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This research was aimed to identify, localize and characterize degradation phenomena such as
wrinkles, protrusions and cracks at their earliest stages of formation in contemporary oil paintings,
even before they become visible to the naked eye, and with a special focus on the failure mechanisms
taking place at the interface between oil paint films and acrylic-based grounds. Multiband imaging
provided detailed information on the nature and distribution of degradation phenomena across the
entire stratigraphy. These findings were then compared and validated at the morphological and
elemental level by HR-FESEM-EDX. ATR-FTIR spectroscopy provided further insight into the organic
components and potential degradation products on the surface, while GC-MS identified and
quantified organic compounds, providing evidence of oxidation and hydrolysis reactions occurring in
the bulk. This approach evidences how informative multiband imaging can be in providing valuable

insights into degradation phenomena and in assisting in the design of the experimental strategy.

In the 1950s, the advent of acrylic dispersion paints transformed the
production of grounds'™. The first acrylic-based paints were intro-
duced by Liquitex in 1955. The term “gesso” was adopted by early
manufacturers, such as Bocour, Bourgeois Lefranc and Liquitex,
among others, to describe acrylic grounds*’. During the 1970s and
1980s, oil-primed canvases gradually gave way to acrylic-primed ones,
and in 1975-76, Winsor & Newton introduced acrylic grounds on
cotton canvases, which are still the most widely used ones by artists
today®’. Many manufacturers now favor acrylic grounds due to their
versatility, cost-effectiveness, and fast-drying properties, making them
more efficient to produce. There are two main types of acrylic grounds
available nowadays in the market: “acrylic primers” and “acrylic gesso
grounds”. Both are used indistinctly in preparatory layers. However,
previous research showed that acrylic primers contain a lower con-
centration of extenders than acrylic gesso grounds® ‘. Acrylic gesso
grounds typically contain a water-based acrylic emulsion. This is
usually a copolymer resin of ethyl acrylate/methyl methacrylate (EA/
MMA) or butyl acrylate/methyl methacrylate (BA/MMA), although
other monomers such as styrene may also be present''. Polymer dro-
plets are dispersed in water in an “emulsion base” (or “base disper-
sion”), which is unpigmented and stabilized with surfactants,
antifoams, etc. Various additives such as thickeners, dispersing agents,

freezing agents, and coalescing solvents are added during production.
Titanium white (TiO;) is typically used as the pigment in acrylic
grounds, while gypsum, barium sulphate, calcium carbonate, kaolin,
talc, and silica can be added as extenders to achieve the desired pigment
volume, surface roughness, and porosity/absorbency of the film"* ™.

Paintings made in the 20th and 21st centuries are complex systems
where organic and inorganic materials coexist as a function of artists’
choices and preferences'®"”. The use of oil paint on ready-to-use acrylic pre-
primed commercial canvases has been a common practice, offering versa-
tility and fast-drying times. However, the interaction between these two
layers remains insufficiently understood, particularly at their interface.
While acrylic grounds are appreciated for their rapid drying and flexible
nature, they have been reported to cause delamination and degradation in
some instances, raising concerns about their long-term stability when
combined with oil-based paints™>'"*.

The existing literature on delamination issues at the interface
between synthetic grounds and oil paint films remains scarce. A study
on selected O’Keeffe’s paintings explored the hypothesis that the for-
mation of protrusions on the surface of her paintings was linked to
changes in her painting technique*"*”. In a specific period of her career,
O’Keeffe used pre-primed commercial canvases that contained white
pigments and fillers such as lead white, barium white, zinc white
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Fig. 1 | Stratigraphy of the sets of mock-ups pre-
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and calcium carbonate, often modified with plasticizers and other
additives™”. A possible interaction between the acrylic ground
and the oil paint layers was investigated, but the main cause of the
protrusion formation was attributed to the presence of lead
white”",

Recently, the formation of cracks on canvases featuring acrylic gesso
grounds and oil paint layers, particularly those containing titanium dioxide
(TiO,) or zinc oxide (ZnO) with lipid-based binders, has been
reported4,ll,l4,20,32.

Specific literature reports that paint layers composed primarily of zinc
oxide become increasingly stiff and brittle within a few years after
application®™**

Furthermore, it has been observed that internal fractures and cracks
developed already during the early stages of drying in oil paintings on acrylic
grounds™ .

Conversely, while previous studies have linked this degradation to
factors such as film thickness, fluctuations in relative humidity and tem-
perature, and physical impacts'*™*”, the specific degradation mechanisms
resulting from the interaction between an oil paint film and an acrylic gesso
ground have not been thoroughly investigated.

The present study focuses on the interaction between ground and
paint layers, analyzing the dynamic and evolving nature of painting
materials, considered as systems in constant change. The research
builds up on a recent study focused on the migration of metal ions and
the degradation mechanisms observed in oil paint films, examining the
early stages of drying and long-term stability’*". Through a hybrid
experimental approach, both vertical and transverse ion migration
were investigated in adjacent oil paint films containing different
sources of metal ions (e.g., pigments). Key findings highlighted the role
of metal ions in influencing drying rates, reactivity, and structural
changes in oil paint films, such as cracking, delamination, and pro-
trusions, often linked to the chemical and physical properties of spe-
cific pigments. A deeper understanding of the interaction between the
pictorial layers was provided. This led to a shift in focus from the
adjacent to the overlapping pictorial layers, allowing the interactions
between all structural levels to be examined rather than limiting the
analysis to the pictorial layer alone.

This study is one of the first to illustrate the potential of multiband
imaging (MBI) not only for the preliminary identification of pigments in
works of art but also capable of detecting and localizing degradation phe-
nomena invisible to the naked eye.

This research provides an analytical protocol that combines a non-
invasive, in situ technique such as MBI with advanced morphological and
elemental techniques such as FESEM-EDX, ATR-FTIR, and GC-MS to
compare, validate and explore organic components and degradation pro-
ducts in both surface and bulk layers. This comprehensive protocol will
firstly provide artists with informed guidance on the appropriate selection
and combination of materials and secondly, a non-invasive methodology for
implementing preventive conservation strategies for contemporary
paintings.

Methods
Sample preparation
In order to gain a deeper insight into the materials most used by artists today,
a survey was carried out among 32 Italian artists, both amateurs and pro-
fessionals. They provided information on:
* Materials:
The most commonly used support was 100% cotton canvas, typically
pre-stretched and pre-primed. The technical data sheets for these
canvases often specify a ground consisting of highly pigmented titanium
dioxide with an acrylic binder.
Artists often add additional acrylic gesso grounds and acrylic primers
when using oil-based paint films, being Winsor & Newton (W&N) and
Golden Artist Color Inc. the most commonly used brands, respectively.
Maimeri and W&N oil paints were the most used.
 Degradation issues: several artists reported issues such as cracking,
wrinkling and delamination, particularly in white paint areas or colors
mixed with zinc and titanium whites, even after the first few days in
some cases.

The preparation of the representative mock-ups was informed by the
survey and reflects the typical layered structure found in Italian con-
temporary paintings. Figure 1 illustrates the stratigraphy of the different sets
of mock-ups prepared.

Three sets of mock-ups were cast.

* SET1 consisted of two layers: commercial primed cotton canvas + oil
paint film.

» SET2 consisted of three layers: commercial primed cotton canvas +
acrylic gesso ground + oil paint film.

* SETS3 consisted of four layers: commercial primed cotton canvas +
acrylic primer + acrylic gesso ground + oil paint film.

The samples were prepared according to different combinations with

the following materials:
¢ A commercial primed medium weave 100% cotton canvas (300 g/m?)
produced by Canvaslot. The technical data sheets specify that the

canvas was stretched and secured with lateral staples on a 17 x 38 mm

stretcher made of spruce bars.

* An acrylic gesso ground:
Winsor & Newton acrylic gesso ground
* An acrylic primer
Golden acrylic primer
* An oil paint film: two different oil paint films were selected (zinc white
and titanium white) produced by three different brands (Maimeri,

Williamsburg for Golden Artist Color Inc., Winsor & Newton)

(Table 1).

The preparatory and paint layers were applied using a spatula by the
same operator, who maintained constant pressure to ensure uniform
thickness across all samples.

The thicknesses of each layer, measured by the HR-FESEM-EDX
instrument, are shown below through an average of 20 cross-sectional
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Table 1 | Summary of the sets of mock-ups prepared.

SUPPORT

PREPARATORY LAYERS(S)

Level 1 Level 2

OIll PAINT FILM

AGING

SET1

Commercial primed cotton
canvas

Titanium white

Maimeri

SET1-TiMM

SET1-TiIMM-NAT

SET1-TiMM-RH%

SET1-TiIMM-T

Golden

SET1- TiGD

SET1- TiGD-NAT

SET1- TiGD-RH%

SET1- TiGD

W&N

SET1-TiIW&N

SET1-TiW&N-NAT

SET1-TiW&N-RH%

SET1-TiW&N-T

ZINC WHITE

Maimeri

SET1- ZnMM

SET1- ZnMM-NAT

SET1- ZnMM-RH%

SET1- ZnMM-T

Golden

SET1-ZnGD

SET1-ZnGD-NAT

SET1-ZnGD-RH%

SET1-ZnGD-T

W&N

SET1- ZnW&N

SET1- ZnW&N-NAT

SET1- ZnW&N-RH%

SET1- ZnW&N-T

SET2

Commercial primed cotton
canvas

Golden acrylic primer - Titanium white

Maimeri

SET2-TiMM

SET2-TiMM-NAT

SET2-TiMM-RH%

SET2-TiMM-T

Golden

SET2- TiGD

SET2- TiGD-NAT

SET2- TiGD-RH%

SET2- TiGD-T

W&N

SET2- TIW&N

SET2- TIW&N-NAT

SET2- TiIW&N-RH%

SET2- TIW&N-T

ZINC WHITE

Maimeri

SET2- ZnMM

SET2- ZnMM-NAT

SET2- ZnMM-RH%

SET2- ZnMM-T

Golden

SET2- ZnGD

SET2- ZnGD-NAT

SET2- ZnGD-RH%

SET2- ZnGD-T

W&N

SET2- ZnW&N

SET2- ZnW&N-NAT

SET2- ZnW&N-RH%

SET2- ZnW&N-T

SET3

Commercial primed cotton
canvas

Golden acrylic primer ~ W&N acrylic gesso Titanium white

ground

Maimeri

SET3-TiMM

SET3-TiMM-NAT

SET3-TiMM-RH%

SET3-TiIMM-T

Golden

SET3- TiGD

SET3- TiGD-NAT

SET3- TiGD-RH%

SET3- TiGD-T

W&N

SET3- TiIW&N

SET3- TIW&N-NAT

SET3- TiIW&N-RH%

SET3- TIW&N-T

Zinc white

Maimeri

SET3- ZnMM

SET3- ZnMM-NAT

SET3- ZnMM-RH%
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Table 1 (continued) | Summary of the sets of mock-ups prepared.

SUPPORT PREPARATORY LAYERS(S)

OIll PAINT FILM AGING

Level 1 Level 2

SET3- ZnMM-T
SET3- ZnGD-NAT
SET3- ZnGD-RH%
SET3- ZnGD-T
SET3- ZnW&N-NAT
SET3- ZnW&N-RH%
SET3- ZnW&N-T

Golden SET3- ZnGD

W&N SET3- ZnW&N

SET1: (commercial primed cotton canvas -+ oil paint film); SET2: (commercial primed cotton canvas + acrylic gesso ground + oil paint film); SET3: (commercial primed cotton canvas + acrylic primer +
acrylic gesso ground -+ oil paint film); Ti: titanium dioxide in rutile; Zn: zinc oxide; GD: brand Golden; MM: brand Maimeri; W&N: brand Winsor & Newton. T: subjected to artificial ageing with temperature
variations. NAT: ageing under room temperature conditions; T: artificial ageing with temperature cycles and stable relative humidity parameters; RH%: artificial ageing with relative humidity cycles and

stable temperature parameters.

Table 2 | Climatic parameters for natural and artificial ageing in the climate chamber: summary of the relative humidity
percentage (RH%) and temperature (T) values used in the climatic chamber during the artificial ageing process.

TYPE OF AGEING ABBREVIATION TEMPERATURE PARAMETERS RELATIVE HUMIDITY PARAMETERS
Natural ageing NAT T=23°C RH% =47%

Artificial ageing-temperature variation only T Cycles T=50-26 °C RH% stabile =55%

Artificial ageing-only moisture fluctuations RH% T fixed =26 °C Cycles RH% =90-40%

NAT: ageing under room temperature conditions; T: artificial ageing with temperature cycles and stable relative humidity parameters; RH%: artificial ageing with relative humidity cycles and stable

temperature parameters

samples. The value in brackets corresponds to the relative standard
deviation:
The reported values using HR-FESEM-EDX.
» commercial primed cotton canvas: 55 pm (£0.3%);
* acrylic gesso ground: 120 um (+0.2%);
o acrylic primer: 74 um (+0.4%);
* oil paint film: 330 um (+0.5%);

The selected acrylic grounds and oil paints were preliminarily char-
acterized, and all the results are reported in the supplementary material
(Figs. S1-522). The main information necessary for a better understanding
of the subsequent analysis is given below, and applies to all the selected
brands:

* Titanium white (PW4) oil paints are made of very finely ground rutile
titanium dioxide TiO, mixed with 10% (normalized average in all paint
tubes of titanium white) of zinc, identified by XRF analysis shown in
supplementary materials (Figs. S12-S14) ;

* Zinc white (PW6) oil paints are made from finely ground zinc
oxide, ZnO;

* The pigment volume concentration (PVC) value of the selected oil
paints, determined with the residual mass using thermogravimetric
analysis with differential scanning calorimetry (TG-DSC), is
73.84% (+1.166%);

¢ The type of oil used in the selected paints is alkali-refined linseed oil in
the Golden Artist Color Inc. tubes and saftlower oil in the Winsor &
Newton and Maimeri tubes;

o All the selected grounds consist of acrylic copolymer emulsion
(40-60%), titanium dioxide in rutile form (10-20%), inert fillers such
as calcite, silica dioxide, kaolin, calcium sulphate bi-hydrate (10-30%),
additives such as surfactants, preservatives, etc. (1-5%).

While a series of the three sets were kept in room conditions (indicated
by the abbreviation NAT), the rest were subjected to artificial ageing in a
climatic chamber, indicated by the abbreviation T (temperature) or RH%
(% relative humidity), depending on the type of artificial ageing they
underwent. The parameters (Table 2) of the artificial ageing (temperature

variations and fluctuations in relative humidity percentage) were selected to
simulate the conditions that the paintings might experience in environ-
ments where variations in temperature and humidity fluctuations are dif-
ficult to control. This approach aimed to accelerate the ageing process by
providing insights into the behavior of materials under high-stress condi-
tions. Specifically, the climatic chamber parameters were selected based on
an extreme average of the seasonal maximum and minimum values of
relative humidity percentage and temperature that can be found in museum
and domestic indoor environments, not necessarily meant to be dedicated to
the conservation of paintings. The artificial ageing protocol was set up to
provide a cyclic variation of the selected parameters. The climatic chamber
required 20 min to transition from the minimum to the maximum selected
temperature or relative humidity level. Once the target condition was
reached, it was maintained for 3 hours. This cycle was repeated continuously
over a period of 28 days.

Digital portable microscopy
A Dino-Lite® microscope (model AM4815ZT) was used to capture surface
microscopy images. All photographs were processed using Dino-Lite®
software, with the scale consistently indicated graphically.

The images obtained enabled the documentation of various crack
patterns and degradation phenomena of the painting and facilitated the
analysis of their distinct morphologies.

Multiband technical imaging (MBI)

Multiband imaging is a well-established method widely utilized for heritage
studies*™*, proving particularly effective for the analysis of paintings.***’. A
cross-sectional reading of the multiband images tends to provide a better
understanding of the painting’s execution process, revealing procedural and
material data, which contribute to a deeper comprehension of conservation
aspects. This is attributed to the specific behavior exhibited by some
materials used in paint across the visible, ultraviolet, and infrared bands.
Among other applications, the multiband imaging technique has been
employed for the preliminary identification of pigments in works of art'”*".
Lately, MBI has been useful to assess the correlation between pigments and

their interaction with several forms of damage in paintings***’.
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Table 3 | List of acronyms representing different bands of the spectrum considered and their corresponding spectral areas

ACRONYM NAME SPECTRAL RANGE
VIS Visible 400 5
—
Visible Image (VIS) A= 400-700 nm
RL Raking light 400 nm
—
Visible Image (VIS) A=400-700 nm
IR Infrared 1100 hrm
. '
Infra Red Image (IR) A=1100 nm
IRT Infrared transmitted light 1100 nm
M
Infra Red Image (IR) A=1100 nm
TL Transmitted light 200'ni
v
Visible Image (VIS) A= 400-700 nm
uvL Ultraviolet-induced luminescence
400 gm
Visible Image (VIS) A= 400-700 nm
UVR Reflected Ultraviolet

300;\m 400 nm

]

Ultraviolet Image (UV)

A=300- 400 nm

Among the several multiband and multimodal techniques, reflected
ultraviolet (UVR), ultraviolet-induced visible luminescence (UVL), visible
photography (VIS), transillumination (TL), infrared photography (IR), and
infrared trans-irradiation (IRT) have been considered by their potential
usefulness in this study. The list of acronyms and their spectral area is given
in Table 3.

A Nikon® D800 camera (36 MP, CMOS sensor, sensitivity range
300-1100 nm) modified for full-spectrum digital imaging, equipped with a
Nikon Nikkor 50 mm 1:1 lens, was used. The CHSOS Robertina® 52 mm
filter set was used to capture different types of images. Two 800 W halogen
lamps with diffusers were used for VIS and IR imaging. A single 800 W lamp
was positioned 80 cm behind the canvas and was used in transillumination
and trans-irradiation techniques. A CHSOS Fabrizio UV high flux 365 nm
LED lamp was used for UVL and UVR imaging. A CHSOS card incor-
porating an AIC PhD card with pigmentary additions responsive in the IR
and UV bands was used to calibrate the reflected images. Images were
captured in RAW format and color-corrected using white balance based on
the N8 neutral grey of the AIC card. Fixed exposure settings were applied:
N8 150s+5 for VIS, 100s+5 for IR, and 50 for UVR, with the same
grayscale used for corrections across all imaging modes.

Field emission scanning electron microscope (HR-FESEM)

HR-FESEM analyses were performed on cross-sections using a GeminiSEM
500 scanning electron microscope equipped with an EDX detector (Oxford
Instruments) and a ZEISS ULTRA 55 system. The analysis aimed to
investigate the interactions at the interface between the acrylic ground layers
and oil paints. Thus, cross-sections of the multi-layered structures were
obtained with a professional fiber microtome and then fixed with carbon
tape to a metal plate in a parallel way. Only a few micrometers of the cross-
section extended beyond the vertical plate, and this exposed portion was

coated with carbon. During the analysis, the type of coating used was
indicated to the software to ensure that the coating did not interfere with the
examination of the organic component.
The analysis was conducted in two modes:
* Point dot mode: Used for the semi-quantitative detection of elements.
» Mapping mode: Utilized to define the elemental distribution over a
region of 133x magnification, employing an accelerating voltage
of 10keV.

A backscattered electron in-lens detector (EsB) was used, providing a
pure backscattered signal without secondary electron contamination,
ensuring very low acceleration potential. This detector offered high atomic
number (Z) contrast and was uniquely capable of selecting electrons based
on their energy, enabling the differentiation of elements with minimal
atomic number differences.

Attenuated total reflectance Fourier-transform infrared spec-
trophotometry (ATR-FTIR)
Infrared spectrophotometry analysis was conducted in ATR mode, to
identify the composition of the paint materials and degradation products on
the surface of the samples™. Attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectra were acquired using a Bruker Optics Alpha
spectrophotometer in ATR mode, equipped with a diamond crystal capable
of probing a sample area of 0.75 mm with a penetration depth of ~1 pm.
The spectrometer featured a Pt/SiC globar source, a RockSolid
interferometer with gold mirrors, and a deuterated triglycine sulphate
(DLaTGS) detector, operating at room temperature and providing a
linear response across the spectral range of 7500 to 375 cm™". Spectra
were recorded in the range of 4000 to 400 cm™', with 48 scans per-

formed at a resolution of 4cm™.
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Data collection was managed using the Opus software, while spectra
processing was carried out using Origin 9 and ThermoNicolet'’s OMNIC 6.0.

Gas chromatography-mass spectrometry (GC-MS)

GC-MS analysis was conducted on samples to determine the composition
of binding media, the presence of organic additives, and any oxidation or
degradation products.

The procedure adhered to a specialized protocol for modern and
contemporary oil paints developed at the Ca’ Foscari University: all details,
experimental conditions and molar ratios considered for this study, are
reported in previous studies'***"*’.

Results

This section presents a detailed discussion of the data obtained from the
combined use of a multi-analytical approach of non-invasive techniques,
such as multiband imaging and portable digital microscopy, with micro-
invasive methods including HR-FESEM-EDX, ATR-FTIR, and GC-MS.

Observation of degradation phenomena by means of non-
invasive techniques

This section focuses on the visual and diagnostic examination of degrada-
tion patterns using non-invasive methods such as multiband imaging and
digital microscopy.

Multiband imaging (MBI) was carried out to observe the surface and
the possible alterations affecting paintings. VIS, RL, IR, IRT, TL, UVL, and
UVR were used to record the appearance of the paintings across different
bands of the spectrum and under different modes.*"*>*>*'~,

Figures 2-4 show the images obtained using the different multiband
techniques applied to SET3, SET2, and SET1, respectively. The images
shown are a selection of the most relevant results.

The following degradation phenomena were observed in the prepared
mock-ups by reading cross-sectionally and comparing several images taken:

* Wrinkles: uneven (small) folds, ridges or grooves resulting in an
undulating and wavy layer on the paint surfaces™*’;

* Cracks: single cracks or networks of straight or slightly curved lines,
known as craquelure*~*”.

* Protrusions: tiny, translucent, or opaque white globules that break
through the surface of the paint layer (protruding masses). Typically
ranging from 50 to 300 um in size—though they can be larger—these
protrusions create a cratered texture on the surface.”*™*".

Figure 2 collects the most interesting cases of SET3. The VIS and RL
images show severe wrinkling. Considering that the samples kept at con-
trolled room conditions also showed this alteration, it might be logical to
think that the formation of wrinkles was not necessarily induced by the
environment, but more likely related to the chemical composition of
the paint films and/or the interaction between the paint and the
preparatory layers. RL also allowed the cracks on the surfaces of the
mock-ups to be better observed. Of particular interest are the mock-
ups SET3-TiGD-T and SET3-ZnMM-T.

The observation of the surface morphology by optical microscopy
(Fig. 3) revealed more pronounced and deeper cracks in the mock-ups
with a zinc-based oil paint film. In such specimens, IR imaging showed
darker cracks, suggesting that they also affected the inner layers™. In
contrast, the mock-ups with a titanium-based oil paint film showed no
light absorption, indicating that the cracks were more superficial and only
affected the paint film (Fig. 4). The IR images were compared to IRT
images, which provided additional information such as structural defects
(voids, internal cracks, delamination or thermal changes caused by layers
not visible in IR)’"*. By comparing the cracks of the three types of mock-
ups studied, it was possible to distinguish between surface cracks (affecting
only the paint film) and cracks with cleavage (affecting several layers and
showing a separation between the paint film and the preparatory layers,
although the paint film was still attached to the underlying substrate). The
results confirmed the previous hypothesis: only the specimens made with

a zinc-oil paint film showed deep cracks with some degree of cleavage
affecting the underlying layers.

This time-dependent process of crack propagation across the layers
was determined by comparing the VIS, IR, and IRT images of the sample
SET3-ZnMM-T. As shown in Fig. 5, neither the surface level captured in the
VIS image nor the deeper level revealed in the IR image shows any cracks in
the highlighted red area. However, the IRT technique highlights internal
cracks in the layer closest to the canvas. The IRT image makes it possible to
suppose that the cracks originate specifically in the acrylic primer before
they become visible and propagate into the acrylic gesso (detected by IR) or
the oil paint layer (detected by VIS).

Specific literature states that IRT images are sensitive to inhomo-
geneities, including trapped moisture or variations in material properties,
which might alter the thermal behavior of painted surfaces®. The acquired
IRT images allowed to observe areas where heat was not uniformly absor-
bed, resulting in darker areas. This initial observation was confirmed by TL
images, where a halogen light source is positioned behind the canvases at a
distance of 80 cm, and a sensitive camera records the light uniformly
transmitted through it*. The quantity and quality of the light passing
through depend on the thickness of the material. This technique allows the
detection of defects or structural variations in the layers closest to the canvas,
which would otherwise remain invisible on the surface.

In particular, in samples where darker areas were observed in IRT
images, a similarly irregular surface is also visible in TL images. According to
the literature, this phenomenon can be attributed to areas of different
densities, aligning with previous observations™.

IRT and TL images also suggested a significant alteration in the thermal
and optical properties of some mock-ups, indicating localized changes in
their composition and condition.

These alterations are observed not only in SET3 but also in SET2 and
SET1. Specifically, the results observed in samples SET3-ZnGD-RH%,
SET2-TiGD-RH% and SET1-ZnMM-RH% were particularly relevant.
These mock-ups exhibited thermal and optical inhomogeneity spots areas:
accumulation of moisture (which appeared darker in TL and exhibited
different thermal behavior in IRT images), corresponding to protrusion
areas observed in VIS. Moreover, the combination of these techniques
evidenced structural defects and forms of degradation not yet evident on the
surface in the visible range. The aggregation of material that had not yet
migrated to the surface in the form of protrusions observed in SET3-
ZnMM-NAT seems to originate in the preparatory layers (Fig. 8).

Two forms of three-dimensional failure were registered in Fig. 9:

¢ protrusions (as previously described);

* protrusions with medium separation: the separation and accumulation
of the lipid medium in punctiform areas of the paint surface, forming a
(locally) shiny, yellowish spot.

Such a degradation phenomenon is not always visible in the commonly
reflected VIS photography. Instead, it can be better recorded by UVL
imaging, which reveals features that were not evident under visible lighting
conditions”, In the studied examples, UVL allowed to clearly distinguish
between protrusions and protrusions with medium separation. In the three
mock-ups under examination (SET3-ZnGD-RH%, SET2-TiGD-RH% and
SET1-ZnMM-RH%), it was observed that (Fig. 10):

* the protrusions exposed to UV radiation showed a reflection phe-
nomenon in correspondence to all the areas with protrusions;

* only the protrusions with medium separation reflect and emit light in
the VIS spectrum, showing the luminescence nature of the lipid
medium. Such luminescence is highly material-specific and depends
on the chemical composition of the surface®.

In Fig. 3d, e show that oil separation also occurred within some of the
cracks. This is confirmed by the luminescence response within the crack in
UVL observed in SET3-ZnMM-T.

Finally, UVR analysis allowed the determination of specific
characteristics related to the surface and chemical composition of the
materials. UVR is the equivalent to IR and VIS reflected photographs,
butin the UV band. An opaque effect was observed on the surface of the
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SET 3: COMMERCIAL PRIMED COTTON CANVAS + ACRYLIC PRIMER + ACRYLIC GESSO GROUND + OIL PAINT FILM

SET3-ZnMM-NAT SET3-TiGD-RH% SET3-ZnMM-T SET3-ZnW&N-T SET3-TiGD-T SET3-ZnGD-T SET3-ZnGD-NAT

SET3-ZnGD-RH%

Fig. 2 | Selected results of multiband imaging carried out in SET3 (commercial
primed cotton canvas + acrylic primer + acrylic gesso ground + oil paint film). The
images report only the central area of the canvas and exclude the area in contact with

the wooden stretcher. T: subjected to artificial ageing with a variation of temperature.
RH%: subjected to artificial ageing with fluctuation of % relative humidity (RH%).
NAT: subjected to natural ageing at room temperature.

mock-ups containing a Golden titanium white oil paint film in SET3
and SET2, and subjected to both natural and %RH artificial ageing.
This could indicate either the presence of materials with high UV
reflectance or scattering properties or a surface alteration. Due to the

interaction of UV radiation with materials, this technique highlights
alterations such as photodegradation, usually not visible in VIS light or
other spectral bands, which provides valuable information about the
condition of the mock-ups.
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SET 2: COMMERCIAL PRIMED COTTON CANVAS + ACRYLIC GESSO GROUND + OIL PAINT FILM
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SET2-TIGD-T

SET2-ZnMM-NAT

Fig. 3 | Selected results of multiband imaging carried out in SET2 (commercial
primed cotton canvas + acrylic gesso ground + oil paint film). The images report
only the central area of the canvas and exclude the area in contact with the wooden

stretcher. T subjected to artificial ageing with a variation of temperature. RH%
subjected to artificial ageing with fluctuation of % relative humidity (RH%). NAT
subjected to natural ageing at room temperature.

Chemical and physical interactions at the interface in-

between layers

This section focuses on the characterization of those samples that
showed the most relevant failure issues at the interface between the
acrylic preparatory layer and the oil paint film by means of non-
invasive techniques.

SET1-ZnMM-RH% and SET3-ZnGD-RH% were selected to represent
the mock-ups having protrusions which, in some cases, also showed med-
ium separation (Fig. 9). In order to study these phenomena in detail, HR-
FESEM-EDX was carried out, allowing a micro-morphological examination
of the alteration and the detection of elements™. Cross-sectional analysis of
the samples revealed two different types of protrusions: - protrusions with
separation of the (lipid) medium (Fig. 11); - protrusions where the
separation consists of metal soaps (Fig. 12).

Figure 11 shows the cross-section of SET1-ZnMM-RH% in the area
corresponding to the protrusion and the separation of the medium pre-
viously observed in VIS on the surface. The analysis provided detailed
insights into the structure of the mock-up and the distribution of elements in
the organic components (carbon and oxygen) and the inorganic materials
(zinc, calcium, magnesium, titanium, aluminium, sodium, and silicon)
within the paint film.

The imaging revealed:

 a homogeneous distribution of zinc, sodium and calcium ions in the
paint film;

* a distinct region, corresponding to the protrusion, where this homo-
geneity was disrupted, and only organic components were detected.

EDX confirmed the exclusive presence of carbon and oxygen, indi-
cating that the region was basically composed of an organic compound, i.e.,
lipid medium, without any metal ions.

Figure 12 shows the analysis of SET3-ZnGD-RH%. As in the previous
example, the cross-section was taken from an area where lipid medium
separation was observed on the surface in the visible (VIS) band. The VIS
image revealed a distinct region corresponding to the protrusion, enriched
not only with carbon and oxygen—characteristic of the oil medium—but
also with a significant concentration of zinc metal ions. The EDX spectrum
confirmed the higher presence of an organic fraction along with metallic
ions originating from the acrylic primer layer.

The samples in Figs. 11, 12 exhibit several common characteristics: o
Both displayed a degradation mechanism involving the separation of the
lipid fraction.

« Both contained a Zn-based paint layer, a pigment known to promote
this type of deterioration.

« Both underwent artificial ageing with % RH fluctuations, a process
that accelerates hydrolysis and the migration of metal ions. The key dif-
ference lies in the forms of degradation observed:

* in SET1-ZnMM-RH%, the separation consisted exclusively of the oil
medium.

 in SET3-ZnGD-RH%, the separation involved an accumulation of
organic material and zinc ions, which are probably related to the for-
mation of metal soaps, a structure composed of metal ions present in
the paint layer and free fatty acids from the lipid binder.

GC-MS and ATR-FTIR investigated the chemical interactions that led
to the degradation phenomena observed”***~”",

The TIC (total ion current) chromatograms show all the char-
acteristic fatty acids (as their corresponding methyl esters) detectable
in oil paint films. Table S1, supplementary material, summarises the
results of qualitative and quantitative analyses performed with
GC-MS on the following mock-ups:

¢ SET3-ZnMM-T, which showed cracks with lipid medium separation;

 SET3-TiGD-T, which showed surface cracks;

 SET3-ZnGD-RH%, which showed protrusions probably consisting of
metal soaps.

* SET1-ZnMM-RH%, which showed surface protrusions without lipid
medium separation.

Figure 13 presents a focused wavelength region of the ATR spectrum
and GC-MS chromatogram of sample SET3-ZnGD-RH%.
The spectra analyzed presented the characteristic bands of an oil
binder:
« thebroadband centered at ca. 3440 cm ™" is assigned to the stretching of
alcohol and hydroperoxide bonds;
+ the band at ca.1740 cm ™" assigned to the ester stretching;
¢ the bands corresponding to the CH stretching are ca. 2928 and ca.
2860 cm ™.
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SET 1: COMMERCIAL PRIMED COTTON CANVAS + OIL PAINT FILM
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Fig. 4 | Selected results of multiband imaging carried out in SET1 (commercial
primed cotton canvas + oil paint film). The images report only the central area of
the canvas and exclude the area in contact with the wooden stretcher. T subjected to

artificial ageing with a variation of temperature. RH% subjected to artificial ageing
with fluctuation of % relative humidity (RH%). NAT subjected to natural ageing at
room temperature.

ATR-FTIR analysis highlighted:

* theband at 1710 cm ™ corresponding to the C=0 stretching vibration
related to the formation of carboxylic acids, which may form as a result
of both the hydrolysis and oxidative degradation of triglycerides.

+ Moreover, a broad band at ca.1580 cm ™" related to amorphous zinc
carboxylates was detected, since the band is shifted by 40 cm ™ toward
higher wavenumbers with respect to the absorptions of their corre-
sponding crystalline Zinc soaps at ca. 1540 cm ™' 7%,

* Finally, the peaks at 1465-1464 m (CH, § bending) and 1399-1397 m
(symmetric carboxylate stretching v COO), due to the presence of
carboxylate groups.

Overall, these features support the presence of non-crystalline zinc
carboxylates and carboxylic acid groups within the protrusions, but do not
allow for a definitive identification of specific zinc soap species. Zinc car-
boxylates were detected in all mockups shown in Fig. 9, confirming that this
degradation phenomenon occurs in both zinc- and titanium-based oil
paints. Literature suggests that zinc has a strong tendency to bind with
carboxylate groups, forming metal soaps™***”. This explains their pre-
sence in the titanium oil paint mock-ups, which contain a 10% mixture of
zinc oxide.

GC-MS results highlighted the presence of a variety of oxidized acids
(e.g. oxo, hydroxy-, and epoxy-octadecanoic acids) related to an advanced
degree of oxidation of the unsaturated fatty acids present in the fresh oil:
these compounds are formed through the oxidative pathway of unsaturated
fatty acids during the propagation reactions of the oxidation process™ """,
The evidence of degradation processes is also supported by the detection of
dicarboxylic fatty acids, such as sebacic acid, suberic acid, and azelaic acid,
which are known to be the tertiary oxidation products of unsaturated fatty
acid537,60,76—79.

The palmitic to stearic acid ratios (P/S) were calculated to help in
defining the kind of il used"’ and compared with the information about oils
reported in the technical data of color tubes. It was, therefore, possible to
confirm that Golden Artist Colors Inc. (GD) employs alkali-refined linseed
oil (P/S 0.9 +0.3). Linseed oil has typically a P/S ratio of approximately
1.6 £ 0.3, but in the SET3-TiGD-T and SET3-ZnGD-RH% samples, the P/S
ratios were notably lower (0.95 and 0.8, respectively) (Table S1). This might
be linked to the common addition of metal stearates as dispersion agents in
oil manufacture. The alkali-refining process used to produce alkali-refined
linseed oil (ARLO) is highly effective in purifying the oil, removing muci-
lages, phospholipids, and other impurities, and improving its drying
properties™. However, this refining process involves the addition of free

fatty acids that may have favored the formation of metal soaps, as observed
in this sample.

Moreover, mock-up SET3-ZnGD-RH% exhibited a higher glycerol
concentration compared to other samples with the same paint layer (ZnO)
from the same brand (Golden) and subjected to the same accelerated
ageing conditions (RH%), but with different ground structures. Specifi-
cally, the glycerol percentage was 16.26% in sample SET3-ZnGD-RH%,
5.25% in sample SET2-ZnGD-RH%, and 3.32% in sample SET1-ZnGD-
RH%.

This suggests that mock-up SET3-ZnGD-RH% underwent increased
hydrolysis of ester-glycerol bonds, leading to the formation of di-, mono-,
and triglycerides, glycerol, and free fatty acids’**. The enhanced formation
of metal soaps observed in this sample can therefore be attributed to its
structural composition rather than the alkaline refining process used to
produce ARLO.

The formation of metal soap reflects extensive degradation processes in
the mock-ups of SET3, which not only affect the oil paint film, but also
appear to originate in the preparatory layers, as supposed by comparing RL
and IRT images (Fig. 8).

As is known from the literature, coalescence is the process where
acrylic-based polymers consolidate into a dense, compact structure ***.
During this process, as water and other volatile compounds evaporate, the
micrometer-sized polymer particles merge, forming a strong hexagonal,
honeycomb-like polymer network. This creates a dense microstructure,
crucial for the mechanical stability and integrity of the resulting acrylic paint
film. This also occurs in the case of the acrylic ground used in this experi-
ment. Ideally, coalescence would form a continuous polymer film once
dried. However, in this case study, the coalescence of the polymer spheres
leads to a polymer film with interstitial spaces, resulting in somewhat porous
acrylic films with channels running along the walls of the hexagonally
deformed particles. These pores are pathways for water to move in and out
of the film. In addition, because acrylic films require hydrophilic, water-
attracting additives to ensure compatibility with water, they will inevitably
retain some water, even after appearing fully dry. Thus, residual moisture
can accumulate in some areas of the interface between the oil paint film and
the acrylic ground, making the polymer system more susceptible to
hydrolysis, as the ester bonds remain exposed to water molecules'>”>*",
Moreover, environmental factors significantly influence drying: the fluc-
tuation of %RH can promote water absorption into the acrylic layer, further
increasing the risk of hydrolysis'*.

These processes highlight the key role of both chemical composition
and environment in influencing the degradation kinetics of oil paint systems
when applied to acrylic grounds®"*.
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Fig. 5 | Crack patterns captured by digital portable microscopy. a A detailed view of the sample SET3-TiGD-T; b a closer examination of sample SET3-TiGD-T, revealing
cracks on the surfaces; ¢ a detailed view of the sample SET3- ZnMM-T; d higher magnification of sample SET3- ZnMM-T reveals deeper cracks with oil medium separation.
TiGD titanium dioxide in rutile form from the brand Golden, ZnMM zinc oxide from the brand Maimeri, T subjected to artificial ageing with temperature variations.

Cross-sectional HR-FESEM-EDX images confirmed the observations
made through optical microscopy (Fig. 3) and multiband imaging analysis
(Figs.4,5):

« crack patterns were observed exclusively in samples from SET3;

« the different behavior of zinc and titanium white paint films under the
same environmental conditions (artificial ageing with temperature
variation) and the same structural composition (SET3).

In Fig. 14, the cross-sectional analysis of the mock-ups with titanjum
white (SET3-TiGD-T) shows that the observed crack is exclusively confined
to the paint film, thereby confirming the superficial nature of the cracks as
previously described.

Figure 15 provides critical micro-scale insights into the structural
damage and degradation mechanisms of the mockups made of a zinc-
oil paint film (SET3-ZnW&N-T). Figure c highlights that the cracks
start within the acrylic primer, traverse the entire acrylic gesso ground
layer and terminate at the paint film. This observation is consistent
with previous studies indicating that zinc oxide can reduce the flex-
ibility of paint films, increasing the risk of cracking, delamination, and
metal soap formation® """, In addition, the crack propagation through
the layers from the bottom (acrylic primer) to the top (oil paint film)
was demonstrated by comparing the VIS, IR, and IRT images of this
sample. (Fig.5).

The damage observed in mock-ups made with a zinc white oil
paint film is attributed to its chemical and mechanical properties. It is
well known that zinc oxide forms a brittle and inelastic paint film.
Furthermore, these properties are enhanced by the tendency of zinc
ions to bind to the carboxylate groups of the polymer network, acting as
anchor points for the carboxylic acid groups during the paint-drying
process. This increases the density of cross-links and leads to a decrease
in elastic properties over time, resulting in increased rigidity and
brittleness. The brittleness of the paint film compromises its structural
integrity, making it more susceptible to deeper friable cracking under
stress. In contrast, the titanium white samples exhibited superficial
cracks confined to the oil paint film, suggesting a more stable structural
integrity'®"**"¥. It is known from the literature that titanium white
does not form stiff films, but has limited strength and behaves in a
somewhat flexible manner. This would explain the superficial cracking
observed, which only affected the paint film, leaving the underlying
ground layer intact, as acrylic films are more elastic.'”*"*~*",

This distinction highlights the key role of pigments in the mid-to-long-
term durability and stability of oil paintings. This study shows that the
interaction between the pigmented oil medium at the interface with acrylic
grounds may significantly govern some physical properties of the oil paint
film, such as its flexibility, adhesion to the underlying substrate, and sen-
sitivity to moisture (and environment fluctuations).
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Fig. 6 | Multiband images of samples SET3- = -
ZnW&N-T and SET3-TiGD-T were captured in a)VIS Visibl (hagei (V15
different spectral ranges. a Visible light; b ranking
light; c infrared. IR images show deeper cracks in zinc
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Fig. 7 | Multiband images of sample SET3-ZnMM-T captured in different spectral ranges. a Visible light; b infrared; ¢ infrared with transmitted light. In (c), cracks
highlighted in red become visible, which were not detectable in the other images.

SET3-ZnMM-NAT

a)

Fig. 8 | Multiband images of sample SET3-ZnMM-NAT captured in different spectral ranges. a Visible light; b transmitted light; ¢ infrared with transmitted light. TL and
IRT images revealed structural inhomogeneities which corresponded to protrusions areas not yet visible at naked eyes.
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Fig. 9 | Protrusions captured by digital microscopy. a SET3-ZnGD-NAT; b SET3-  canvas + oil paint film). Ti titanium dioxide in rutile form, GD golden, MM Mai-
ZnMM-NAT; ¢ SET1-TiW&N-RH%; d SET3-ZnGD-RH%; e SET2-TiGD-RH%; meri, W&N Winsor & Newton, T subjected to artificial ageing with temperature
f SET1-ZnMM-RH%. SET3 (commercial primed cotton canvas + acrylic pri- variations. RH% subjected to artificial ageing with % relative humidity variations,
mer + acrylic gesso ground + oil paint film). SET2 (commercial primed cotton NAT natural ageing at room temperature.

canvas + acrylic gesso ground + oil paint film); SET1 (commercial primed cotton

SET3-ZnGD-RH% SET2-TiGD-RH% SET1-ZnMM-RH%

|
A=400-700nm

vl I

Fig. 10 | Multiband images of samples SET3-ZnMM-NAT, SET2-TiGD-RH% and SET1-ZnMM-RH% were captured in different spectral ranges. a Visible light;
b ultraviolet-induced luminescence.
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Fig. 11 | High-resolution field emission scanning electron microscopy (HR-
FESEM) images and energy dispersive X-ray spectroscopy (EDX) mappings of
protrusion patterns observed in SET1-ZnMM-RH%. a close-up of the protrusion
with lipid medium separation visible on the paint layer surface; b elemental mapping
of all detected elements in a specific area of the examined cross-section; ¢ distribution
mapping of calcium ions across the selected area; d distribution mapping of zinc ions

across the selected area; e distribution mapping of sodium ions across the selected
area; f distribution mapping of titanium ions across the selected area; g color legend
of elements in maps; h elemental spectrum acquired at the protrusion site with lipid
medium separation; i elemental spectrum acquired from the paint layer region. SET1
(commercial primed cotton canvas + oil paint film.). Zn zinc paint layer, MM brand
Maimeri, RH% subjected to artificial ageing with % relative humidity variations.

Discussion

This research provides a comprehensive analytical protocol capable of
identifying, localizing and characterizing early degradation phenomena at
the interface between acrylic preparatory layers and oil paint films in con-
temporary oil paintings. The use of representative mock-ups—designed
based on a survey of Italian artists—and carefully selected ageing conditions,
makes the study highly relevant to real-world painting practices and the
challenges encountered in modern art conservation. Multiband imaging
techniques proved to be a valuable non-invasive tool for detecting the early
stages of physico-chemical degradation in mock-ups, allowing intervention
before damage is visible on the painted surface. By comparing multiband
images, it was possible to distinguish the surface alterations from inner ones
and to understand the crack propagation process across the layers. RL
images helped to identify and document wrinkling and cracking. The
combined use of RL with IR images provided a more detailed analysis by
allowing surface cracks in the paint film to be distinguished from deeper
cracks that affect several layers and showed a separation between the paint
film and the preparatory layers (cleavage).

Cross-sectional HR-FESEM-EDX images confirmed that crack pat-
terns were present only in SET3, reinforcing the idea that the interactions
taking place at the interface between the oil paint film and the acrylic
preparatory layers have a dramatic impact on the physical stability of the
composite painted system.

A different behavior was observed for zinc and titanium white paint
films under the same environmental conditions (artificial ageing with
temperature variation) and with the same layered structure (SET3). In
mock-ups made of zinc white, the cracks start in the acrylic primer, pass

through the entire acrylic gesso ground layer and end at the paint layer. This
crack propagation process across the layers was determined by comparing
the VIS, IR, and IRT images. These results suggest that such phenomena
may be favored by the ability of zinc oxide to react with free fatty acids when
incorporated into oil paints and to bind to the carboxylate groups of the
polymer network, resulting in increased cross-linking capacity. This led to a
fragile and brittle paint film more susceptible to deeper cracking under
stress. In mock-ups with a titanium white oil paint film instead, cracking
appeared to be confined exclusively to the paint film, confirming its weaker
and more flexible behaviour.

IRT and TL images also revealed significant alterations in the thermal
and optical properties of some mock-ups, suggesting localized accumulation
of moisture.

In acrylic grounds, two main factors may lead to moisture accumulation:

- non-ideal coalescence, which creates a somewhat porous acrylic film,
allowing water to penetrate through the pores.

- certain amount of hydrophilic or water-attracting additives that hold
onto some water even after appearing fully dry, leading to moisture
accumulation.

Thus, residual moisture can concentrate at the interface between the oil
paint film and the acrylic ground, making the polymer system more sus-
ceptible to hydrolysis, as the ester bonds remain exposed to water molecules.

This phenomenon was particularly evident in the samples SET3-
ZnGD-RH% and SET1-ZnMM-RH%, where these alterations were more
pronounced. UVL allowed the preliminary differentiation between pro-
trusions (thanks to its reflection phenomenon under UV) and protrusions
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Fig. 12 | High-resolution field emission scanning electron microscopy (HR-
FESEM) images and energy dispersive X-ray spectroscopy (EDX) mappings of
protrusion patterns observed on mock-up SET3-ZnGD-RH%. a Close-up of a
protrusion; b distribution mapping of zinc ions across the selected area;

c distribution mapping of carbon ions across the selected area; d elemental mapping
of all detected elements in a specific area of the examined cross-section; e elemental
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spectrum acquired at the protrusion site with lipid medium separation; f elemental
spectrum acquired from the paint layer region. SET3: (consisting of pre-primed
canvas, acrylic primer, acrylic ground gypsum, paint layer). Zn zinc paint layer, GD
brand Golden Artist Color Inc, RH% subjected to artificial ageing with relative
humidity percentage variations.

g a) SET3-ZnGD-RH%
0 ) s 7 y v
g J / / /4 ,,4 | :
2009, 2} E‘ / e
= £ W
b i = L) N % )
af 2 Z A
g e} { -
1.6e9 § %mg § ‘
o & g = 9 ] (42, '/"?'
3 28 5% g 7
e SH o ¢ 3 i
s =1 58 o Y1/
m.ﬁ/ it 9 ] v
1269 E,g "15 '?E _1m
pfl 38 o ©
\ 85| = 2
[T g] 9 el
“ S0l B g
=8| I b)gc-ms
7.0e8 H "GU:\D 2 \ %
1 % § |
\ s g |
| IR
T
i g /‘ .
3.0e8 | & b‘ “ 9 ‘ 1
i R A I
A | \)U\ I I
\ | / \ W A
4.2e7. \M

&J \kk

—— Reference

Absorbance

o __min

1897 19.25 2025

Fig. 13 | Summary of GC-MS and ATR-FTIR analysis on mock-up SET3-ZnGD-
RH%. a Close-up of the sample, with the point of analysis marked by red crosses;
b Chromatogram with relevant peaks concerning the presence of oxidated
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compound; ¢ spectrum showing relevant peaks indicating the presence of carboxylic
acid and non-crystalline zinc carboxylates (black), compared to the spectrum of the
mock-up 1 h after casting as a reference (green).
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a) SET3-TiGD-T
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Fig. 14 | High-resolution field emission scanning electron microscopy (HR-
FESEM) images of cracks pattern observed on mock-up SET3-TiGD-T. a Close-
up of a crack limited in the paint layer, with the start and end points marked by red
crosses; b 20 um magnification of the interface between the paint layer and the

acrylic gesso ground layer, showing the end of the crack. SET3: (consisting of pre-
primed canvas, acrylic primer, acrylic ground gypsum, paint layer). Ti titanium paint
layer, GD brand Golden Artist Color Inc., T subjected to artificial ageing with
temperature variations.

Fig. 15 | High-resolution field emission scanning electron microscopy (HR-
FESEM) images of cracks pattern observed on mock-up SET3-ZnMM-T. a Close-
up of a crack with the start and end points marked with red crosses; b 20 pm
magnification of the interface between the oil paint film and the acrylic gesso ground;

) SET3.ZnNINLT:

200

¢ 20 um magnification of the interface between the acrylic gesso ground and the
acrylic primer. SET3: (consisting of pre-primed canvas, acrylic primer, acrylic
ground gypsum, paint layer). Ti titanium paint layer, GD brand Golden Artist Color
Inc., T subjected to artificial ageing with temperature variations.

with medium separation (which emitted light in the visible spectrum).
Moreover, the application of HR-FESEM-EDX allowed a micro-
morphological examination of these protrusions to be carried out, which
made it possible to identify when the separation was exclusive of the oil
medium, and when it also involved metal ions. In addition, the spectro-
scopic analysis identified non-crystalline zinc carboxylates. Using advanced
analytical techniques such as GC-MS, the chemical interactions responsible
for the observed degradation phenomena were thoroughly investigated. The
presence of various oxidized acids suggested advanced oxidation of unsa-
turated fatty acids and the high degree of hydrolysis of ester-glycerol bonds
was further supported by the detection of elevated concentrations of
dicarboxylic acids and glycerol. An interesting comparison can be made
with the study by Romano et al.*, who analyzed medium-rich protrusions in

zinc white oil paint and identified crystalline zinc carboxylates, with higher
zinc concentrations in the center and lower levels toward the edges. In our
samples, although no crystalline zinc soaps were detected, the
absence of inorganic elements in the center of the protrusions and
their accumulation at the edges suggests a potentially different dis-
tribution dynamic. These differences highlight the need for further
investigation into how local composition, pigment type, and aging
conditions influence the formation and spatial organization of such
degradation features.

These results evidence how informative the integration of multiband
imaging with advanced analytical techniques can be in understanding the
degradation mechanisms involved in painted systems that combine an oil
paint film applied to an acrylic substrate, as well as in identifying
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degradation phenomena at a very early stage that would otherwise not be
detectable before they become visible to the naked eye.

The samples that exhibited the most significant chemical-physical
issues were those from SET3, which consisted of an oil paint layer by Golden
and Maimeri brands applied over ground layers by W&N. In contrast, only a
few samples from SET3, featuring an oil paint layer by W&N, showed
conservation problems. This suggests that, beyond the interface issues
between the acrylic ground and the oil paint layer discussed in the article, the
compatibility of additives may also play a crucial role. Or, in other words,
paintings made by combining materials from the same given brand seem to
present a higher compatibility and stability (and therefore less tendency to
degradation) than those where grounds and paint films are from different
brands.

Future research will specifically focus on this aspect by applying the
presented analytical approach, which has proved to be an effective method
of identifying degradation phenomena commonly found in modern and
contemporary paintings such as wrinkles, protrusions, and cracks. These
findings are important for both artists and conservators, as they highlight
the need for an understanding of material interactions to make informed
choices of painting materials in order to mitigate the long-term degradation
of paintings.

Data availability
Data supporting the findings of this study are available from the corre-
sponding author, upon reasonable request.
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