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Grisaille was the first paint applied on stained-glass panels, used in Europe since the twelfth century. Historical written sources
described the use of iron and copper together with a high lead-silica base glass in the grisailles production. This project aims
to study the evolution of the grisaille paint composition throughout time and the changes in the raw materials used in their
production using non-destructive and non-invasive techniques. To achieve this objective, 23 grisaille samples dated from the
13th to the twentieth centuries from nine different countries (Portugal, Poland, United Kingdom, Sweden, Norway, Belgium,
Low Countries, Germany, and France) were studied by means of micro particle-induced X-ray emission (u-PIXE), micro energy
dispersive X-ray fluorescence (u-EDXRF), laser-induced breakdown spectroscopy (LIBS), laser-induced fluorescence (LIF), non-
linear optical microscopy (NLOM) in the modality of multiphoton excitation fluorescence (MPEF) and optical microscopy (OM).
The results showed that it was possible to identify compositional differences and patterns throughout the samples when
compared with literature results. The preference for using copper in central and south-central European countries and the addi-
tion of new compounds (CoO, Cr,05;, MnO) as colouring agents since the nineteenth century was verified. The LIBS analyses
allow the identification of boron on two samples, confirming the change of base glass components since the seventeenth
century. The NLOM-MPEF showed the capability of this technique to measure the grisaille paint layers'thickness. This non-inva-
sive multi-analytical and complementary approach proves itself efficient in identifying changes in the grisaille’s composition
throughout time, which can be interpreted as changes in the raw materials and manufacture used in the production of these
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Introduction

Grisailles are dark (black/brown) vitreous paints used in the
production of stained-glass panels. Generally, grisailles are
employed in the creation of outlines (grisaille a contourner)
and shadows (grisaille a modéler) [1, 2]. These are the oldest
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painting materials as well as the most used in stained-glass
windows from medieval times until today [2, 3]. Written
sources, such as the twelfth century De Diversis Artibus by
Theophilus [4], describe the production of grisailles by mix-
ing metals oxides, usually iron and/or copper oxides (Fe,Oq4
and/or CuO), as colouring agents, with a grounded lead-
based glass (PbO-SiO,), responsible for the adhesion of the
grisaille paint to the glass substrate [1]. These paints are
usually mixed with vehicles (water, vinegar, wine, etc.) and
temporary binding agents (gum arabic), applied on the glass
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support and fired at 650-700 °C [1, 3]. After the firing of the
grisaille, the base glass will soften and fix to the glass support,
leaving a thin heterogeneous layer of colourless glass with
the colouring agents grains (metal oxides) dispersed [1, 2, 5].

The heterogeneity characteristic of these paint layers can
challenge the accuracy of chemical composition characteri-
sation. [2, 3, 6, 7] Stained-glass fragments with grisaille paint
are also particularly important for conservators and restor-
ers as they maintain the original paint, usually located in the
middle of the fragment, complicating the sampling [3].

The study and interest in this material has increased all over
the years. Different techniques analyse historical grisaille sam-
ples and their chemical composition [3]. The most common
techniques are laboratory-based ones such as scanning elec-
tron microscopy coupled with energy-dispersive spectrom-
etry (SEM-EDS), X-ray fluorescence spectrometry (XRF)
and X-ray diffraction (XRD) [3]. The first two techniques
(SEM-EDS and XRF) allow the semi or quantitative chemi-
cal composition [8—11], and XRD permits the identification
of crystalline compounds [8, 10, 12, 13], which are usually the
colouring agents. Even though using these techniques could
be applied in a minimally invasive way on the sample sur-
face, they are sensitive to the irregularities and the weathered
products present on the paint layers. This makes it difficult to
accurately analyse the grisaille layers. It is necessary to prepare
the samples in resin and to analyse them in cross-sections,
destroying the samples from valuable and unique stained-glass
windows. Furthermore, techniques such as portable XRF have
difficulty detecting low Z elements (boron, sodium and mag-
nesium), mainly in samples with high variety of Z elements.

For example, Pradell et al. [13] identified boron in samples
from the seventeenth century onwards using the destructive
technique of laser ablation inductively coupled plasma mass
spectroscopy (LA-ICP-MS). The boron consists of the prob-
able addition of borax (Na,B,0,.10H,0) during the grisaille
production since that time, providing key information for
understanding technological changes in grisaille production
through time. The addition of borax can reduce the firing
temperature of the grisailles, which can raise questions on
why the need for lower temperature: (1) changes in the com-
position of the base glasses used in grisailles manufacturing,
or (2) changes in the composition of the support glasses,
leading them to not support higher temperatures without
deforming.

Therefore, looking for non-invasive, micro-destructive,
and complementary techniques, it is important to gather
more in-depth information about the studied materials.
Different non-invasive or micro-invasive techniques have
been used and tested to characterise and study stained-
glass windows and glass objects [14-16]. Laser-based
techniques such as laser-induced breakdown spectroscopy
(LIBS) and laser-induced fluorescence (LIF) have also been
used to obtain a complementary elemental and molecular
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composition in a non- or micro-invasive way for glass-based
materials [17-25]. With some works focused on the param-
eters optimization for the analysis of model soda-lime sili-
cate [19] and historical lead silicate glasses [24]. Other works
focused more on the characterisation of chromophores and
opacifiers of ancient glasses, and others on the degradation
layers and processes [18, 20, 21]. LIBS is a micro-invasive
technique that allows qualitative, semi-quantitative and
quantitative material composition analysis. The analyse is
done by the spectral analysis of the luminous plume gener-
ated by pulsed laser ablation of a small amount of material
from the sample surface. [17, 26—28] Complemented with
LIF in an entirely non-invasive approach, analytical infor-
mation on trace elements and/or chromophores in glassy
materials can also be obtained [17, 29-32].

Femtosecond laser-based techniques, such as non-linear
optical microscopy (NLOM), in its various modalities of mul-
tiphoton excitation fluorescence (MPEF) and second and
third harmonic generation (SHG and THG), are also a new
set of non-invasive imaging techniques applied in the analy-
sis of cultural heritage objects. [33—37] Due to their high peak
power and short duration, these lasers favour non-linear opti-
cal processes without undesirable side effects, such as photo-
bleaching and/or photo-toxicity damage [33]. With NLOM
techniques, it is possible to obtain 3D compositional and
structural information of a material based on the detection
of fluorophores (MPEF) [33] of crystalline or highly organ-
ised structures without inversion symmetry (by SHG) [38].
The position of the boundaries of layers by virtue of the local
differences in the refractive index and third-order non-linear
susceptibility and dispersion (by THG) can also be obtained.
[15, 39] NLOM is still insufficiently tested on glass objects
despite these advantages. Only a known study explored the
potential of combining all the above laser techniques (LIBS,
LIF and NLOM-MPEF) for analysing glass pieces painted
with grisailles [40]. In that study, the capability for non-inva-
sive thickness measurement of different grisaille paint layers
by NLOM with the MPEF modality was proven, as well as the
determination of the elemental and molecular composition of
the support glasses and their corresponding grisaille paints in
a non- or micro-invasive way [40].

The main objective of this research was to characterise
in a non-invasive way a set of selected stained-glass win-
dow samples with grisaille paints. The results of this char-
acterisation, together with the compositions found in the
literature, will help to achieve a better understanding of
the evolution of the structure and composition of the gri-
saille paint throughout the centuries. This will directly cor-
relate with the evolution of the technological production of
this type of paint. At the same time, this study also intends
to test and disseminate a new, rarely used, and innovative
multi-analytical approach for the study of these cultural her-
itage materials.
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Materials and methods
Samples

The twenty-three stained-glass window samples with gri-
saille paint selected to be analysed are shown in Fig. 1. The
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samples came from eight different collections: Joost Caen’s
private collection (JC) with samples from Low Countries
(JC015a, JC020 and JCO010), France (JC012) and Belgium
(JC003 and JC007); Restoration atelier of Canterbury (LS)
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Fig. 1 Samples of grisaille paints on stained-glass windows studied in this work
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with samples from France (LS01) and United Kingdom
(LS02, LS03, LS04 and LS05); Glasmalerei Otto Peters atel-
ier (SS) with samples from United Kingdom (SS01, SS02 and
SS04) and Germany (SS03); Nidaros Cathedral (NC1, NC2)
in Norway; Uppsala Cathedral (UC3) in Sweden; Church of
Grodziec (CG1, CG2), in Poland; Convent of Tomar (Gl1,
G3) in Portugal; and Batalha Monastery (S. José), also from
Portugal. This group of samples allows a broad overview of
the grisailles throughout Europe, with samples from nine
countries covering chronologies from the 13th to the twen-
tieth centuries, enabling the study of the evolution of this
paint throughout time and place.

Analytical techniques

The stained-glass window samples and their corresponding
grisaille paint layers were characterised by micro particle
induced X-ray emission (p-PIXE), micro energy dispersive
X-ray fluorescence (p-EDXREF), laser-induced breakdown
spectroscopy (LIBS), laser-induced fluorescence (LIF), non-
linear optical microscopy in the modality of multiphoton
excitation fluorescence (NLOM-MPEF) and optical micros-
copy (OM). With this multi-analytical and complementary
approach, a comparison between the results obtained by
these different techniques has allowed for a more complete
and in-depth knowledge of the studied materials.

The glass supports and grisaille layers were analysed on
their surface. Some selected samples were mounted in resin
to be observed in cross-sections by optical microscopy. Data
limitations were considered for the interpretation of the
results, mainly for the lighter elements on the glass support
and grisaille paint layers.

u-EDXRF
To obtain the chemical composition of the samples sup-
port glasses, u-EDXRF analyses were carried out. An Art-
TAX, Intax®spectrometer (Brunker Nano GmbH, Berlin,
Germany), equipped with an aircooled low-power X-ray
tube with a Mo target and Xflash®Peltier (Brunker Nano
GmbH, Berlin, Germany), cooled silicon drift detector,
was used. The primary X-ray beam is focused to a diam-
eter of 70 pm by means of a polycapillary X-ray mini lens.
The spectrometer was operated at 40 kV, 0.6 mA, under a
He flow atmosphere to optimise the detection of light ele-
ments with an acquisition time of 360 s. At least three dif-
ferent measurements were carried out on each different
material. Depending on the element and on the matrix
under analysis, the typical probing of the equipment can go
from a few micrometers’ (ca. 30 pm, e.g., lead-based glass)
to some millimeters’ depth (ca. 2—3 mm, e.g., borosilicate).
Semi-quantitative analyses were carried out with the AXIL
program, using spectra obtained from Corning Museum of
Glass A, B, and D glass standards. The analytical capability
of the equipment is limited to elements with atomic number
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Z>13, thus making impossible the detection of boron,
sodium, and magnesium. There is also lower accuracy in
quantifying lighter elements, such as phosphorus. The
concentration of sodium and magnesium was calculated
by the method of ‘matrix by difference’ [41]. Some support
glasses were previously analysed by Louro 2017 [42] (JCO012,
JCO15a, JC020, JC007, SS04, JC003) and Delgado 2010 [43]
(G1, G3, S.José), and their results were used to be compared
with the rest of the samples.

-PIXE
The chemical composition of the grisaille paint layers was
also assessed using pu-PIXE. They were made at the ion beam
analytical facilities at the Instituto Superior Técnico (IST),
Polo de Loures (Lisbon). A 2.5 MV Van de Graaff accelera-
tor and an OM150 Oxford Microbeams Ltd. (United King-
dom), scanning nuclear microprobe was used mainly in the
external beam configuration. Samples were irradiated with
a 2 MeV proton beam focused down to 60 x 70 um?* and
X-ray spectra were collected with an SDD detector. The
microprobe beam scanning system allowed to obtain the
elemental distribution maps in an area of 1 x 1 mm?, and
specific regions of interest were selected for quantitative
analysis. The conditions used only permitted the quantifi-
cation of elements with atomic number Z>11. Operation
and basic data manipulation were achieved using OMDAQ
software; quantitative analysis was done with the GUPIX
program. Each sample was analysed in three different zones,
and the results in oxides weight percentage were normalised
to 100 wt. %. In order to validate the obtained concentra-
tion results, the Corning C standard reference glass was also
analysed.

LIBS

LIBS analyses were carried out both on the grisaille paint
layers and glass support. They were conducted at IQFR-
CSIC using laser excitation at 266 nm (4th harmonic of
a Q-switched Nd:YAG laser (Lotis TII, LS-2147, Minsk,
Belarus), 15 ns pulses, 10 Hz repetition rate). LIBS spectra
were recorded using a 0.2 m Czerny-Turner spectrograph
(Andor Technology, Belfast, Ireland, Shamrock Kymera-
193i-A) equipped with a grating of 1200 grooves/mm
(blazed at 500 nm) and coupled to a time-gated intensified
charge-coupled device (ICCD) camera (Andor Technol-
ogy, Belfast, Ireland, iStar CCD 334, 10241024 active pixels,
13 um x 13 pum pixel). The ICCD detector is synchronised
with the Q-Switch output electrical signal that triggers the
laser pulse. The laser beam was directed to the surface of
the samples by the use of mirrors at an incidence angle of
45°. Focusing with a 10 cm focal length lens allowed fluences
as high as 9 J/cm? to be achieved. The shot-to-shot laser
energy fluctuation was less than 10%. LIBS spectra were
recorded at 50 nm intervals at single acquisition mode in the
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230-300 nm, and step and glow mode in the 300-600 nm
wavelength ranges. Spectra were recorded at a 0.2 nm
resolution with a gate delay and width of 800 ns and 3 s,
respectively. For higher wavelengths (A>300 nm) a cut-off
filter at 300 nm was placed in front of the entrance window
of the spectrograph to reduce the scattered laser light from
the surface of the sample and to avoid second-order diffrac-
tion. Spectra resulted from summing up the emissions of
the products of ablation after ten successive laser pulses, a
number that provided good signal/noise ratios.

LIF

LIF measurements were carried out using laser excitation
at 266 nm (same laser source used for LIBS) and a 0.30 m
spectrograph with a 300 grooves/mm grating (TMc300
Bentham Instruments Ltd., United Kingdom) coupled to
an intensified charged coupled detector (2151 Andor Tech-
nologies, Belfast, Irland). The temporal gate was operated at
zero-time delay with respect to the arrival of the laser pulse
to the surface of the sample and with a width of 3 ps. The
sample was again illuminated at an incidence angle of 45°
with pulses of around 0.1 mJ using a 1 x2 mm laser spot
size. LIF spectra were recorded at 300 nm intervals in the
wavelength range of 300-700 nm. Cut-off filters at 300 and
360 nm were used to reduce the scattered laser light from
the surface of the sample and to avoid the second-order dif-
fraction. Each spectrum resulted from the accumulation of
50 signals acquired at different points in each sample zone.

NLOM-MPEF

For NLOM-MPEF, a home-made non-linear optical
microscope at IQFR-CSIC uses a mode-locked Ti: Sap-
phire femtosecond laser (Spectra physics lasers, California,
USA) emitting at 800 nm, with average power of 680 mW,
delivering 70 fs pulses at a repetition rate of 80 MHz as
the excitation light source. A variable neutral density fil-
ter (NDC-50C-2 M, Thorlabs) serves to control the laser
power reaching the sample. For the present measure-
ments, the average power was in the range of 7-15 mW,
values far from the damage threshold of the paint grisaille
layers (as monitored through CCD online visualisation of
the sample surface during the femtosecond laser excita-
tion). The laser beam was modulated using a chopper at a
frequency of 130 Hz and conducted to the sample through
the aperture of a microscope objective lens (M Plan Apo HL
50 x , Mitutoyo, NA 0.42) by using a dichroic beam split-
ter (FF750-SDi02-25 x 36, Semrock) with high reflection
at 800 nm. The laser focal plane was selected with motor-
ised translation XYZ stages (Standa 8MVT100-25-1 for
XY and Standa 8MTF for Z, Standa, Lithuania). The lat-
eral and in-depth resolutions achieved are of 1 and 2 pm,
respectively. A LabVIEW interface was used to control
both scanning and data acquisition procedures. The MPEF
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signals were collected in the backward direction through the
microscope objective lens and a beam splitter (70/30) and
measured using a photomultiplier tube (9783B, ET Enter-
prises, Japan) connected to a lock-in amplifier (SR810 DSP,
Stanford Research Systems, USA) to ensure high amplifica-
tion and good signal-to-noise ratio. A short band pass filter
(335-610 nm, Thorlabs FGB37S) was placed at the entrance
of the photomultiplier to cut-off the reflected laser light.
The remaining 30% of the MPEF signal was sent to a CCD
camera (Thorlabs DCC1645C) for online visualisation of the
sample surface and the signal collection process. The thick-
ness measurements were carried out in five different points
of each sample in depth-scans (Z-direction) of the MPEF
signal. For the samples G3, LS02 and LS04 no reliable meas-
urements were able to be taken, probably due to irregulari-
ties on the painted surface.

oM

The preparation of the samples and the OM analysis was
done in the facilities of the Polytechnic University of Cata-
lonia—BarcelonaTech. A Nikon Eclipse LV100D (Japan)
microscope equipped with a camera Infinity 1.3C was used.
The polished sections were examined in reflected (bright
and dark field) light. Only fragments where sampling was
possible were mounted in resin and analysed by this tech-
nique: SS01, SS02, SS03, NC1, NC2 and UC3.

Results

Compositional characterisation

Support glasses

Even though this work mainly focuses on the characterisa-
tion of the grisaille paint layers, the chemical composition
of the support glasses was also assessed for better compre-
hension of each sample and to better compare the grisailles
painted on the different support glasses.

The distribution of the compositional types of the sup-
port glasses throughout the different chronologies is repre-
sented in Fig. 2. This classification was based on the results
presented in the Supplementary material, Additional file 1:
Table S1, and the diagrams of Schalm et al. [44], Dungworth
[45], and Rodrigues [46] were considered to distinguish the
presented classifications.

The compositions of the support glasses and their clas-
sification into the different types agree with what was
expected for the chronology and provenance of each
sample. The potassium-rich silicate glasses have the old-
est chronologies (13—16th c.) and the soda-rich and soda-
lime silicate glasses in the Modern samples (19-20th c.).
An exception is the 16th-century samples from Portu-
gal, either from the Convent of Tomar (G1, G3) and the
Batalha Monastery (S.José), despite having an older chro-
nology, are soda-rich glasses, which agrees with previous
studies on glass samples from these stained-glass windows
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Fig. 2 Compositional types of glasses throughout different sample’s chronologies. (K-rich = potash-rich silicate glass, HLLA = high-lime low-alkali

glass, Na-rich = soda-rich silicate glass, Na-Ca = soda-lime silicate glass)

[47]. Three glasses dated from the sixteenth and seven-
teenth centuries (JCO015a, JC020, and JC010) with high
calcium content and relatively low sodium and potassium
levels (Fig. 2 and Additional file 1: Table S1) were also iden-
tified. This high calcium content is usually present in high-
lime low-alkali compositions. These samples come from
the Low Countries and agree with the glass composition
used during this period in this European region [44, 48].

The summary of the main elemental components of the
support glasses of the samples as obtained by LIBS is pre-
sented in Table 1. These results were obtained by the assign-
ment of the spectral emission lines based on the NIST
database [49].

The LIBS spectra reveal the elemental composition by
virtue of the emission lines of the major and minor compo-
nents. These components are iron (Fe), silicon (Si), calcium
(Ca), aluminium (Al), titanium (Ti), potassium (K), stron-
tium (Sr), barium (Ba), sodium (Na), magnesium (Mg) and
manganese (Mn). Si, Ca, Al, K, and Na correspond to the
main glass components. Other elements (Mg, Fe, Mn, Ti,

Sr, Ba) can be attributed to stabilising agents and impurities
from the glass raw materials. The LIBS results corroborate
the classifications given for each glass, as shown in Fig. 2,
according to the main elements marked in Table 1. It was
also possible to identify elements not detected by EDXRE,
such as boron (B). This element, in low quantity, can also be
associated with raw materials impurities [50, 51]. Silver (Ag)
was also detected in the SS01 and SS02 samples, suggesting
the presence of a common stained glass window decoration
called yellow silver stain. This technique is responsible for
different hues between orange and yellow on stained glass
windows obtained by silver nanoparticle aggregates [52, 53].

Grisaille paint layers

Table 2 and Fig. 3 show the elementary composition of the
grisaille paint layers and the normalised distributions of the
different main components of the grisaille samples, respec-
tively. These distributions were based on the composition’s
main elements and according to the different grisaille’s com-
ponents, the base glass (SiO,, PbO) and the colouring agents



Machado et al. Heritage Science (2023) 11:85

Page 7 of 18

Table 1 Elemental composition of the support glasses of the samples determined by LIBS

Date Name Colour Elemental composition

13th -14th JC012 Colourless Si, Fe, Mn, Mg, Ca, Al, Ba, Cu, Sr, Ti, B, K, Na, CaO

15th (1425-1430) CG1 Blue Si, Fe, Mn, Mg, Ca, Al, Ba, Cu, Sr, B, K, Co, Na, CaO
CG2 Yellow Si, Fe, Mn, Mg, Ca, Al, Ba, Sr, B, K, Co, Na, CaO

16th (1510-1518) G1 Colourless Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Na, CaO
G3 Colourless Si, Fe, Mn, Mg, Ca, Al, Ba, Sr, Ti, K, Na, CaO

16th (1500-1550) LS01 Yellow Si, Fe, Mn, Mg, Ca, Al, Ba, Cu, Sr, Ti, B, K, Zn, Na, CaO
JCO015a Colourless Si, Fe, Mn, Mg, Ca, Al, Ba, Cu, Sr, Ti, B, K, Ni, Na, CaO
SJosé Colourless Si, Fe, Mn, Mg, Ca, Al, Ba, 51, Ti, K, Zn, Co, Na, CaO

17th (1650-1700) JC020 Colourless Si, Fe, Mn, Mg, Ca, Al, Ba, Cu, Sr, Ti, K, Na, CaO
JCo10 Colourless Si, Fe, Mn, Mg, Ca, Al, Ba, S, Ti, K, Na, CaO

19th (1845-1884) SSO1 Colourless Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Ag, Sr,Ti, B, Zn, Cr, Na, CaO
SS02 Colourless Si, Fe, Mn, Mg, Ca, Al, Ba, Ag, Sr, Ti, K, Zn, Na, CaO
LS05 Yellowish Si, Fe, Mn, Mg, Ca, Al, Ba, Sr, Ti, K, Cr, Na, CaO

20th (1900-1934) JC007 Colourless Si, Fe, Mg, Ca, Al, Sr, Sn, Na, Ca0O
NC1 Greyish Si, Fe, Mn, Mg, Ca, Al, Ba, Cu, S, Ti, K, Na, CaO
NC2 Greyish Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Na, CaO
SS03 Colourless Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Cr, Na, CaO
LS03 Colourless Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr,Ti, K, Na, CaO

20th (1942-1950) SS04 Green Si, Fe, Mn, Mg, Ca, Al, Sr, Na, CaO
JC003 Green Si, Fe, Mn, Mg, Ca, Ba, Cu, S, Ti, K, Zn, Cr, Na, CaO

20th (1971-1976) uc3 Yellow Si, Fe, Mn, Mg, Ca, Al, Ba, 1, Ti, Na, CaO

Unknown LS02 Colourless Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, B, K, Na, CaO
LS04 Colourless Si, Fe, Mn, Mg, Ca, Al, Ba, Sr, Ti, K, Na, CaO

The main components are indicated inbold

(Fe,05, CuO, CoO, Cry,05, MnO). The ZnO content was
considered either for the base glass or colouring agents.

With the grisailles composition (Table 2), it was pos-
sible to see that all grisailles were mainly constituted by
a mixture of a high-lead silica base glass, with a mixture
of metal oxides (Fe,O5;, CuO, CoO, Cr,03;, MnO) which
are responsible for the grisaille’s colouration. The rest of
identified oxides (Table 2) could be associated with com-
pounds introduced to the grisailles formulations as stabi-
lisers agents for the base glass, raw materials impurities
or/and elements from compounds that lixiviated from
the support glass to the grisaille matrix [8, 9, 40, 52]. The
identification of AgO in the CG1, CG2, JC010, and UC3
grisailles can indicate the presence of yellow silver stain,
in the glass under the grisaille layer. Some grisailles also
present a high quantity of SO, (§502 and SS04), which can
indicate the presence of crystal deposits on the surface
of the grisaille paint. These deposits are usually formed
through the support or base glass network breakdown.
The alkali or earth-alkali leached ions on the surface will
interact with SO, from the environment and form crystals
on top of the grisaille layer [6, 54, 55].

JCO10 grisaille also presents an overall composition dis-
tinct from the other samples (Table 2), with a higher SiO,
and K,O concentration and a lower PbO concentration, as

well as the identification of a significant As,O; value and the
presence of Bi,O;. All these characteristics make it closer to
an enamel composition than a grisaille one. Being this pos-
sibility discussed further.

From the overall grisailles composition (Table 2), it was
also possible to see that concentrations between ~40 wt. %
and 82 wt. % comprehend the main base glass components
(SiO, and PbO), which agree with well-balanced grisailles
[56]. The proportion between the different components
of the grisaille (base glass and colouring agents) is of great
importance for the paint stability. The quantity of base glass
must be enough to cover all the metal oxide grains and to
guarantee good adhesion of the grisaille to the substrate
[56].

As described before, the base glasses of the grisaille’s
formulation were mainly constituted by SiO, and PbO.
Most of the base glasses present concentrations between
40 and 60 wt. % of SiO, to PbO, as seen in Fig. 3a. This
agrees with the range of proportions previously iden-
tified in the base glasses of historical grisaille samples
[3]. However, it disagrees with the historical written
sources, which usually describe the production of the
grisaille base glass with higher quantities of lead oxide
(3:1 PbO to SiO,) [1]. This difference could have vari-
ous explanations: the lead volatilisation during the firing
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Fig. 3 Normalised distributions of different components of the grisailles: (a) base glass components, (b) metal oxides used as colouring agents

process; the result of a degradation process that leaves a  samples JC010 and NC2 present more than 80 wt. % of
silica-enriched base glass; or the introduction of different  silica in the base glass composition Fig. 3a. The grisaille
compounds, such as borax (Na,B,0,-10H,0), to help to  layer thickness could influence this. When too thin, the
decrease the firing temperature, no longer needing for a  support glass could interfere with the reading of the gri-
base glass with higher amounts of lead. [13, 55-57] The saille composition.
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The normalised distribution of the various components
that could be responsible for the colouration of the grisailles
is shown in Fig. 3b. Iron oxide is the main component identi-
fied, followed by copper oxide Fig. 3b. This identification also
agrees with what was previously reported in historical gri-
saille samples and with what is described throughout grisaille
recipes across historical written sources [1, 3]. It was also pos-
sible to detect other compounds that could be used as col-
ouring materials, such as cobalt, manganese, and chromium,
mainly from samples from the seventeenth century onwards
Fig. 3b. Contrary to iron and copper, cobalt and chromium
were never described in the historical recipes, despite their
use being previously identified in historical samples from the
nineteenth and twentieth centuries [3, 8, 13, 58, 59]. Regard-
ing manganese, it is possible to find mention of it being used
in historical recipes from the 17th-century treatise Ars Vit-
raria Experimentalis by Johannes Kunckel [1, 60].

The zinc content was either considered as part of the base
glass or as a colouring agent. Zinc could be introduced with
the copper if a Cu—Zn alloy (brass) could be used instead of
pure copper as the colouring agent or as an impurity from
cobalt ores [6, 61, 62]. Zinc could also be introduced as a
component of the base glass, as it can help the melting pro-
cess, mainly associated with boron [63, 64].
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The summary of the main elemental components of the
grisaille paint layers, as obtained by LIBS is presented in
Table 3. As previously explained for the support glasses,
these results were obtained by assigning the spectral emis-
sion lines based on the NIST database [49].

The LIBS spectra allow the identification of the grisaille
composition through the emission lines from their main
components and possible impurities. The main elements
identified throughout the samples were silicon (Si) and lead
(Pb) (Table 3), being the main constituents of the grisailles
base glass matrix, as previously mentioned. Iron (Fe) is also
one of the main elements identified throughout the grisaille
samples, usually, together with copper (Cu), manganese
(Mn), cobalt (Co), and chromium (Cr) (Table 3). This con-
firms the PIXE analysis results regarding the oxides respon-
sible for the colouration of these paint layers (Fig. 3 and
Table 2). The rest of identified elements (Na, Mg, Al, K, Ca,
Ti, Zn, Sr, Ba), could represent compounds introduced to the
grisailles as stabilisers agents for the base glass, raw materials
impurities or/and elements from compounds that lixiviated
from the support glass to the grisaille matrix [8, 9, 40, 52].

It was also possible to identify the boron (B) in two sam-
ples, SS03 and UCS3, as this was not detected by PIXE analy-
sis due to its low X-ray energy. The identification of boron

Table 3 Elemental composition of the grisaille paint layers as determined by LIBS

Date Name Elemental composition
13-14th JC012 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Ag, Sr, Ti, K, Ni, Na, CaO
15th (1425-1430) CG1 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Na, CaO
CG2 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr,Ti, K, Na, CN, C,, CaO
16th (1510-1518) G1 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Zn, Cr, Na, CaO
G3 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Zn, Co, Cr, Na, CaO
16th (1500-1550) LS01 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr,Ti, K, Cr, Na, CaO
JCO15a Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Cr, Na, CaO
SJosé Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Zn, Co, Cr, Sn, Na, CaO
17th (1650-1700) JC020 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Cr, Na, CaO
JC010 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Ni, Na, CaO
19th (1845-1884) SSO1 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Ag, Sr, Ti, K, Co, Cr, Na, Ca0
SS02 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, K, Ni, Cr, Na, CaO
LS05 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr,Ti, K, Co, Ni, Cr, CaO
20th (1900-1934) JC007 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr,Ti, K, Cr, Na, CaO
NC1 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, S, Ti, K, Co, Na, CaO
NC2 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, S, K, Co, Ni, Cr, Na, CaO
SS03 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, B, K, Co, Cr, Sn, Na, CaO
LS03 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Zn, Co, Cr, Na, CaO
20th (1942-1950) SS04 Si, Fe, Mn, Mg, Ca, Al, Pb, Ba, Cu, Sr, Ti, K, Co, Cr, N3, Ca0
JC003 Si, Fe, Mn, Mg, Al, Ca, Pb, Ba, Cu, Sr, K, Zn, Co, Cr, Na, Ca0O
20th (1971-1976) ucs Si, Fe, Mn, Mg, Al, Ca, Pb, Ba, Cu, Ti, B, Co, Ni, Cr, Na
Unknown LS02 Si, Fe, Mn, Mg, Al, Ca, Pb, Ba, Cu, Sr, Ti, K, Zn, Co, Na, CaO
LS04 Si, Fe, Mn, Mg, Al, Ca, Pb, Ba, Cu, Sr, Ti, K, Co, Cr, Na, C,

The main components are indicated in bold
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in these grisailles, which are also the ones with the highest
amount of zinc oxide (Fig. 3 and Table 2), could indicate that
an enamel made by lead-zinc borosilicate glass was used as
base glass instead of a lead-silica glass [65].

LIF spectra of samples representing each chronology,
including the support glass and the corresponding gri-
sailles, are shown in Fig. 4. The spectra showed a broad
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feature between 300 and 700 nm, notwithstanding the spe-
cific characteristics of each sample related to its chemical
composition.

Two broad emission bands between 300 and 500 nm were
identified in the collected spectra and could be assigned to
oxygen deficiency centres (ODC) from the glass network
[30, 66, 67]. The band around 360 nm appearing both in
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Fig. 4 LIF spectra from selected samples of glass support (in black) and the corresponding grisailles (in red). The bands refer as ODC indicates
oxygen deficiency centres. The ions marked in red are only identified in the grisaille spectra, and the black ones can be identified in both grisaille
and support glass. (a—f) correspond to LIF spectra of samples JC012, CG2, JCO15a, JCO10, LSO5, LSO3 representative of each chronology studied.

Laser scattering: double wavelength of incident laser light
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the glass and grisaille spectra, for all the samples, can also
include a contribution from Fe*™/Fe>" chromophores [17].

The grisaille spectra on all the samples (red lines) pre-
sent a wider and broader feature with an additional shoul-
der at around 330 nm, which could be assigned to the Pb*,
revealing the main component of the grisailles composition,
as proved by PIXE (Fig. 3 and Table 2) and LIBS (Table 3)
analysis. [31, 68] The LIF spectra also include the contribu-
tion of a band around 475 nm that can be ascribed to the
presence of Cu*™ chromophores, with a distinct presence in
the grisailles composition [17].

Despite the presence of a higher variety of chromophores
in the grisailles from the twentieth century, as those based
on cobalt, chromium, and manganese (Fig. 3 and Table 3),

(a) SS01
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the fluorescence emission from these could not be found in
the LIF spectra (Fig. 4(f). This could be due to the reabsorp-
tion of the fluorescence emitted by these ions, as they all
have absorption bands in the near-UV and Visible spectral
ranges [69].

Morphology and thickness

Figure 5 shows the microscopic images of the cross-sections
of the fragments taken from the sample and mounted in
resin (SS01, SS02, NC1, NC2, SS03, UC3). In the images, it
is possible to appreciate the rough surface of these samples
and the high heterogeneity of the paint layers, with the pres-
ence of bubbles and various crystalline compounds that
could correspond to the colouring agents. Comparing the

(b) SS02

Fig.5 OM cross-section images of the samples (a) SS01, (b) SS02, (c) NC1, (d) NC2, (e) SS03 and (f) UC3. These images were obtained by reflected

light in dark field
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Fig. 6 Example of depth scans of the NLOM-MPEF signals (black line) on the grisaille paint layers from samples JCO12 (a) and JCO15a (b). The
Lorentzian function fit is marked in red. The FWHM values of the fits after refractive index correction, which give the values of thickness, are

indicated in blue

morphological appearance of these samples with the chemi-
cal results (Fig. 3 and Table 3), it is possible to understand
that the grisailles, mainly constituted by iron Fig. 5(b), pre-
sent a more homogeneous red layer. In contrast, grisailles,
with a higher variety of colouring agents Fig. 5(f), present
a heterogeneous layer with aggregates of different colours,
red from iron, blue spots related to cobalt and green ones to
chromium.

The cross-sections also allow the measurement of the
grisailles layer thickness to be compared with the results
obtained by the non-invasive technique NLOM-MPEE.

As revealed by the microscope images (Fig. 5), the gri-
sailles are rather heterogeneous, and both their surface and
thicknesses are uneven, so the MPEF in-depth scans were
acquired in at least five different areas in each sample. Fig-
ure 6 shows examples of profiles taken from the samples
JCO012 and JCO15a. The fitting using a Lorentzian function
allowed the determination of the apparent paint layer thick-
ness by means of the full width at half maximum (FWHM)
[40]. The real thickness of the grisailles was calculated by
correcting the FWHM value with the apparent depth cor-
relation factor F, which considers the effective numerical
aperture NA of the focusing objective lens and the refractive
index n of the analysed material (Eq. 1). [70, 71]

1—+/1— NA?
n — +/n2 — NA?
The correlation factor F of grisaille paints was pre-

viously determined by Oujja et al [40] with a value of
around 2. Table 4 shows the resulting thickness values

F = (1)

obtained by MPEF for the samples analysed and their
comparison with those obtained through optical micros-
copy images of the cross-sections.

The MPEF results, represented in Table 4, show the wide
range of thicknesses that the grisaille paint layers could
have, even throughout the same sample. This thickness
variety can be explained by the heterogeneity of the paint
layers themselves, as observed in the OM cross-section
images (Fig. 5), and by the application of this paint on the
glass (manually by a glass painter). The great range of val-
ues across the same sample is also the result of the two dif-
ferent ways in which the grisaille was used. In most cases,
the grisailles used to create outlines (grisaille d contourner)
doubles the thickness compared to the grisaille used for the
shadows (grisaille d modeler).

The comparison of the thickness obtained by MPEF
with those retrieved from OM, reveals a good agreement
between the two sets of measurements. The OM results
generally show a smaller range when compared with the
MPEEF results. This could be due to the limited sample frag-
ment mounted in resin for OM measurements. At the same
time, NLOM-MPEF can access all the sample surface, thus
allowing for better representativity of the total range of
thicknesses present in the same painted layer of the same
sample.

Discussion

Grisaille paint layers composition and evolution

In the ternary graph, shown in Fig. 7, it is possible to see the
distribution of the grisailles according to their composition,
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Table 4 Ranges of thickness of grisaille paint layers measured
by NLOM-MPEF (measurements taken from 5 spots along the
grisaille surface) and comparisons (when possible) with the OM
measurements

Date Name Thickness in yum
by MPEF by OM
13-14th JCo12 9-12 -
15th (1425-1430) CG1 14-28 -
CG2 12-36 -
16th (1510-1518) GI1 32-52 -
16th (1500-1550) LS01 34-60 -
JCO15a 16-27 -
S.José 27-64 -
17th (1650-1700) JC020 28-47 -
JCo10 24-52 -
19th (1845-1884) SSO1 14-36 18-25
S502 10-32 24-27
LSO5 20-50 -
20th (1900-1934) JC007 38-52 -
NC1 10-17 8-12
NC2 7-12 6-20
SS03 14-22 15
LS03 18-52 -
20th (1942-1950) SS04 17-50 -
JC003 12-30 -
20th (1971-1976) uc3 10-20 20-23

considering that the grisailles compositions obtained can pre-
sent changes regarding their original composition due to the
possible presence of degradation products. In general, the gri-
sailles tend to group according to their chronology not only
when they have the same provenance but also when their
provenance differs. The 15%-century samples (CG1, CG2) are
the ones that stand out more markedly. The key difference
between these and the rest of the samples is the use of copper
oxide as the main colourant. However, the preference for cop-
per in these samples is not related to their chronology but to
their provenance, as both came from the Church of Grodziec
(Poland). Previous studies verified that in countries from cen-
tral and south-central Europe (Germany, Poland, Italy, and
Czech Republic), the use of copper as the main colourant of
the grisaille was preferred [3, 10, 55, 72]. The sample from the
13-14th centuries (JC012), of French origin, also has a simi-
lar composition to that of grisailles from the same provenance
and chronologies from the church of Sainte Chapelle in Paris
(France), studied by Verita et al. [73].

The 16th-century samples are also grouped according to
their more specific chronology from 1510 to 1518 (G1, G3)
and 1500-1550 (JC015a, S. José). Only sample LSO1 is fur-
ther from the group (Fig. 7). The samples, in this case, have
different provenances, as samples G1, G3 and S. José are
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from two different monuments in Portugal, the Convent of
Tomar (G) and the Batalha Monastery (S. José), and sam-
ple JCO015 is identified as coming from the Low Countries.
Nevertheless, they have similar compositions (Fig. 7 and
Table 2), high quantities of (~ Fe,O; 24—39 wt. %), and lower
quantities of CuO (~6—4 wt. %). These compositions also
agree with those found in the literature for grisailles from the
same chronology and provenance [47, 74, 75]. It is known
that Flanders (a region that in the sixteenth century encom-
passed all the regions of Low Countries, Belgium, and Lux-
embourg) [48] at that time was exporting not only their glass
and stained glass but also their technical expertise through-
out Europe, including to Portugal. This led to a transference
of knowledge that can justify the similarity between the Por-
tuguese and Low Countries grisailles, even if the support
glasses have different compositions. [47, 48] LSO1 is identi-
fied as being from the sixteenth century. However, its com-
position, without iron and with a high amount of cobalt, is
more similar to 19th and 20th-century compositions (Fig. 3),
suggesting the possibility of a misattribution of the date.

Contrary to what was previously observed, the 17th-
century grisailles could not be grouped, as shown in Fig. 7,
despite having the same chronology and provenance (Low
Countries). The JC020 grisaille has a composition closer to
what was observed for the Low Countries sample, JC015,
from the sixteenth century, with similar proportions
between the base glass and components of the colouring
agents (Fig. 3). The JCO010 paint layer sample presents not
only a different composition from its 17th-century coun-
terpart (JC020) but also when compared with all other
analysed grisailles (Table 2). With higher amounts of SiO,
(~59 wt. %), K,0O (~ 11 wt. %), As,O5 (~ 3 wt. %), and NiO
(~1.2 wt. %) and a lower amount of PbO (~ 3 wt. %). This
grisaille also presents similar concentrations of Fe,O5 and
CoO (~5 wt. %), a low concentration of CuO (~2 wt. %),
and Bi,O; was also detected (~ 1.5 wt. %). The presence of
arsenic, nickel, and bismuth oxides can be related to typi-
cal contaminants accompanying the CoO on the smalt or
zaffre, proving that one of these two cobalt pigments was
used in this paint production [76]. The higher amount of
K,O can be related to using potassium-rich compounds,
such as wood ash or potassium tartar, to lower the melting
temperature and compensate for the low lead concentra-
tion [76]. The described composition is more similar to an
enamel composition than a grisaille paint layer, indicating
that the JC010 paint layer was wrongly identified as a gri-
saille when it probably is a dark enamel [76, 77].

Regarding the samples from the nineteenth and twenti-
eth centuries, they generally present fewer quantities of iron
and copper oxides (Fig. 7) due to the new colouring agents,
such as cobalt, chromium, and manganese (Fig. 3), as men-
tioned before. This change is visible towards these chronolo-
gies and transversal to the different provenances (United
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Fig. 7 Ternary plot of the main elements of the base glass (PbO + SiO,) versus the iron and copper oxide showing the dispersion of the grisailles

studied

Kingdom, Belgium, Norway, Germany, and Sweden), not
being possible to identify any compositional pattern. This
alteration can be related to the commercialisation of glass
paints and the industrial production of new formulations
[3]. The LIBS results (Table 3), allowed the identification of
boron in two of the grisailles studied, SS03 and UC3, from
Germany and Sweden, respectively. This can prove what
was proposed by Bettembourg [56] as the use of borax
(Na,B,0,-10H,0) to lower the melting temperature of the
grisailles without needing high amounts of lead. However,
in this case, it is possible to associate the presence of boron
with higher quantities of zinc (2.44-5.32 wt. %), indicating
the use of lead-zinc borosilicate glass as base glass instead
of a lead-silica glass. [65] Lead—zinc borosilicate glass was
previously identified in enamels studied by Beltrdn et al
[65], pointing towards the replacement of the common
rocaille (SiO,: PbO 1:3) by an enamel glass as the base glass
in the production of grisaille paints in these centuries.

By looking at their composition (Fig. 3) and their position
on the ternary graph (Fig. 7), it was possible to propose a
chronology for the two samples with unknown dates, LS02
and LS04. Both samples present higher quantities of manga-
nese. In addition, sample LS04 also has a significant quantity

of cobalt, indicating that both samples could be ascribed to
19th or 20th-century stained-glass productions.

Regarding the paint layers thickness, the results obtained
(Table 4) did not facilitate to understand if the thickness
variation is directly related to the chronology or provenance
of the samples. There is a slight indication that the more
modern samples, with chronologies from the nineteenth
and twentieth centuries, generally present thinner and more
homogeneous layers for their grisailles a modeler. This can
be related to heavier industrialisation of the paints produc-
tion, allowing for a better ground mixture, easy to apply, and
a change in the painting style.

Methodology proof

With the multi-analytical and complementary approach
applied throughout this study it was possible to obtain
accurate chemical composition and layers thickness of the
grisaille paints.

EDXRF and PIXE analysis allowed the identification
of the chemical composition of both the glass substrate
and painted layers. However, complemented with the
LIBS and LIF results, a more in-depth information was
obtained. The LIBS results showed a high sensitivity for
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the characterisation of grisaille paint layers composition,
being possible to distinguish key elements that could give
information on the manufacture of this historical material.
Even with a qualitative analysis, LIBS proves capable of
detecting the presence of light and trace elements, as well
as chromophores, highlighting differences in composition,
not only on the grisaille layers but also on the support
glasses. The advantage of this technique is that the pieces
can be analysed in situ on the surface without needing a
sample to be taken. The micro-ablation that occurs during
the analysis can be interpreted as micro-destructive. Nev-
ertheless, this ablation allows the cleaning of any surface
layer of alteration and to analyse the material as close as
the original. By contrary by EDXRF and PIXE, to ensure
that the compositions obtained are the closest to the
original ones and do not suffer from interferences of pos-
sible degradation layers, as we saw for the samples SS02
and SS04, a small piece needs to be taken and mounted in
resin in order to be analysed in cross-section.

As mentioned previously, the results from the NLOM-
MPEF showed good agreement with the measurements
taken with the OM images. Following the study of Oujja
et al. [40], this study validates this technique as an ade-
quate non-destructive way to retrieve the thickness of this
paint layers. Beyond the non-destructive characteristic, as
the analysis is done on the surface without the need for
sampling, NLOM also presents other advantages when
applied to cultural heritage objects compared to confo-
cal microscopes. The confocal microscopes have a higher
risk of potentially damaging the analysed material and
cannot penetrate deeply into materials. These issues are
overcome with the femtosecond lasers used for the excita-
tion of the MPEF signal. In this study, only the modality of
MPEF of NLOM was tested. Nonetheless, SHG and THG
could also be used to study grisaille layers to determine
structural information of crystalline or highly organised
structures without inversion symmetry (by SHG) and the
boundaries and positions of layers (by THG) [15, 38, 39].

Conclusions

In this study, a multi-analytical and complementary
approach was applied to characterise the grisaille paint lay-
ers and uncover the evolution of the manufacturing produc-
tion of these heritage materials throughout time. The study
has allowed to distinguish between different classifications
of the support glasses used, verifying that the glass compo-
sitions usually correspond to the common ones found for
the chronology and provenance of the samples. The multi-
analytical approach for the grisaille paint layers allows for
more accurate and complete composition identification.
Compositional differences and patterns have been identi-
fied throughout the samples when comparing the results
obtained with those from the literature. Between these
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patterns, it is noted the preference for the use of copper as a
colouring agent in the Central and South-Central European
countries, as seen in the samples from Poland (CG), and the
addition of new compounds (CoO, Cr,O3;, MnO) as colour-
ing agents in the 19th and 20th-century samples. The LIBS
analysis also allowed the identification of boron in two sam-
ples, SS03 and UC3, confirming that at one point, around
the seventeenth century, the lead base glass of the grisailles
started to be replaced by different compounds or glasses.
However, it is still unclear under which circumstances this
change happened as contemporary to that, it is also still pos-
sible to find grisailles with base glasses with high contents
of lead. For the studied samples, as they also presented high
amounts of zinc, with a similar composition to that of lead—
zinc borosilicate enamels, it is possible to propose that an
enamel glass could have been used instead of the common
lead-silicate glass from the grisailles. With these analyses, it
was also possible to identify misattributions of chronology
on the samples and clarify if a specific dark paint on glass is
a grisaille paint layer or a dark enamel.

The thickness of the grisailles was obtained, validating
the NLOM-MPEF capability for the non-invasive measure-
ment of the different paint layers from historic stained-glass
windows. The results showed that promoted by the intrin-
sic heterogenic properties of the grisailles, a great variety of
thickness is found, even across the same fragment.

To conclude, a multi-analytical and complementary
approach is always the best option to achieve a better
material characterisation. Nevertheless, it is also important
to look for and test a non- or micro-destructive techniques
when analysing historical materials, to better protect them
and overcome restrictions on the sampling process.
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