of one of the five paint layers) all through
the paint stratigraphy, it is possible to obtain the thickness of each layer on the basis of its
mineralogical composition. For instance, the thickness of the iron-bearing layer (layer 3)
was measured to be ~75 um by OM, while the presence of the iron-bearing pigment was
identified to be at 120 um to 225 um depth from the paint surface. Remarkably, these
measurements can be carried out on minor phases, proving the high potential of this
SR-uTXRD approach in transmitting geometry to detect the occurrence in the depth of
minor phases, with a microscale resolution and in relatively thick sections. The novelty of
this innovative approach is that it opens new analytical routes for all those heterogeneous
systems of cultural heritage, such as plasters and frescoes, for which preparation of thin
sections by microtome (and without a glass slide support) is not always feasible (with, e.g.,
loss of grains and aggregates and formation of big holes) and the phase analysis (qualitative
and quantitative) is fundamental. The calculated layer thickness of all the paint layers,
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as obtained from the XRD full-profile fit, is given in Table 2. The values calculated from
SR-uTXRD are in a good match with the estimated thickness from the optical investigations.

3.3. Paint Stratigraphy: Layer Microstructure

SEM-EDS analysis was performed to obtain data about the paint stratigraphy mi-
crostructure, i.e., pigment-filler grain size and spatial distribution of particles (Figure 3a—d).

In Figure 3, a schematization of SEM-EDS observations is reported, with a magnifica-
tion of the different types of the grain size. In particular, the finer one in layer 2 refers to
azurite (Figure 3c), while the coarser one in layer 1 refers to wollastonite and portlandite
(Figure 3d). However, it was only possible to observe the differences between the grain
size of the wollastonite and portlandite layer and the rest of the stratigraphy thanks to the
coarser grain size and a higher brightness.

In addition, the chemical mapping helps to investigate another important element in
the stratigraphy: the Mg contribution, coming from the unique phyllosilicate, is essential
to reconstruct the preferred orientation of talc crystallites, arranged parallel to the layer
surfaces due to the brushstroke movement (Figure 3f).

A further aspect that needs to be considered is that OM and SEM-EDS allow the
characterization of an exposed surface, but the morphology and thickness of paint layers
could be significantly different below the exposed surface due to the cross-section cutting
and polishing. This condition is highly likely for thick sections, such as those of the present
study, but it may occur even for very thin ones (like the ones obtained by microtome and
having a 5-10 um thickness). Hence, a bulk analysis able to investigate the volume below
the exposed surface is highly desirable.

The analysis of 2D SR-uTXRD images allows additional and interesting considerations.
In Figure 6, two 2D diffraction images collected at different depths are compared. Figure 6a
refers to “ideal” XRD data collected from layer 5, where the Debye rings are well-defined,
with constant intensity along the whole ring. This feature means that the crystalline phases
that generate this XRD pattern have a micrometric grain size and are randomly oriented,
which represents the condition of an ideal polycrystalline sample in the XRD experiments,
a condition that also characterizes the SR-uTXRD layers 3 and 4. Consistently, the quality of
the Rietveld full-profile fit, performed on the 1D diffraction pattern, is high (as suggested
by the low wRy, values, <10%), and the phase fractions can be obtained without applying
any threshold filter for overcoming the graininess problem (see below).

200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
L L 1 1 L L L L L L I ul L 1 L L

2000 | £ 2000
(a)
1600 3 2 E- 1600

1600 3 / Q\ 1600

/ .
1400 3 / ;4—\\\\ \ E 1400

S WS -
I N E o

2004 - £ 200

Figure 6. Diffraction patterns collected from different depths, with (a) an almost ideal Debye
diffraction pattern and (b) affected by poor-particle statistics.
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On the contrary, the two-dimensional diffraction image in Figure 6b was collected from
the bulk of the sample and suggests that the investigated volume contains crystalline phases
with different grain sizes, which generate inhomogeneous rings and uneven intensity with
spots along the rings. Smooth diffraction rings, spotty rings, and intense isolated spots
dominate the diffraction pattern. Despite the 2D image deviating significantly from the
ideality, we performed the Rietveld profile fit of the 1D pattern, obtained from the azimuthal
integration of the 2D XRD image, “as it is”. Correcting the graininess issues would certainly
have led to an improvement in the quality of the refinement. However, this would have
precluded us from making further observations that were crucial for characterizing the
paint stratigraphy (see below).

The average values of the weight fraction of marker crystalline phases (both pigments
and fillers) are reported in Table 3, and the results of the Rietveld full-profile fit are shown
in Figure 7. Crystalline phases of contiguous layers are included in the quantitative phase
analysis, due to the XRD pattern acquired on the layer’s interface (Table 3). As reported
in Table 3, there is a low estimated standard deviation of the average weight fraction
values, which suggests a homogeneous distribution of the crystalline phases within the
investigated volume of each paint layer.

Table 3. Average weight fraction (%) of pigments and fillers, as obtained by the Rietveld full-profile
fit. The estimated standard deviations are < 0.1 % wt.

Layer—Pigment Calcite Talc Hydr(.)- Cerussite Cobalt Hematite Prussian Azurite  Wollastonite  Portlandite Rutile
Cerussite Blue Blue

layer 5—white lead 752 7.4 13.3 4

layer 4—cobalt blue 773 12.2 4.4 1.09 5

layer 3—'hemat1te + 83 71 29 6.9 20

Prussian blue
layer 2—azzurite 82.3 9.6 4.2 3.9 4.6 1.2

layer 1—Chalix titanium 58.4 7.6 3.7 12.2 11.8 14.6

A careful inspection of the XRD patterns offers a better understanding of the complex-
ity of the microstructure of the paint stratigraphy. In Figure 8, the XRD patterns collected at
different depths (i.e., 285 and 60 pm) are reported with an inset of the two diffraction peaks
of calcite (dq119 2.50 A and dygp 2.09 A). For the lower layer (Figure 8a, at 285 um depth),
there is a good match between the calculated and observed profiles. Here, calcite does not
occur in the form of large single crystals; it is rather micritic in size, as it is the result of
the Ca(OH);, carbonation, a reaction that takes place when calcium hydroxide (portlandite)
and carbon dioxide react, resulting in the formation of calcium carbonate (Ca(OH), + CO,
— CaCOj3 + Hy0), which leads to the crystallization of calcite in the form of micro-crystals.
On the contrary, in the upper layer (Figure 8b, at 60 pum depth), the significant difference
between the calculated and observed profile, in terms of both intensity and peak shape,
is attributable to the occurrence of large single crystals of calcite that belong to the filler
fraction. SEM observations confirmed the absence of Ca-containing crystals (attributed to
calcium carbonate of calcite) with grain size larger than 10 um in the layer composed of
wollastonite and portlandite (layer 1), showing the presence of Ca-bearing microcrystals
(attributed to calcium carbonate of calcite, partially recrystallized) around the portlandite
crystals.

The marked preferred orientation of the talc and portlandite platy crystallites, observed
by SEM investigation, can also be extrapolated from the Rietveld full-profile fit. In all the
XRD patterns, talc shows a marked orientation of the platy crystallites according to the (001)
plane, which is strictly related to the way the pigmented pastes were laid down during the
layering of paints. Therefore, to reach the best full-profile fit, it was necessary to correct the
peak intensities for the preferred orientation effect. The same procedure was applied to the
(001) diffraction planes for portlandite, which tend to have a platy habit as well.
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Figure 7. Two examples of the Rietveld full-profile fit pertaining to the SR-uTXRD patterns of layer
3 (top) and layer 2 (bottom). Color phase identification: green: Prussian blue; blue: calcite; orange:
hematite; pink: spinel; red: talc; light blue: azurite.
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Figure 8. (a) XRD pattern collected at 285 um depth with micritic calcite (layer 2); (b) pattern collected
at 60 pm depth with large single crystals of calcite (layer 5). The magnification of two calcite peaks
(d110 2.50 A and dpg 2.09 A) is shown.

4. Conclusions

A new analytical approach combining SR XRD linear mapping and Rietveld full-
profile fit to characterize the crystalline phases in a complex mixture in paint stratigraphies
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is presented here. The investigations were carried out on mock-up stratigraphy to develop
and validate a useful analytical procedure for the SR-uTXRD analysis. The mock-ups were
prepared ad hoc to be characterized by a compositional and microstructural complexity:
(i) a large number of paint layers; (ii) each layer composed of one or two marker pigments
and at least three inorganic fillers; (iii) fillers and pigments characterized by different
grain size (coarse grains and very fine grains in the mixture); and (iv) a different spatial
orientation (preferred orientation and/or random orientation), as well as some crystalline
phases in low weight fraction.

By performing a linear mapping of the stratigraphy with the SR X-ray beam, each one
of the five paint layers of the stratigraphy was investigated.

This study proves that what may appear to be a criticality for a Rietveld full-profile fit
can supply important information on CH materials, despite escaping the ideal conditions
of powder diffraction (i.e., thousands of micrometric crystals randomly oriented in the
sample volume). Following that, the advantages provided by the suggested approach
also include the possibility (i) to identify the presence of a specific crystalline phase (for
example, calcite) in different or contiguous paint layers and, at the same time, (ii) to
demonstrate that the given phase has a different grain size or orientation in the different
layers. This can aid in giving useful consideration to the manufacturing and grinding
of the pigments, the painting technique (e.g., the influence of the brushstroke during
the layering, as proven by the preferred orientation of crystallites, parallel to the layered
surface), and the possible compositional phase changes occurring over time (e.g., the partial
transformation of portlandite large crystals in micritic calcite ones). This approach can
also help in distinguishing the primary calcite from the secondary one (recrystallization
of calcite from calcium-containing solutions or by carbonatation) in multi-phase systems,
where the discrimination of the origin of calcite is crucial, such as in the study of plasters,
frescoes, and some archeological samples (e.g., pottery, ceramic fragments, bones).

The possibility to characterize oriented and/or large crystals, which give rise to single-
crystal spots in 2D powder diffraction patterns, is also crucial to obtain novel information
about those crystalline phases commonly occurring in paint stratigraphies (such as carbon-
ate phases) that cannot be finely ground (such as azurite).

The drawbacks of the suggested procedure involve the need for micro-samples and
the X-raying of the material. Hence, despite the SR-uTXRD analysis being non-destructive
for the investigated sample, one should consider that a micro-sampling may not always
be allowed for CH artworks and that compositional and microstructural changes may
occur due to the high energy of SR X-rays, especially for metastable phases or organic
components in the sample (such as organic binders).

Moreover, this study demonstrates that SR-pTXRD enables a deeper understanding
of the mineralogy, microstructure, and configuration of the paint stratigraphy by using a
single data set of XRD data without involving several complementary techniques.

Above all, our analytical approach enhances the potential of point-specific XRD
methodologies, thus broadening analytical scenarios to a 2D investigation of multi-phase
materials in CH, even in the absence of dedicated micro-mapping techniques. This high
potential can be successfully applied not only to polychrome stratigraphies but also to
other multi-layered systems, paving the way for new insights into the study of degradation
processes and conservation procedures within CH materials.
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