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Contemporary art is particularly delicate as the synthetic materials used for their realization are of poorer
quality and durability than the traditional materials. It follows that the contemporary artworks often require
imminent restorations as well as in-depth analytical studies of the constituting materials. The non-invasive-
ness of the scientific methods is a key issue in the diagnostics of contemporary art because it minimizes the
need of sampling. In this respect, the potential of Optical Coherence Tomography (OCT) imaging to probe the
internal structure of the commercial acrylic paint layers, as a function of their thickness, was investigated and
Keywords: compared with that of the near infrared (NIR) reflectography. In support of these measurements, micro-pro-
Oct filometry, an interferometric technique with micrometric depth resolution, was used to measure the paint layer
Acrylic paints thicknesses. We show that for some painted materials there is a limited possibility to visualize the underdraw-
Phtha'locye}nine ) ings, when investigated by both OCT and NIR reflectography. This is owed to either the absorption of the
Non-invasive stratigraphy illumination wavelength by the paint layer (Cobalt-based paints) or the multiple photon scattering effect (pres-

Underdra_wmg_ visualization ence of TiO,).
Infrared imaging

©2017.

1. Introduction

The quest for non-invasive analyses is a key issue in the diag-
nostics of cultural heritage. Optical Coherence Tomography (OCT) is
a non-invasive interferometric method employed for the non-contact
imaging of the 3D subsurface internal microstructure of semi-trans-
parent or transparent materials. It allows for obtaining high resolution
cross-sectional tomograms of samples which moderately scatter and/
or absorb the probing light. Huang et al. [1] introduced the OCT tech-
nique in the 1990s and since then it has been mainly used in oph-
thalmology for imaging human retinas in vivo through the iris of the
eye and other biological tissues [2—4]. In the recent years, OCT tech-
nique has also been employed for non-medical purposes such as in
studies of artworks [5—10]. The tomography of the object is gener-
ated by the interference between the reference and the reflected (or
scattered) beam. The radiation impinging on the sample is backscat-
tered from different depth interfaces and optically interferes whenever
it overlaps, within the radiation coherence time, with a delayed refer-
ence field. Fundamental parameters of tomograms are the axial (depth,
along the optical beam, z-axis) and transversal resolution (plane per-
pendicular to the beam, x-y axes). The source coherence length lim-
its depth resolution, whereas the focal spot size within the sample
states the resolution transverse to the optical axis. Depth resolution im-
proves as a function of the bandwidth of the illumination source and
diminishes as its wavelength squared [11]. The information about the
physical make-up of the examined artefact can be obtained provided
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the semi/transparency of probed layers. Most varnishes are detectable
by OCT using infrared light. In fact, OCT proved to be a powerful tool
in varnish drying studies [12], monitoring of laser ablation [13,14],
in depth localization of varnish deterioration [15], varnish thinning
[16,17]. On the other hand, only few studies deal with the transparency
of pigments [18-21]. In fact, one major limitation of OCT imaging
is the achievable probing depth through highly turbid paints. Szkul-
mowska et al. [19] described the 823 and 1550 nm OCT examination
of different paints, highlighting that the longer wavelengths enable
deeper penetration of the sample. However, the survey is rather quali-
tative not specifying the paint thicknesses, whose structure can be vi-
sualized in OCT tomogram. Liang et al. [18] found a clear correspon-
dence between the pigment composition and the particle size, pointing
out a considerable advantage in using higher wavelengths, especially
when a fine grain material composes the analysed object. Liang's re-
search team has demonstrated that the optimal spectral window for a
deeper OCT analysis is around 2200 nm, due to the maximum trans-
parency of most of the pigments. They have also developed several
prototypes in the 2 pm spectral region, demonstrating the increase in
the probing depth, however at cost of loss in axial resolution [22-24].
Our study aims at covering the information gap on the optical behav-
iour of paint materials, especially of contemporary pigments and dyes.
Our previous study pointed to the 1550 nm OCT potential to investi-
gate pthalocyanine paints [25]. In this respect, we designed an exper-
iment involving different contemporary blue paint layers and exam-
ined them as a function of their thickness to demonstrate the limits and
potentiality of OCT imaging in visualizing the subsurface microstruc-
ture.
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2. Materials and methods
2.1. Materials

The samples, simulating panel paintings, consist of a wooden sup-
port (30 cm in length and 3 cm in width) coated with four layers of
preparatory ground (acrylic ground, Zecchi, no. 3030/750). Five dif-
ferent underdrawings a) Iron gall ink, Zecchi, art 5050/1; b) Charcoal,
Nitram; c¢) Pb/Sn metal point, Zecchi; d) Sepia, Conté a Paris, France
1355 and e) Sanguine, Cont¢ a Paris, France 610, were sketched on
the ground in a scheme specified in Fig. 1 left. Blue paints (Extrafine
acrylic colors Brera Acrylics, Maimeri industry) were then applied, in
three thickness ranges (I-III), to cover a 2.5 x 3 cm area for each of the
eight different paints. Thicknesses I, II and III —i.e. around 100, 200
and 300 pm, respectively- were obtained by applying respectively 30,
60 and 90 brushstrokes to the designated area (Fig. 1 right). The crite-
rion to set the first thickness (30 brushstrokes) was the amount of the
paint sufficient to guarantee the coverage of the underdrawing traits.

The compositional and commercial specifics of examined paints
(Fig. 2) are described in Table 1, classified according to the pigment
composition into 1) inorganics, 2) organics, 3) and mixtures.

The paints were checked for their elemental and molecular compo-
sition by PIXE and Raman spectroscopy; the detailed description of
the results is beyond the scope of this article.
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2.2. Methods

2.2.1. Microprofilometry

To determine the thickness of prepared paint layers, the specimens
were investigated with a laser scanning microprofilometer, through
a custom-made device developed by INO-CNR. The instrument in-
cludes a commercial conoscopic probe (composed of a birefringent
crystal sandwiched between two circular polarizers) mounted on two
motorized high-precision linear stages for horizontal and vertical
movements. A laser diode emits a coherent monochromatic light beam
(A= 655 nm) on the sample surface, through the probe equipped with
a 50 mm lens, which sets a stand-off distance of 4 cm with 8 mm dy-
namic range, 1 um axial and 20 pm lateral resolution. For each sam-
ple, two measurements at 7, (wooden supports with ground layer)
and ¢, (wooden supports with ground and painted layers) with a sam-
pling step of 50 um were performed. For the positioning of the sam-
ple, we used a special custom-made holder that minimizes the devi-
ations caused by repositioning. The support was removed from the
holder for the paint application and then repositioned. A perfect align-
ment of the two meshes is not an easy task. In order to make the
latter operation as precise as possible, we realized a series of inci-
sions of different shape in the scotch tape used for delimitation of
the paints, which were taken as reference markers for the alignment.
The subtraction of height (z) values is performed in Matlab envi-
ronment where operations as translation and rotation on the (x,y,z)
maps are applied when necessary. The estimated error in the align-
ment procedure of the two meshes is about 25 pm (half the sam-
pling step). The measured height values (at ¢, and t)) were sub-
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Fig. 1. Specimen: underdrawing pattern on ground (left); paint application scheme of three thickness ranges (right).
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Fig. 2. Maimeri paint layers as applied on the wooden support with acrylic ground and underdrawings.
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Table 1
Description of examined extrafine acrylic paints (Industria Maimeri spa, Brera Acrylic).

Commercial
names

Product

Pigments  codes Abbreviation Composition

Inorganics 0806368 Cobaltblue CEB Cobalt aluminium oxides - PB
0806372  Ultramarine UL Sodium polysulphide - allumir
PB29 - 77007
0806390  Cerulean CB Cobalt aluminium-chromium ¢
blue PB36 — 77343
Organics 0806400  Primary blue PBC Phthalocyanine 3 - PB15:3 -7
—cyan
0806380 Indanthrene IB 6,15-Dihydro-5,9,14,18-anthre
blue (C,5H,4N,0,) PB60 — 69800
0806378  Phthalo blue PB Phthalocyanine o - PB15:1 -7
Mixtures 0806375 Cobalt blue CB(H) Sodium polysulphide -allumin

(Hue) PB29 - 7707
Phthalocyanine p - PB15:3 -~
Titanium dioxide - PW6 — 77
Chlorinated phthalocyanine - I
phthalocyanine beta - PB15:3
Titanium dioxide - PW6 — 77

0806394  Permanent PBL

blue light

tracted to obtain the paint thicknesses and to yield information on
paint homogeneity by formation of false colour 3D maps.

2.2.2. Optical coherence tomography

The home-build instrument is a time-domain set-up, operating with
sensitivity of about 75 dB and at 4 Hz in A-scan. The device is associ-
ated with a confocal microscope optics, which allows for a lateral res-
olution down to 2.5 pm. The spectral width (AA = 100 nm) of the light
source centred at A = 1550 nm sets the axial resolution to about 10 um
in air. The working distance of the objective lens from the surface is
about 3 mm. The simplified scheme of the device is shown in Fig. 3.

B-scan (cross-sectional image) of the paint, acquired by translat-
ing the probing beam along a 10 mm line, is presented in this paper.
The axial (depth) scale in the OCT cross-sectional image is elongated
compared to the lateral one. The apparent optical distances in OCT to-
mogram need to be divided by index of refraction in order to obtain
the real distances. The 5 x 5 x 1 mm® OCT tomocubes were acquired
with 25 um lateral sampling step. The OCT tomocubes were elabo-
rated with Image J software. First, proper slicing with a plane paral-
lel to the preparatory layer was computed. The signal maxima were
then projected point-by-point to obtain well-contrasted image of the
preparatory layer with underdrawing. 50—100 slices starting from the
preparation layer were considered for the former projection.

2.2.3. Vis-NIR scanning reflectography

The instrument used for multispectral imaging is a scanning de-
vice [26], providing a set of images (16 in the Vis and 16 in the
NIR range) that can be analysed either as a stack of wavelength-re-
solved images (multispectral Vis-NIR reflectography) or as a series of
point reflectance spectra, one for each sampled pixel on the surface
(Vis-NIR spectrometry). The spectral range covered by the instrument
is 400-2500 nm, with spectral resolution 20-30 nm and 50-100 nm in
the Vis and NIR spectral region, respectively. The spatial sampling is
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Fig. 3. Simplified scheme of time-domain OCT prototype (FO — fiber optics).

250 um and the acquisition speed is 3 h per square meter. In spite
that all the 16 NIR reflectograms were recorded, only the one in the
1450-1550 nm spectral window is shown in this article in order to
match it as closely as possible with the working spectral range of
OCT (A= 1550 nm, AL =100 nm). Moreover, the high-resolution re-
flectance spectra of the paints were obtained with commercial spec-
trometers (Zeiss MCS 521 VIS-NIR-E and MCS-511 NIR 1.7), hav-
ing the density of spectral sampling equal to 3 and 6 nm, respectively.

3. Results

The experiment was designed to examine paints containing 3 inor-
ganic (Ultramarine (UL), Cobalt (CB) and Cerulean (CEB) blues), 3
organic (Phthalocyanines alfa (P-a) and beta (P-§ ), and Indanthrene
blue (/B)) paints and 2 mixtures. The two inspected mixtures are a
combination of the previously mentioned pigments/dyes: 1) ultrama-
rine and P-f, and 2) chlorinated phthalo and P-f. These two mixtures
were chosen for the presence of TiO, pigment.

3.1. Microprofilometric investigation of paint thicknesses

As a first step, the real thickness of the applied paints was calcu-
lated as the height differences of the two conoscopic measurements.
The first acquisition was performed on the bare preparation layer
(ground level) with the paper tape (reference level) used for delimit-
ing the areas of single paints (t;) and the second one (t,), performed
on painted samples of thicknesses I, II, and III. Data were processed
in Matlab environment to yield false colour maps of thickness val-
ues generated by subtraction of these two measurements z(¢;)-z(¢,). As
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determined by laser microprofilometry, the paint layers present thick-
nesses of approximately 100, 200 and 300 pm. An example of the
false colour 3D map of phthalo paint is reported in Fig. 4, along with
the extracted height profiles across two different thicknesses.

3.2. Underdrawing visibility examined by OCT and VIS-NIR
scanning reflectography

For all the samples, the OCT profiles (B-scans), across different
thicknesses, were acquired. An example of a 10 mm long B scan ac-
quired on Phthalo blue paint is shown in Fig. 5. The paint represents
low-scattering medium located between the top air/paint interface and
the paint/ground on the bottom.

To verify the visibility of underdrawing, 5 x 5 x 1 mm® tomocubes
were systematically acquired with lateral steps of 25 um on all the
samples starting from the lowest thickness paint. The most significant
results are shown in Figs. 5-9 and can be summarized as follows. The
tin/lead trait was detected under PB (phthalo o), PBC (phthalo B), /B,
and UL for all the paint thicknesses (100-300 pm); under CB, CB(H)
and PBL for the first thickness (100 pm). On the other hand, no under-
drawing was revealed under CEB paint.

As a part of the designed experiment, the specimens were exam-
ined also with VIS-NIR scanner. To make any useful comparison
with OCT (excitation wavelength centred at 1550 nm) results, the re-
flectograms centred at 1500 nm were analysed. In specific, the sepia,
lead/tin and charcoal traits were detected in the 1450—1550 nm reflec-
tograms under all the paints but the cobalt-based ones (CB and CEB).
The results obtained by both techniques are summarized in Table 2.

3.2.1. Underdrawings detectable with both imaging modalities

Both reflectography and OCT proved effective in the detection of
underdrawing in most blue paints, namely Phtalo, Ultramarine, Pri-
mary Cyan, Ultramarine, Cerulean Hue, and Permanent Light.

PB is discussed firstly as an example of transparent paint, as
probed by both NIR reflectography and OCT. RGB image (Fig. 6a)
and 1500 nm NIR reflectogram (Fig. 6b) of the 3 x 2.5 cm? painted
zone and OCT tomocube (Fig. 6¢) are shown. Different underdraw-
ing sketches are evident in the reflectogram, thus proving the paint's
transparency at 1500 nm. The OCT tomocube and the relative image
of signal maxima projection ((Fig. 6d) clearly evidence the feasibil-
ity to image the Pb/Sn trait on the preparatory layer. The correspond-
ing behaviour was observed in UL, PBC and IB paints. This result is
in line with those published by Szkulmowska et al. [18], stating good
transparency of ultramarine pigment.

The RGB image of CB(H) paint and 1500 nm reflectogram are
shown respectively in Figs. 7a and b. The paint's transparency at

thickness (micron)
- b W B

1.5 um is evidenced by the visibility of the underdrawing in the re-
flectogram. The tin/lead stylus was detected by OCT only under the
100 pm thick paint, as reported in Figs. 7c and e. At higher paint thick-
ness, the graphic trait was not revealed (Fig. 7d and f). It is worth to
consider that CB(H) is a mixture of synthetic ultramarine, phthalocya-
nine  and titanium dioxide. The first two components, investigated as
single paints (UL and PBC), prove transparent in OCT. Therefore, it
can be hypothesized that the limits in the detection of the underdraw-
ing are due to the scattering properties of TiO,, masking the signal
coming from the inner subsurface microstructure. The same applies to
the second PBL mixture (chlorinated phthalo, phthalo f and TiO,).

3.2.2. Underdrawing not detected by both imaging modalities

Only one paint proved opaque as examined by both methods,
namely Cerulean blue paint (Fig. 8a). In specific, no graphic sketches
are revealed underneath the paint by VIS-NIR imaging (Fig. 8b) and
only the air/paint interface is evident in acquired OCT tomocube (Fig.
8c). Moreover, the depth averaged image in the plain of the paint sam-
ple (excluding the top interface) and the signal maxima projection did
not allowed for the visualization of the traits on the substrate (Fig. 8d).
This can be explained by the strong absorption band of CEB pigment
in the 1.2-1.55 um zone due the ligand-field-transition in the d-d or-
bitals of the ion Co (II) [27]. The absorption of the radiation is the
main factor influencing the limited possibility to probe the inner struc-
ture of the Co-based paints.

3.2.3. Underdrawing visible only when probed by OCT

The detection of the underdrawing was achieved with OCT, but
not with reflectography, only in the case of Cobalt blue (Fig. 9a). As
shown in the 1450—1550 nm reflectogram (Fig. 9b), the graphic traits
cannot be visualized through any of the paint thicknesses. This is pri-
marily due to the strong absorption of the incoming radiation by the
paint and, subsequently, to the insufficient contrast between the under-
drawings and the preparatory layer - i.e. the difference between the ab-
sorbed and reflected components. On the other hand, the OCT reached
the limit of detection at 100 um thick paint (graphic trait detected —
Fig. 9c and e). At higher CB(H) paint thicknesses no graphic pattern
was discerned (Fig. 9d and f).

As a complementary results, the reflectance spectra between 1500
and 1600 nm are shown in Fig. 10 for all the paints. The absorbing
paints (Co-based) exhibit very low reflectance values (< 4%), whereas
the transparent paints collocate in the 50-65%R range and the mix-
tures above 70%R.

The two cobalt blue pigments exhibit a typical absorption band
in the infrared region (around 1200-1500/1600 nm), due to the elec-
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Fig. 4. False colour 3D map (left) of height differences of the phthalo paint and extracted height profiles (right) across different thickness (black dashed lines). 1 pixel corresponds to

50 pm.
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Fig. 5. Phthalo blue (PB): OCT B-scan of across two thicknesses. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)

tronic transitions in crystalline lattice, in specific among the d orbitals
of cobalt ions. The slightly lower reflectance values were detected
for the Cerulean blue paint in comparison with Cobalt blue, in agree-
ment with the partial transparency observed by OCT in the latter. This
study confirms that the presence of TiO, in acrylic paints affects the
detectability of underdrawing patterns realized on acrylic preparation
layers. Also Cheung et al. [21] demonstrated high turbidity of titanium
white at 930 nm, 1310 nm and its transparency at 1960 nm.

4. Conclusion

The paper presents a background work describing some of the op-
tical properties of modern acrylic blue paints. Information concerning
the visibility of graphic traits under paint layers is crucial in view of
minimising invasive physical sampling. The response of contempo-
rary blue paints was examined by VIS-NIR reflectography and OCT,
complemented with other methods, as a function of paint thickness.
The results clearly show the effectiveness of both methods in visual-
izing the graphic traits under the synthetic organic paints - both poly-
morphs of Phthalocyanine blue (o and ), Indanthrene (anthracene de-
rivative), as well as the ultramarine paints. The obtained results pro-
mote the application of OCT in probing contemporary paintings, in
which synthetic organic paints and dyestuffs are often the main con-
stituents. The phthalocyanine blues, first introduced commercially in
the 1930s, represent the most widely used class of these pigments.
Some limits in revealing the underdrawing were encountered when
probing the Cobalt (detected under 100 pum thick paint) and Cerulean
blues, as well as on the mixed paints containing titanium dioxide.
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Fig. 6. Phthalo blue paint: a) RGB image, b) NIR reflectogram at 1500 nm and ¢) 5 x 5 x 1 mm® OCT tomocube (the image is stretched in z direction for better visualization), d)
resliced tomocube with projection of signal maxima in z direction in the plane of the preparation layer. The red box in b) designates the position of the tomocube acquired on the
300 um thick paint. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. CB(H) paint: a) RGB image, b) NIR reflectogram at 1500 nm, ¢) and d) 5 x 5 x 1 mm?® OCT tomocubes (the image is stretched in z direction for better visualization), ) and
f) resliced tomocubes with projection of signal maxima in z direction in the plane of the preparation layer. The red boxes in b) designate the position of the tomocubes acquired on
the 100 and 200 um thick paint shown in ¢) and d), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 8. Cerulean blue paint: a) RGB image, b) NIR reflectogram at 1500 nm, ¢) 5 x 5 x 1 mm?® OCT tomocube (the image is stretched in z direction for better visualization), d) resliced
tomocube with projection of signal maxima in z direction in the plane of the preparation layer. The red box in b) designates the position of the tomocube acquired on the 100 pum thick
paint. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Cobalt blue paint: a) RGB image, b) NIR reflectogram at 1500 nm, ¢) and d) 5 x 5 x 1 mm® OCT tomocube (the image is stretched in z direction for better visualization), e)
and f) resliced tomocubes with projection of signal maxima in z direction in the plane of the preparation layer. The red boxes in b) designate the position of the tomocubes acquired
on the 100 and 200 um thick paint shown in respectively c¢) and d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Table 2
Paint layers examined by OCT and VIS-NIR scanner. Partial refers to 100 um thick-
ness, Yes up to 300 pum.

Pigments ~ Abbreviation Composition Visibility of
OCT at
1550 nm
(1500-1600
Inorganics CEB Cobalt aluminium-chromium oxides No
CB Cobalt aluminium oxides Partial
UL Sodium polysulphide — alluminosilicate Yes
Organics PBC Phthalocyanine 3 - PB15:3 Yes
IB 6,15-Dihydro-5,9,14,18-anthrazinetetrone ~ Yes
PB Phthalocyanine o - PB15:1 Yes
Mixtures CB(H) Sodium polysulphide -alluminosilicate Partial
phthalocyanine B - PB15:3, TiO,
PBL Chlorinated phthalocyanine Partial

phthalocyanine p- PB15:3, TiO,
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Fig. 10. Reflectance spectra of examined paints (first thickness) in the 1500-1600 nm
range.

Programme under the CHARISMA Project (GA 228330). In the
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program under the IPERION CH Project (GA 654028).
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