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Abstract: Grisaille is a glass-based paint made by mixing metal oxides (iron or copper) with ground
lead-silica glass. The different materials used in the grisailles production (coloring agents, base glasses,
or vehicles) can significantly impact their long-term stability along with the firing conditions. The
main objective of this study was to achieve a better understanding of how raw materials influence the
production and stability of these paints. To achieve this goal, 27 grisailles were produced, changing
the raw materials, proportions, and firing conditions. The produced grisailles were characterized by
X-ray fluorescence and diffraction, colorimetry, roughness measurement, and contact angle analysis.
Adhesion and cleaning tests were also made. The use of different coloring agents has a significant
impact on the final appearance and on the chemical and mechanical stability of the grisailles, but
the latest is more affected by both firing temperature and the proportion between pigments and
base glasses.

Keywords: grisaille; recipe; raw material; conservation; degradation

1. Introduction

Grisaille was the first glass-based paint to be used in stained-glass windows. Its
use spread throughout Europe from the 12th century onwards and is still used today
for drawing the contours and outlines of images, called grisaille a contourner, and for the
creation of shadows and textures, grisaille a modéler [1-4]. The grisailles are usually dark
in color, mainly in different shades of brown and black, and are painted on colored or
colorless glass supports, together with enamels, sanguine paint, and yellow silver stain [1].

The production of grisailles has changed slightly throughout history, being the first
known grisaille recipe found in the Eraclius manuscript “De coloribus et artibus Romanorum”
(10th-13th century). He describes the paint as a mixture of iron pieces that fall from the
blacksmith anvil (oxidized iron) with Jewish glass (ground lead-rich silicate glass) [2,5].
This mixture of base glass and coloring agents is painted on a glass support and fired at
temperatures between 650 °C and 700 °C. After the firing process, a thin and uneven layer
of colorless glass matrix with the iron oxides dispersed is formed [4]. Recipes for grisaille
paint can be found in historical written sources from the 10th to the 19th century [2]. The
most common raw materials identified were base glasses and coloring agents [2]. The first
ones permit the grisaille adhesion to the glass support and the second ones are responsible
for the grisaille coloration.

The use of a high lead base glass continued to be described throughout the different
sources, slightly varying the proportions between the silica and lead oxide or even changing
the lead source in their production [2]. Initially, it is mainly described the use of burned lead,

Appl. Sci. 2022, 12, 10515. https:/ /doi.org/10.3390/app122010515

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app122010515
https://doi.org/10.3390/app122010515
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-8843-1101
https://orcid.org/0000-0003-4134-2819
https://orcid.org/0000-0003-0847-7711
https://orcid.org/0000-0002-3762-8788
https://doi.org/10.3390/app122010515
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122010515?type=check_update&version=1

Appl. Sci. 2022,12,10515

2 of 27

for example, in the Eraclius recipe for the Jewish glass [5], and later, as in the 19th-century
treatise Guide du verrier by Georges Bontemps, is described the use of the mineral minium
as lead source [6]. The lead is going to reduce the melting temperature of the glass [7],
which explains the continuous use of high lead-based glasses in the grisailles formulation,
as it is needed that grisailles have a lower melting temperature than the support glass in
the way of not deforming it during the firing treatment of the paint layer.

Iron and /or copper oxides, obtained by firing these two metals, were the main coloring
agents described throughout the centuries [2,4]. However, firstly proposed by Vasari in
the 16th century [8] and later described by Bontemps [6], iron-based pigments, such as
hematite, substituted these burned metals. Manganese is also punctually mentioned as a
grisaille colorant in the 17th century, Ars Vitraria Experimentalis by Johannes Kunckel.

The recipes also describe vehicles and temporary binding agents as the materials that
give the necessary plasticity to the mixture before being fired, allowing it to be applied on the
glass support. The vehicles usually described are the common ones used in glass painting,
such as gum arabic and water, wine, vinegar, egg white, and oils such as lavender oil [2].

Other materials, including various compounds, are also mentioned. The role of these
compounds on the grisailles is uncertain, as it is not described in the historical sources.
However, they can be understood as additives that can work as opacifiers and/or fluxes.
For example, the use of the pigment lead white, described by Kunckel, can also help lower
the melting temperature [2].

From the analytical results on historical grisaille compositions described in the litera-
ture, it was possible to confirm the use of the same raw materials described in the historical
recipes. The grisailles generally present a high quantity of lead in their composition [9-11],
which confirms the use of high lead-based glass in their production. Verita et al. [12]
analyzed the stained-glass windows of the Sainte Chapelle in Paris (France) and detected
that the vitrified matrix had high lead contents, low silica, and small traces of alumina, lime,
and potash [12]. Regarding the coloring agents, it is also possible to confirm the recurrent
use of iron and copper oxide, being the hematite (x-Fe,O3) and tenorite (CuO), the main
compounds identified in historical grisailles used individually or in combination, agreeing
with the historical recipes [9,11,13]. When used in combination, mixed compounds can be
formed as the cuprospinel (CuFe,Oy), identified in the grisailles from the cathedral of St.
Michael and Gudule in Brussels (Belgium) [14] and in the grisailles from the cathedrals of
Avila and Segovia (Spain) [11].

All the changes in the raw materials can impact the grisaille paint layer’s stability. As
stated by Bettembourg [8] and further developed by others [1,9], the grisaille alteration can
depend on its chemical composition and production methodology. Additionally, the firing
conditions, the ratios between the different components, and the compatibility between
the grisaille and the substrate glass can also influence the grisaille’s durability [1,15,16].
For example, Schalm et al. [14] proposed that the pulverization of the granular grisailles
from the windows of the cathedral of St. Michael and St. Gudule in Brussels (Belgium)
is probably due to an unbalanced proportion between the coloring agents and base glass,
which can lead to a poor attachment of the pigment grains to the glass support that can
easily result in paint loss with small mechanical stress [1,14].

Hence, this work aims to understand better how raw materials and different pro-
duction methodologies can influence the long-term conservation and stability of grisaille
paint layers.

2. Materials and Methods
2.1. Samples Preparation

To better understand the influence of the raw materials on the stability, different
grisailles were produced and compared, changing one variable each time, showed in
Table 1. The variables considered were the coloring agents, base glass, vehicles and other
materials, the firing temperature, the proportions between the components, and the glass
support (Table 1).
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Table 1. Produced grisailles formulation and image of the final grisaille for each formulation. (* grinding time, PA: practical grade).

. Coloring (CA:BG) . . ..
Variables Agents (CA) Base Glass (BG) Wit% Vehicle Substrate Glass Temp. Image of Final Grisaille
- Iron and copper R ocaille Gum arabic + . °
Model grisaille o (SiO, + PbO (1:1) Glass slide 650 °C
(1:1 wt%) (1:3 Wt%) water
. Burned iron . Gum arabic + . o
Coloring agents (10 min *) Rocaille (1:1) water Glass slide 650 °C
Burnefl tron Rocaille (1:1) Gum arabic + Glass slide 650 °C
(5 min *) water
Burned copper Rocaille (1:1) Gum arabic + Glass slide 650 °C
(10 min *) water
Burned’coF per Rocaille (1:1) Gum arabic + Glass slide 650 °C
(5 min *) water
Manganese . ) Gum arabic + . o
(PA MnO,) Rocaille (1:1) water Glass slide 650 °C
Hematite Rocaille (1:1) Gum arabic + Glass slide 650 °C

(PA F92 03 )

water
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Table 1. Cont.

. Coloring (CA:BG) . Other . -
Variables Agents (CA) Base Glass (BG) Wit% Vehicle Materials Substrate Glass Temp. Image of Final Grisaille
He.m atite Rocaille (1:1) Gum arabic + - Glass slide 650 °C
(mineral) water
Burr}ed umber Rocaille (1:1) Gum arabic + - Glass slide 650 °C
(pigment) water
Iron and copper SiO, + PbO . Gum arabic + ) . o
Base glass (1:1 Wt%) (1:2 Wt%) (1:1) water Glass slide 650 °C
Iron and copper SiO, + PbO ) Gum arabic + ) . o
(1:1 wt%) (1:4 Wt%) (1) water Glass slide 650°C
Iron and copper . . . o
(1:1 Wt%) Rocaille (1:1) Water - Glass slide 650 °C
Vehicles
Iron and copper . . . . . °
(151 Wt%) Rocaille (1:1) Urine Glass slide 650 °C
fron and copper Rocaille 1:1) Wine - Glass slide 650 °C

(1:1 Wt%)
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Table 1. Cont.

. Coloring (CA:BG) . Other . -
Variables Agents (CA) Base Glass (BG) Wit% Vehicle Materials Substrate Glass Temp. Image of Final Grisaille
Iron and copper . . . B . °
(151 Wt%) Rocaille (1:1) Vinegar Glass slide 650 °C
. Iron and copper . . Gum arabic + Alumina . °
Other materials (1:1 Wt%) Rocaille (1:1) water (PA ALO) Glass slide 650 °C
Iron and copper . . Gum arabic + Antimony . °
(151 Wt%) Rocaille (1:1) water (PA Sby03) Glass slide 650 °C
Iron and copper Gum arabic + Burned lead
© (0 wts /I;P Rocaille (1:1) . and tin Glass slide 650 °C
: ? (Pb,SnOy)
Iron and copper . . Gum arabic + Burned lead . °
(1:1 Wt%) Rocaille (1:1) water (PA PbO) Glass slide 650 °C
Iron and copper . . Gum arabic + Lead white . o
(1:1 Wt%) Rocaille (1:1) water (2PbCO5-Pb(OH),) Glass slide 650 °C
Temperature fron and copper Rocaille (1:1) Gum arabic + - Glass slide 600 °C

(1:1 Wt%)

water
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Table 1. Cont.

. Coloring (CA:BG) . Other . -
Variables Agents (CA) Base Glass (BG) Wit% Vehicle Materials Substrate Glass Temp. Image of Final Grisaille
fron and copper Rocaille (1:1) Gum arabic + - Glass slide 700 °C
(1:1 wt%) water
Iron and copper . . Gum arabic + ; . o
CABG (1:1 Wt %) Rocaille (2:1) water Glass slide 650 °C
fron and copper Rocaille (12) Gum arabic + - Glass slide 650 °C
(1:1 wt%) water
I d Gum arabic + Mixed-alkali
Substrate ror(lla'?w(t:";l:;per Rocaille (1:1) water ‘ ) glass 650°C
: ¢ (K-Na-Ca-Si)
glasses
Iron and copper . . Gum arabic + ; Soda-lime glass o
(1:1 wt%) Rocaille (1) water (Na-Ca-Si) 650°C
. Potash-lime
I“’I(lf_‘;“jv‘tfgf;per Rocaille (1:1) G“ﬂgg’m " - glass 650 °C
' ? (K-Ca-Si)
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The initial grisaille (Model grisaille) formulation agrees with the most common raw
materials identified in the historical treatises [2]. It was made by mixing burned iron and
burned copper (1:1 wt%) as coloring agents, rocaille (51O, + PbO (1:3 wt%)) as base glass,
gum arabic (0.1 wt%) and water as temporary binder and vehicle. The base glass and the
coloring agents were used in a 1:1 wt% ratio, painted on the non-tin side of commercial
glass slides (Deltalab®), following the paint application methodology from Vilarigues
et al. [3], and fired at 650 °C. A total of 26 grisailles were produced, changing one of the
variables each time (see Table 1).

Practical grade (PA) reagents were used for some raw materials. All the brands and
manufacturers of the commercial PA reagents are described in Appendix A.

Low-carbon steel and standard copper plates were used to obtain the burned iron and
copper. Both metals were cut into small pieces and placed in crucibles in an electric furnace,
during two heating cycles, to a maximum temperature of 850 °C for 1 h, promoting metal
oxidation. Afterward, both metals were grounded into a fine powder for 5 and 10 min.

The SiO, and PbO for the base glasses were mixed in different proportions (Table 1).
After 10 h of melting in an electric furnace (BARRACHA-model E6) at 1100 °C in ce-
ramic crucibles, the mixtures were poured into water, dried, and grounded in an electric
agate mortar.

Different substrate glasses were produced (Table 1) according to the compositions of
the most common glasses from historical stained-glass windows [17]. They were melted
in an electric furnace (TERMOLAB-BL) at 1400 °C for 3.5 h in ceramic crucibles and
blown into the form of a roundel using the same procedure as the historical production of
crown-window glass.

Most of the other materials added were practical grade reagents, except for the burned
tin and lead and the lead white. The burned tin and lead were produced according to the
descriptions from historical recipes; lead oxide (PbO) and tin oxide (SnO,) were mixed in a
1:1 wt% ratio and burned at 900 °C for 2 h. This burned lead and tin was also known as a
lead-tin-yellow pigment, widely used in oil painting [18].

The lead white pigment used was produced by exposing metallic lead to acetic acid
(vinegar) [18].

The other materials (alumina, antimony, burned lead and tin, burned lead, and lead
white) were added to the grisailles in proportions of 1:1 wt% with the coloring agents.
Moreover, the sum of the coloring agents and the other materials was 1:1 wt% with the base
glass. Leaving grisailles with 1:1:2 wt% proportions between the coloring agents, other
materials, and base glasses. These ratios were chosen according to the quantities described
in the historical recipes with these materials in their composition [2].

The different grisaille mixtures were painted and fired at different temperatures
(600 °C, 650 °C, 700 °C) in a side-heated electric furnace (BARRACHA-model E1) with a
temperature ramp of 3 °C/min up to the maximum temperature, followed by a dwell of
30 min and slow cooling. All the produced grisailles are shown in Table 1.

2.2. Analytical Techniques

The raw materials were characterized by X-ray fluorescence and X-ray diffraction. The
produced grisailles were also characterized by X-ray diffraction, and the roughness, contact
angle, and color were measured. Adhesion tests were conducted to assess the grisaille
adhesion to the glass substrate. The tests were performed following the European ISO Stan-
dard, Paints, and varnishes—Cross-cut test (ISO 2409:1992). Following Wolbers” methods [11],
a cleaning study was also performed to test the chemical solubility of these grisailles.

To identify the chemical composition of the different base and substrate glasses used
in the sample preparation, analyses by X-ray fluorescence (XRF) were made. A PANalytical
MagicX (PW-2424) wavelength-dispersed X-ray spectrometer equipped with a rhodium
tube (SUPER SHARP) of 2.4 KW was used. Analytical determinations were carried out
through the analysis of the IQ" curve, with a powder sample prepared in a fused pearl. The
pearls were made in a Philips Per]’X3 equipment, melted at 1050 °C, in a platinum-gold
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crucible, from a homogeneous mixture of 0.3 g of the powder sample (<75 pm) and 5.5 g
of LipB4O7 anhydrous and LiBr. The spectrometer can detect light elements starting at
18.998 atomic mass (Fluor) with an LOD of 0.1%.

The X-ray diffraction (XRD) of the coloring agents and additives identified the different
crystallographic phases of the compounds. A Benchtop X-Ray Diffractometer RIGAKU
model MiniFlex II, with a monochromatic X-ray source (Cu Ka line) operated at 30 kV of
acceleration voltage and 15 mA current, was used. The spectra were acquired between 10
and 90° at 2° /min. X-ray diffraction was also performed on selected grisaille samples to
identify the different crystallographic phases formed after the firing. A PANalytical X'Pert
PRO MPD diffractometer equipped with an X'Celerator 1D detector and CuK« radiation
was used. The XRD data were acquired in the 14°-90° 20 range with a step size of 0.02°.
The identification was made using the X'Pert HighScore Plus software and database and by
comparison with the RRUFF database.

Roughness analyses were performed to compare and measure the surface morphology
of the samples. The measurements were made with an optic rugosimeter TRACEIT from
Innowep GmbH. Three-dimensional topographical maps (5 x 5 mm) with a resolution of
2.5 um (Z-axis) and 2.5 um (in X/Y axes). To compare the samples, the roughness maps
were flattened, and the arithmetic average roughness (Ra) was measured with the software
Gwyddion version 2.6 [19] and calculated following the method of Ariyathilaka et al. [20]

Contact angle measurements were made to attest to the hydrophilic and hydrophobic
properties of the samples. Under laboratory conditions, the tests were performed using
distilled water with the Easy Drop Standard “Drop Shape Analysis System” Kruss DSA
100 measurement apparatus. The diameter of the needle was 0.5 mm, and the drop volume
was 2 pL. The contact angle of each sample was measured automatically by the equipment
in the fitting mode three times, and the average and standard deviation were calculated.

A colorimetric study was performed to measure the color variations between the
samples. A CM-700d Konica Minolta portable sphere spectrophotometer with vertical
alignment with an 8 mm diameter mask was used. The data were recorded in SCI mode
with a D65 Illuminant and processed by Color Data Software CM-1 in a CIELab color space.
The analyses were performed in three areas on each sample, calculating the averages and
standard deviation. Afterward, the results were converted to xy coordinates, and the results
were expressed in a chromaticity diagram CIE 1931.

Finally, it was assessed the adhesion of the grisaille to the glass substrate by adhe-
sion tests. Following the European ISO Standard, Paints, and varnishes—Cross-cut test (ISO
2409:1992) [21]. An Elcometer® cutter with six blades (equally spaced by 1 mm) was used,
and the ISO Standard Adhesive Tape was applied. The test was performed three times
in each sample to verify the uniformity samples and the reproducibility tests. Based on
the Classification Table for the ISO Standard [21], the results were classified from 0 to 5,
corresponding to:

0—Only the superficial layer was cut without detachment;

1—Only the superficial layer was cut, with residual detachment visualized in the
adhesive tape;

2—Residual detachment was visualized in the adhesive tape, and between 5% and
15% of the cross-cut area was affected;

3—Residual detachment was visualized in the adhesive tape at 15%, and 35% of the
cross-cut area was affected;

4—Residual detachment was visualized in the adhesive tape at 35%, and 65% of the
cross-cut area was affected;

5—Total detachment of the painted layer.

A cleaning study was made on the studied samples to test their solubility and sol-
vent resistance. The methodology for this cleaning study was adapted from Wolbers’
methods for painted surfaces of temperas and oils [22]. The solubility was evaluated
with four solutions: distilled water (H,O), distilled water (H,O) + ethanol (CoHgO) (1:1),
ethanol (C,HgO), and acetone (C3HgO). These solutions are the most common ones used
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for cleaning stained-glass windows [23]. The samples’ surfaces were cleaned with each
solution (Figure 1) under the observation of the Dino-Lite Edge digital portable microscope,
model AM7915MZTL.

H,0 + C,HO
e (1:1)

Figure 1. Representation of the order and position in which the solvents were tested in the sample
cleaning study.

3. Results and Discussion
3.1. Raw Materials Characterization

The chemical composition of base and substrate glasses was analyzed by X-ray fluo-
rescence, as shown in Tables 2 and 3.

Table 2. Base glasses composition (wt.%) obtained by XRF.

NazO A1203 5102 Kzo Fe203 PbO
5i0,:PbO (1:2) - 0.57 33.9 - - 65.5
SiO,:PbO (1:3) - 1.97 26.7 - - 713
Si0,:PbO (1:4) 0.56 2.26 28.6 0.15 0.22 68.0

Table 3. Substrate glasses composition (wt.%) obtained by XRE.

Na20 MgO A1203 SiOZ P205 K20 CaO MnO Fe203
Glass slide 11.8 443 158 729 <005 072 812 <005 <0.10
Sodallimeglass 1,5 170 378 grg <005 380 920 <005 <0.10

(Na-Ca-Si)
Potash-lime glass
. <0.10 1.79 2,97 525 1.75 20.7 199 <0.05 <0.10
(K-Ca-5Si)
Mixed-alkali glass
(K-Na-Ca-Si) 9.49 3.89 3.29 62.1 0.14 6.88 134 0.37 0.40

Despite the increasing amounts of lead added, it was impossible to see a significant
change in the chemical composition of the different base glasses. The glass with a 1:4
proportion between SiO; and PbO experienced a high lead loss due to lead volatilization,
shifting the proportion of SiO:PbO to (1:2.5). In the binary SiO,-PbO systems, a sharper
deflection of PbO volatilization occurs with the increase in lead content, mainly above
80 wt% PbO [7,24]. It is also possible to see small amounts of aluminum contamination
through the different glasses and sodium, potassium, and iron in the SiO,:PbO (1:4) glass.
All these elements can appear due to contamination from the crucible during the melting
process. The increasing amount of these elements in the 5iO,:PbO (1:4) glass can be related
to the higher amount of lead in the initial formulation, which leads to a higher contact time
of the molten glass with the crucible walls as the glass reaches the melting point faster and
at a lower temperature. As these contaminations represent less than 3 wt% of the base
glasses composition, they would not influence the future results of this study.
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The composition of the different substrate glasses is shown in Table 3. These glasses
represent typical compositions from historical stained-glass windows: soda-lime silicate
glass, potash-lime silicate glass, and mixed-alkali glass [17]. The glass slide is also classified
as soda-lime silicate glass.

The X-ray diffraction results showing the crystallographic phases of the coloring
agents and other materials tested are represented in Table 4. All the diffractograms can
be consulted in Appendix B, Figures A1-A11. For the burned iron, it was only possible to
identify it in one state of oxidation after the burning, iron (III) oxide (hematite (Fe,O3)).
On the other hand, the burned copper is composed of a mixture of copper oxides in two
different oxidation states, copper (I) oxide (cuprite (Cu,O)) and copper (II) oxide (tenorite
(CuQ)). For the mixture of burned tin and lead, independent oxides of lead (massicot
(PbO) and minium (Pb304)) and tin (cassiterite (SnO,)) were formed instead of a mixed
compound as a lead stannate (Pb,SnOy). It was also possible to confirm the crystallography
of the chosen practical grade (PA) compounds: burned lead (PbO), manganese (MnO,),
hematite (Fe30,), alumina (Al;O3), and antimony (Sb,O3)). Iron (III) oxide (hematite
(FepO3)) was also identified for the pigments/earths of natural hematite and burned
umber. This was unexpected, as usually, these natural pigments have a significant number
of impurities, such as aluminum oxide in the hematite and manganese in the burned
umber [18]. Hydrocerussite ((Pb3(CO3)2(OH);), which is a hydrated form of cerussite
(PbCO3), was identified in the lead white pigment [18].

Table 4. Crystallographic phases of the coloring agents and other materials obtained by XRD.

Crystallographic Phases

Burned iron Hematite (Fe;O3)
Burned copper Cuprite (Cuy0), Tenorite (CuO)
Manganese PA Pyrolusite (MnO,)
Hematite PA Hematite (Fe;O3)
Natural hematite Hematite (Fe;O3), Quartz (SiO,)
Burned umber Hematite (Fe;O3)
Alumina PA Corundum (Al,O3)
Antimony PA Senarmontite (Sb,O3)
Burned SnPb Cassiterite (SnO,), Massicot (PbO), Minium (Pb3Oy)
Burned lead (PbO PA) Massicot (PbO)
Lead white Hydrocerussite (Pb3(CO3),(OH),)

3.2. Grisaille Properties
3.2.1. Crystallographic Characterization

Table 5 shows the crystalline phases of the model grisaille, which, as described in
Table 1, was produced with a mixture of burned iron and copper. The results showed the
presence of hematite (Fe,O3), cuprite (CuyO), and tenorite (CuO). These three compounds
were previously identified in the raw material characterization (Table 4). However, the
tenorite (CuO) has a much higher intensity in the model grisaille (Figure A12) than in the
burned copper diffraction result (Figure A2). This indicates that some cuprite oxidizes into
tenorite during the grisaille’s firing. At these firing conditions, tenorite is also a more stable
compound [25].

The results for the grisailles (Figures A13-A17) where different coloring agents were
used and the other materials added are also shown in Table 5. The identified components
were the same as the ones identified in the raw materials (Table 4), except for the burned
lead and lead white that formed the compound called iron barysilite (PbgFe(5i,O7)3) after
the firing process of the grisailles.

The crystalline phases identified correspond to previously identified components in
historical grisaille samples characterized and found in the literature [11,12,26-28].
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Table 5. Crystallographic phases of selected grisaille samples obtained by XRD.

Grisailles Crystallographic Phases

Model Hematite (Fe;O3); Cuprite (CupO); Tenorite (CuO)

Hematite PA Hematite (Fe,O3)

Natural hematite Hematite (Fe,O3); Quartz (SiO»)

Burned umber Hematite (Fe,O3)

Hematite (Fe,O3); Cuprite (CupO); Tenorite (CuO);
Burned lead Iron barysilite (PbgFe(Si;O7)3)

Lead white Hematite (Fe;O3); Cuprite (CuyO); Tenorite (CuO);

Iron barysilite (PbgFe(Si;Oy)3)

3.2.2. Colorimetry

The results from the colorimetric study are represented in Figure 2. It is possible to
observe that the results for almost all the samples agree with the model grisaille, where
similar color was observed. The use of hematite (PA or natural) and burned umber changes
the color toward a warmer hue (red). These color alterations are directly related to the
original colors of raw materials, as the hematite and burned umber are red-brownish
pigments [18,29]. In addition, after the firing process, it was not possible to see any changes
in the crystalline compounds used for these grisailles, as visible in Table 5 results, where
hematite (Fe,O3) was identified as the main compound for these three grisailles.

0.91

03 04 05 06 07 08
X

Figure 2. Colorimetric xy diagram for the produced samples.

Additives can also influence the final color of the grisaille. The lead white and the
PbO turn the grisailles toward a yellowish color, as shown in Figure 2. This change can
occur because when these two lead compounds are added to the grisaille mixture, a new
compound called iron barysilite (PbgFe(SipO7)3) is formed (Table 5). This compound
is a lead-rich iron silicate that can be a low-temperature precursor of the melanotekite
(PbyFey(SipO7)O,) with a yellowish/greenish hue, which can influence the final color of
the grisaille [11,30,31].
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3.2.3. Roughness
The results from the roughness analyses are represented in Figure 3.
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Figure 3. Results from the roughness analysis, (a) graphical representation from the average rough-
ness (Ra*) and their standard deviations of the produced grisaille samples, (b) graphical representation
of the roughness variation throughout the sample length.

The interpretation of these results must consider that despite the painting technique
for applying the paint layers into the substrate glass was the same, and it was made by
hand, so the final grisaille layers are susceptible to handcraft-related variations.

Considering what was described before, it is possible to see that the average roughness
of the different grisaille samples does not present a significant variation from the model
grisaille (1.99 & 0.28 < Ra* < 11.96 £ 1.20 um), being the average of almost all the samples
inside the range of the model grisaille standard deviation, as shown in Figure 3a. Never-
theless, the samples where the copper and iron were only grounded for 5 min presented a
higher rugosity (7.08 &+ 1.59 pm and 11.96 + 1.20 um, respectively) because the size of the
metal’s oxides was larger (Figure 3a). Nonetheless, iron presents a higher rugosity than
copper because iron has higher hardness [20] in comparison and, therefore, needs more
grinding time to obtain a thinner powder.

In the grisaille, with more base glass (CA:BG (1:2)), the roughness almost doubles the
value (10.81 & 0.20 pm) compared with the model sample and with the one with less base
glass (CA:BG (2:1)) (4.71 £ 0.85 um). This can indicate that the time or temperature used
during the firing was insulfficient to soften this higher quantity of base glass and even out
and flatten the painted layer.

The different base glasses used (SiO,:PbO (1:2) and SiO,:PbO (1:4)) also give higher
rugosity (9.95 & 1.54 um and 8.71 &= 0.84 um, respectively) to the grisaille when compared
with the one used for the model grisaille (SiO:PbO (1:3)) (3.90 &= 0.99 pum). These glasses
are the ones that have less lead in their composition, as shown in Table 2. Therefore, they
have a slightly higher melting temperature being less flattened.

An increase in rugosity (8.30 £ 2.82 pm) and its range of standard deviation was also
observed when water without any binding agent was used as a vehicle (Figure 3a). This is
a consequence of the difficult manipulation and application of the paint only using water
as a vehicle. Less plastic paint is obtained during the application, which leads to a struggle
to achieve a final smooth and even layer.
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The standard deviation of the results also gives information about the samples because
smaller ranges, such as the samples with burned umber, alumina, and burned tin and lead,
can indicate a homogeneous surface throughout the sample.

Higher rugosities can increase the grisailles porosity, which, combined with bubbles
and fissures, can increase the susceptibility of water penetration through the paint layers,
accelerating the degradation process [11-13,16,32-35]. This is visible in the samples from
the Czech Republic, studied by Cilova et al., where it was possible to visualize vertical
and horizontal cracks throughout the paint layer [35]. These cracks probably facilitated the
water penetration and were responsible for the high corrosion observed in the substrate
glasses under the grisaille layers, ultimately leading to the paint layers’ pulverization.

Figure 3b shows the roughness variation throughout the length of the samples, rep-
resenting the samples with the higher (Fe 5 min sample) and lowest (lead white sample)
rugosity measured, as well as the model sample result. It is possible to observe that the
grisaille with a higher rugosity (Fe 5 min) also presents higher variation throughout the
length of the sample with its uneven line, and the grisaille with the lowest rugosity (lead
white) presents a more even line throughout the length of the sample.

3.2.4. Contact Angle

Figure 4 represents the results of the contact angle measurement. The higher the
contact angle, the more hydrophobic the sample is. In Figure 4a, it is possible to visually
compare the water drops” behavior when in contact with the model sample and with a less
hydrophobic one (burned umber).

The results showed a general decrease in the contact angle value when comparing
the samples with the model grisaille (Figure 4b), which is related to a decrease in the
hydrophobic characteristics of the samples, demonstrating the impact that the different
variables can have in the grisailles water affinity.

The samples that showed a higher affinity with water were the ones where hematite
(PA or Natural) and burned umber were used, as well as the grisaille fired at 700 °C and
the one painted on a mixed-alkali glass (Figure 4b).

These results do not match the roughness results (Figure 3). It is expected that the
samples with higher rugosity were the more hydrophilic ones. However, the water fixation
and penetration in the grisaille paint layers depend on several factors. For example,
unsuitable firing temperatures and incompatibilities between the grisaille and glass support
can create bubbles and tensions, which can lead to the formation of fissures helping the
water penetration [16,35,36]. This is visible in grisailles from the windows of the church
of S. Giovani and Paolo in Venice (Italy) [16], which showed fissures in the grisaille layers
parallel to the glass support, which were caused by a wrong firing temperature. This can
justify the lower contact angles presented by the grisaille fired at 700 °C and the one painted
on a mixed-alkali glass. The intrinsic properties of some raw materials can also influence
the hydrophilic characteristic of the painted layers. This can be observed in the grisailles
where hematite (PA and Natural) and burned umber were used, which also presented
lower angles. Shrimali et al. previously studied hematite ores used to have contact angles
between 60 and 10 degrees [37] depending on the surface hydroxylation, which agrees with
the results presented in Figure 4b. The burned iron did not present similar results despite
also being hematite. This could happen because it was produced by burning steel pieces,
which creates a more aggregated and less thin powder with a less exposed contact surface.

The contact angles from the different support glasses without grisaille paint were
also measured, and the results are shown in Figure 4b. Comparing the results from the
support glasses with the ones obtained for the grisailles painted on them, it is possible to
understand that most support glasses present lower contact angles, being more hydrophilic
than the grisaille layers. This indicates that the grisaille layer, in its majority, can become a
protective layer, diminishing the water affinity of the surface. However, this also depends
on the raw materials’ intrinsic characteristics, the firing temperature, the compatibility
between the grisaille and the substrate glasses, and the presence of fissures or bubbles.
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Figure 4. Contact angle results (a) examples of pictures taken during the test and (b) graphical
representation of contact angle for all the samples (model sample in black).

3.3. Adherence Tests

The adhesion tests were made to analyze the compatibility between the grisailles and
substrate glasses, shown in Table 6. The model sample was classified as 1, where only the
superficial layer was cut, as it is practically impossible to observe the marks in the painted
sample, but with residual detachment visualized in the adhesive tape (Table 6). Eighteen of
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the samples (Fe 10 min, Fe 5 min, Cu 10 min, Cu 5 min, BG (5iO; + PbO 1:2), BG (5iO; +
PbO 1:4), water, urine, wine, vinegar, alumina, antimony, burned PbSn, 700 °C, CA:BG (1:2),
mixed-alkali glass, soda-lime glass, and potash-lime glass) were also classified as 1 showing
similar results as the one for the model grisaille. Indicating that these variables will not
significantly impact the adhesion of the grisaille paint layers. Some of these variables’
results are shown in Table 6.

Table 6. Results from the adhesion test.

Variable Painted Samples Adhesion Test
(Before Adhesion Tests) (Reflected Light) Adhesive Tape Classification
Natural hematite - - 3
Burned SnPb - 1
Lead white - 2
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Table 6. Cont.
Variable Painted Samples Adhesion Test
(Before Adhesion Tests) (Reflected Light) Adhesive Tape Classification
CA:BG (2:1) 2
CA:BG (1:2) 1

The samples where pigments were used as coloring agents were the ones that showed
less adhesion of the grisaille (Table 6). The samples with manganese and natural hematite
had an intense detachment, classified as 3, and the hematite PA and burned umber grisailles
were classified as 4 (Table 6). In general, the pigments have smaller particle sizes than the
burned metals leading to an increase in the contact surface between the coloring agents
and the base glass, needing more base glass to obtain a suitable fixation of the coloring
agents. The proportion between the base glass and coloring agents must be enough to
cover the metal oxide grains to guarantee suitable adhesion to the substrate, as described
by Bettembourg [32]. These results also agree with the contact angle results (Figure 4)
where hematite (PA and natural) and burned umber were added and also showed a higher
affinity with water, reinforcing that the addition of these raw materials seems to create less
resistant grisailles.

The grisailles where burned lead and lead white were used also showed poor adhesion
and were classified as 3 (Table 6). These compounds can also create unbalanced grisailles,
altering the ratios between coloring agents and base glasses.

A lower temperature (600 °C) can also be insufficient to create a suitable adhesion, be-
ing probable that the softening temperature was not reached, as well as a higher proportion
of coloring agent to base glass.

Table 7 shows some examples of the cleaning test. The results showed that the model
grisaille is not susceptible to solvents, with only some fibers of the cotton swab being visible
on the surface, and the cotton swabs did not present any grisaille trace (Table 7). Similar
results were observed in 18 of the samples (Fe 10 min, Fe 5 min, Cu 10 min, Cu 5 min, BG
(510, + PbO 1:2), BG (5iO, + PbO 1:4), water, urine, wine, vinegar, alumina, antimony,
burned PbSn, 700 °C, CA:BG (1:2), mixed-alkali glass, soda-lime glass, and potash-lime
glass) the same stable samples as in the adhesion tests.

The grisailles that showed a higher susceptibility to the solvents are the ones where
burned umber, burned lead, and lead white were used, with the total removal of the
painted layers. The grisailles where manganese and hematite were used showed traces
of the grisaille on the cotton swabs but without removal marks on the painted layers
(Table 7). These results show that a superficial layer was susceptible to the solvents, but the
underneath layer was more resistant to cleaning. The solvents that have a higher impact
are ethanol and acetone.

The cleaning test also proved that a temperature of 600 °C is insufficient to create a
cohesive and well-adhered grisaille. The solvents can remove the painted layer, and the
ones based on ethanol seem more aggressive, leaving intense marks on the surface (Table 7).
The sample with a higher proportion of coloring agent can also interfere with the grisaille
adhesion, showing some traces of paint on the ethanol cotton swab (Table 7).

The cleaning and adhesion tests (Table 6) agree with each other, as the less adhered
grisailles are more susceptible to the solvents tested.
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Table 7. Results from the cleaning test.

Variable Before

Model

Fe 5 min

Cu 5 min

Manganese

Hematite PA

Natural hematite

Burned Umber

Burned SnPb
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Table 7. Cont.

Variable Before After Swabs
¢\
PbO

Lead White I
o .
700 °C

CA:BG (2:1)

CA:BG (1:2)

4. Conclusions

This work has demonstrated that raw materials directly affect the properties and
appearance of grisailles.

Iron and copper produce similar hues; however, pigments, such as hematite (PA or
natural) and burned umber, and other materials, such as lead oxide or lead white, can give
specific characteristics or appearances to the final paints.

The raw materials also affect the affinity to water. Less hydrophobic materials, such
as hematite and burned umber, showed an increase in the hydrophilic properties of the
samples. A significant impact was also visible at temperatures of 700 °C and when a less
compatible substrate glass (mixed-alkali glass) was used. These reinforce the idea that the
water absorbance and penetration depend not only on the rugosity, as these results do not
agree with the roughness analysis.
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Considering the analysis, the average roughness (Ra*) did not show significant changes
in the majority of cases. Concluding that the most important factor is the size of the coloring
agents, and it is essential to adapt the grinding time to the hardness of each raw material in
the grisailles production.

Another factor that can significantly impact the long-term stability of the grisailles
is the unbalanced volume between base glass and coloring agent particles. The adhesion
and cleaning test results proved this. As in both cases, the grisailles with hematite (PA or
natural), burned umber, and manganese showed less resistance to the cutting blades and
solvents, justified by the small particle size of these pigments, which created unbalanced
grisailles in volume. Additionally, the grisailles with hematite (PA and natural) appeared to
have a superficial layer susceptible to the solvents and another one that was more cohesive
and resistant underneath.

With the characterization and tests carried out in this study, it was possible to under-
stand that the grisaille stability can be affected by different reasons. The variables chosen to
be tested allowed for establishing the main factors that must be considered while choosing
the raw materials to produce grisaille. The coloring agents used and their treatments before
being added to the grisailles can greatly affect the final paint layer, not only in its color but
also in its rugosity, affinity with water, and adhesion and chemical resistance. The different
base glasses mainly affected the grisailles rugosity, as their lead content will influence the
firing conditions needed. The different vehicles tested did not greatly impact the final
grisailles. It was only possible to observe the rugosity affected by the use of water due to
the difficult manipulation of the grisaille and its application before firing. Paired with the
coloring agents, the other materials can also significantly affect the grisailles, mainly the
burned lead and lead white. Not only was it verified that they would impact the color and
the grisailles adhesion and chemical resistance, but also that during the firing process, they
will decompose and link themselves with components from the coloring agents and base
glass, forming new mixed compounds. The temperature is another variable to consider as
unsuitable firing conditions affected the grisailles, demonstrated by the contact angle mea-
surements and the results of the adhesion and cleaning tests. As described in the literature
and verified in this study, the proportions between the different grisaille components can
also be a key factor in the grisailles stability. The tests verified that unbalanced proportions
could affect the grisailles rugosity, mainly their physical and chemical adhesion to the
glass support. The different substrate glasses tested showed suitable compatibility with the
grisailles. Nevertheless, it is always a factor to take into consideration.

Furthermore, aging tests on the produced samples will significantly contribute to
understanding the long-term stability and possible corrosion mechanisms of these grisailles,
as well as to verify the real impact that each of the variables tested in this study will have
on the grisaille layers degradation.
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Appendix A

Table Al. Brands/manufacturers of the commercial materials used in the samples production.

Compound Brand/Manufacturer
Si0, Sigma-Aldrich Chemistry
PbO Sigma-Aldrich Chemistry0
SnO, Alfa Aesar Chemicals
Fe,O3 Riedel-de Haén-Honeywell Research Chemicals
MnO, Panreac Quimica SLU-ITW Reagents
Al,O3 Fluka—Honeywell Research Chemicals
Sb,O3 Alfa Aesar Chemicals
Burned Umber Winsor and Newton
Gum Arabic Debitus-Peintures pour verre
Appendix B
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Figure A1. XRD result for burned iron. Hematite (H) was identified.
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Figure A2. XRD result for burned copper. Cuprite (C) and tenorite (T) were identified.
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Figure A3. XRD result for manganese PA. Pyrolusite (P) was identified.
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Figure A4. XRD result for hematite PA. Hematite (H) was identified.
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Figure A5. XRD result for natural hematite. Hematite (H) and quartz (Q) were identified.



Appl. Sci. 2022, 12, 10515 22 of 27

H Hematite

Intensity (a.u.)

10 30 5|0 70 90
2Theta (deg)

Figure A6. XRD result for burned umber. Hematite (H) was identified.
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Figure A7. XRD result for alumina PA. Corundum (O) was identified.
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Figure A8. XRD result for antimony PA. Senarmontite (S) was identified.
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Figure A9. XRD result for burned tin and lead. Cassiterite (A), massicot (M), and minium (N)
were identified.
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Figure A10. XRD result for burned lead. Massicot (M) was identified.
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Figure A11. XRD result for lead white. Hydrocerussite (Y) was identified.
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Figure A12. XRD result from the model grisaille. Hematite (H), tenorite (T), and cuprite (C)
were identified.
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Figure A13. XRD result from the grisaille where hematite PA was used. Hematite (H) was identified.
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Figure A14. XRD result from the grisaille where natural hematite was used. Hematite (H) and
quartz (Q) were identified.
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Figure A15. XRD result from the grisaille where burned umber was used. Hematite (H)

was identified.
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Figure A16. XRD result from the grisaille where burned lead was used. Hematite (H), cuprite (C),
tenorite (T), and iron barysilite (B) were identified.
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Figure A17. XRD result from the grisaille where lead white was used. Hematite (H), cuprite (C),
tenorite (T), and iron barysilite (B) were identified.
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