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RESuMO

O presente trabalho teve como objetivo o estudo das técnicas de pintura aplicadas ao vitral,
nomeadamente grisalha, sanguine, e esmaltes azuis. Foram também realizados ensaios de corrosdo em
amostras de esmalte azul reproduzidas, de pigmento e de pintura, de forma a melhor compreender o0s
mecanismos de corrosdo envolvidos. Foi efetuada uma pesquisa e interpretacdo de diversos tratados
historicos, datados entre os séculos XI1 e XVIII, com o estudo da producéo e tecnologia das técnicas de
pintura mencionadas, desde a preparacao do pigmento até a preparagdo da pintura. Para o efeito, foram
caracterizadas matérias-primas utilizadas na producéo de esmaltes azuis, seguindo-se a reproducgdo de
esmaltes azuis, sanguine e grisalha, a partir de receitas histéricas previamente selecionadas. Foram
considerados varios parametros a ter em conta durante a sua producdo, nomeadamente temperatura de
cozedura, moagem do pigmento, e ligante (componente organico que permite a adesdo da pintura ao
substrato) a utilizar na preparagdo da pintura. A metodologia selecionada para a caracterizacdo das
amostras consistiu na utilizacdo de diversas técnicas analiticas para um estudo quimico e morfol6gico
das mesmas. Os resultados obtidos foram comparados com trés cole¢des de vitrais Portuguesas, do
Mosteiro de Santa Maria da Vitéria na Batalha, Charola do Convento de Cristo em Tomar e do Palacio
Nacional da Pena em Sintra.

O presente estudo permitiu concluir que a escolha das matérias-primas para a producao do pigmento, a
selecdo do ligante a utilizar, e a temperatura e taxa de variagdo de aquecimento terdo impacto no
resultado final obtido, resultando em camadas pictéricas com maior adesdo ao substrato vitreo. A
utilizagdo de zaffre (mistura de cobalto calcinado e areia) como agente colorante ndo permite determinar
a priori qual a cor final da pintura, ao contrario da adigdo de smalt (vidro azul de cobalto) como agente
colorante. Relativamente aos estudos de corrosdo, os ensaios de imersdo efetuados as amostras em po
de esmalte azul permitiram verificar que com a lixiviacdo dos ides alcalinos, os ides Co*" serdo
influenciados por outros ides presentes na matriz vitrea. Em alguns casos, verificou-se que os ides Pb**
foram os responsaveis pela alteracdo da cor, com a formacdo de carbonato de chumbo hidratado,
resultando na alteracdo da cor do pigmento. Relativamente a pintura com sanguine, foi possivel concluir
que o resultado final obtido é fortemente influenciado pela taxa de variacdo de aquecimento. Concluiu-
se também que a utilizacdo de goma-arabica como ligante, ou como ingrediente no pigmento, resulta
numa maior adesdo da camada pictorica ao substrato vitreo. Relativamente a pintura a grisalha, foi
possivel concluir que existiu uma evolucdo da morfologia da pintura com um aumento da sua
homogeneidade.

Os resultados obtidos para as reproducdes efetuadas mostraram uma boa correlacdo com os resultados
obtidos para as amostras historicas, evidenciando a importancia do cruzamento das fontes histdricas

com o trabalho laboratorial.

Palavras-chave: vitral, pintura, esmaltes, sanguine red, grisalha, Portugal
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ABSTRACT

The aim of this project is the study of the painting techniques applied on stained glass, namely blue
enamels, sanguine red and grisaille. The research and interpretation of several historical treatises dated
to between the 12" and the 18™ centuries was performed, with a study of the production technology of
the selected painting techniques, from the preparation of the pigment to the preparation of the paint.
With this in mind, selected raw materials used in the productions of blue enamels were characterized,
followed by the reproduction of selected historical recipes of blue enamels, sanguine red and grisaille.
Parameters such as firing temperature, grinding and binding agents used to apply the paint on glass were
considered. The methodology selected was based on the chemical and morphological characterization
of both reproduced powder and paint samples by means of a multi-analytical approach. In addition to
the reproduction of the selected painting techniques, corrosion studies of blue enamel powder and paint
samples were performed in order to provide new insights on the corrosions mechanisms involved. The
results obtained were compared with selected painted stained-glass fragments from Portuguese
collections, mainly the ones located in Batalha Monastery, Charola from Convento de Cristo in Tomar
and Pena National Palace in Sintra.

The present study concluded that the choice of the raw materials to the production of the paint, the binder
used to apply the paint, and parameters such as firing temperature and heating rate, had an impact on
the outcome, resulting on a better adhesion of the paint layer to the base glass. The use of zaffer as a
colouring agent does not allow determination of the outcome of the paint, while adding powdered glass
such as smalt gives to the glass painter the opportunity to know the final result before firing. As for
sanguine red paint, it is concluded that the final outcome of the paint is strongly influenced by the heating
rate. In addition, the use of gum arabic as a binder, or in the pigment itself, provides a better adhesion
of the paint layer to the base glass. Regarding the grisaille painting, the main differences between the
recipes lay on the composition of the lead-based glass and on the ratios between this and the colouring
agents. Furthermore, it was also possible to conclude that there is an evolution of the morphology of the
grisailles towards a higher homogeneity of the surface.

The corrosion studies performed on blue enamels allowed to conclude that with the lixiviation of the
alkaline components of the enamel, cobalt will be influenced by other neighbouring ions, leading to a
change of colour. In some cases, Pb?* ions may also be the responsible for this colour change, with the
formation of lead white.

The results obtained were in a good agreement with the characterization of the selected case studies,

evidencing the importance of the intersection between the written sources and the laboratory work.



Keywords: stained glass, painting, enamels, sanguine red, grisaille, Portugal
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INTRODUCTION

Einen Glasmaler heit man mich

In die Glaser kann schmelzen ich
Bildwerk manch herrliche Person

Adelig Frauen und Mann

Samt Iren Kindern abgebildet

Und Ihres Geschlechts Wappen und Schilt
Dass man erkennen kann darben

Wann das Geschlecht herkommen sei.

Jost Amman, Panoplia Omnium Artium (The Book of Trades), 1568

| was sixteen years old when in an Art History class we opened our books on the chapter concerning the
Gothic period, and | remember being amazed by an impressive view of the interior of the Saint Chapelle,
laid out in the first two pages. In 2015, during the Corpus Vitrearum meeting in Paris, | had the
opportunity to visit the Saint Chapelle for the first time, and the feeling was ten times stronger. Many
wrote about stained glass, but one must witness its splendour to understand the meaning of the words.
Stories were told through a game of light and shadow, with coloured and colourless glass decorated with
painted motifs, depicting the stories that the Bible could not transmit to the illiterate (Figure 1). The
glass-painter played a significant role to tell these stories. The meaning of “glass-painter”, as well as his
role and importance in the creation of a stained-glass window, slowly emerged during the course of the
centuries. Theophilus, in his 12"-century treatise De diversibus artibus demonstrates that the work was
developed within a workshop. Glazier was a term coined to those who worked on all aspects of window

making, thus it was expected that the glass-painting process was also assigned to the glazier.
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Figure 1 — Saint Chappelle, in Paris, is an example of the employment of stained glass windows in Gothic
architecture. The set of stained glass panels is dated between the 13" and the 15™ centuries, presenting 19™-
century repairs. © Andreia Machado.

The term “glass-painter” appeared for the first time between the end of the 15" century and beginning
of the 16" century (Brown and O’Connor, 1991). Eventually, the division of tasks between the glazier
and the glass-painter became more acute: to the glazier was reserved the work of assembling the painted
glass fragments and leading the window, while the glass-painter was in charge of the artistic side of the
stained glass making (Brown and O’Connor, 1991). In fact, this division is notorious already in the 14"

century, as we can attest by Cennino Cenninis’ 7/ Libro dell’Arte, when in chapter CLXXI he writes:

“It is true that this occupation is not much practiced by our profession, and is practiced more by those
who make a business of it. And ordinarily those masters who do the work possess more skill than
craftsmanship, and they are almost forced to turn, for help on the drawing, to someone who possesses
finished craftsmanship, that is, to one of all-around, good ability. (...) And he gives to you a colour
which he makes from well-ground copper-fillings, and with this colour, (...) you shape up your
shadows gradually, matching up the arrangement of the folds and the other details of the figure, on
one piece of glass after another...”

This passage demonstrates that the glass-painter was involved in the outline of the composition, shadows
and other details. The process of fusing the paint was controlled by the glazier. Cenninis’ words do
demonstrate this division of tasks, but also a disregard towards glass painting (Thompson, 1954; Baroni,
Brun and Travaglio, 2013). Despite this clear division between the craftsman and the artist, glass
painting was still considered less important when compared with panel painting. As Sarah Brown and

David O’Connor wrote, “it is profoundly ironic that outstanding glass-painters, working in a medium



which after all is concerned with light, should end up in relative obscurity.” (Brown & O’Connor 1991,
p. 4).

This panorama shifts between the 15" and beginning of the 16™ century when many glass-painters begun
to be acknowledged by their work; the increase of demand for small-scale stained-glass panels most
likely contributed to this event (Figure 2) (Brown and O’Connor, 1991).

Figure 2 — Published in 1568, Jost Amman’s Panoplia Omnium Artium (The Book of Trades) presents a woodcut
representing a glass-painter working in his studio®.

This recognition coincides with the moving of many glass-painters throughout the European territory to
fulfil new commissions. As an example we have Luis Alemao (Alem&o as “German” in Portuguese, a
name certainly associated with his origin), who appears designated as a glass-painter in three documents
dated to between 1446 and 1450, from Batalha Monastery, in Portugal (Hess, 2000).

The interest in stained glass slowly decreased during the 18" century, and many stained-glass panels
were replaced by clear glass, with few surviving in their original location (Giesicke and Ruoss, 2000).
This interest was rediscovered in the 19" century with the publication of several texts and treatises on
stained glass and its painting techniques. From the 14™ century and during the Renaissance period, the
publication of manuscripts increased, especially in the 16" century, reaching a culmination point during
the 17" and 18" centuries. The oldest “systematic publications” known about glass, glass paints and
stained glass are the ones by Antonio Neri (1612) and André Félibien (1676) (Caen, 2009). Many other
treatises were published, preserving the knowledge of ancient glass painters, combining them with the

technologies available.

6 https://commons.wikimedia.org/wiki/File:Glasmaler-1568.png, accessed in October 2017.

3



Over the last years we have been witnessing an increasing enthusiasm on rediscovering the old
techniques used by glass-painters. Several studies have already been made concerning historical stained-
glass production techniques in the Middle Ages, with an important publication by Sebastian Strobl —
Glastechnik des Mittelalters (1990) —, which approaches the production of glass and glass painting
during this period, linked with the information provided by the manuscripts. (Strobl, 1990). Karine
Boulanger made a compilation of the technical treatises of the Medieval Period up to the 15" century,
which deal with stained glass and stained-glass painting (Boulanger, 2004). Regarding the study and
reproduction of stained-glass paints, two important works are worth mentioning: Antoine de Pise, I'art
du vitrail vers 1400, edited by Claudine Lautier and Dany Sandron (2008), and The production of stained
glass in the county of Flanders and the duchy of Brabant from the XVth to the XVIIIth centuries:
materials and techniques, by Joost Caen (2009). The first is an important study of the 14"-century
treatise Memoria written by Antonio da Pisa, unveiling the complexity of the chemical composition of
the colours apart from the interpretation of the treatise (Lautier and Sandron, 2008), while the second is
an investigation on several stained-glass collections from Flanders studying the development of the
enamel and sanguine red techniques, with the reproduction of blue enamels according to their chemical
composition (Caen, 2009). These works contributed to an accurate translation of the recipes, important
to understand the mains steps of stained-glass paint production. Currently, two on-going international
projects are focused on the transmission the technique and its translation in practical recipes. The
ARTECHNE project, led by Sven Dupré on a collaboration between the Utrecht University and
University of Amsterdam, combines both “humanities and historical disciplines with laboratory work”.
The “Making and Knowing Project”, led by Pamela Smith from Columbia University, explores the
“relationship between the laboratory work as we know today and the craft workshops of the past, on an

intersection between artistic making and scientific knowing”.

The study and characterization of stained glass in Portugal has been a subject of interest from many
years. We can say that the modern historiography on the Portuguese stained-glass panorama began in
1827 with the publication Memoria Historica sobre as Obras do Real Mosteiro de Santa Maria da
Vitoria, written by D. Francisco de S. Luis, where the author mentions the poor conditions of the stained
glass of Batalha Monastery. Carlos Barros published in 1983 O vitral em Portugal, Séculos XV-XVI,
dedicated to the collection of Batalha, and with reference to other stained-glass panels located at Setubal,
Viana do Alentejo and Vila do Conde (Barros, 1983). The research in stained glass in Portugal was later
carried by Pedro Redol who published in 2003 a complete historic and iconographic study of the stained-
glass collection of Batalha Monastery (Redol, 2003). The research on Portuguese stained-glass has been
also developed at Vicarte and Department of Conservation and Restoration during these past 15 years
by Mércia Vilarigues and her team. Archaeometric studies on stained glass and stained-glass painting
of the Batalha collection were undertaken, and corrosion studies on the degradation mechanisms on

medieval glass and the development of new cleaning solutions (Vilarigues and Da Silva, 2004;
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Vilarigues and da Silva, 2006, 2009, Vilarigues et al., 2009, 2011; Machado, Redol and Branco, 2011,
Delgado et al., 2015, 2017). Later on, the finding of the stained-glass assemblage in Tomar allowed its
historic and chemical characterization, and also a historic, iconographic and archaeometric comparison
with the 16™-century stained-glass group of Batalha was established (Delgado et al., 2011; Vilarigues,
Delgado and Redol, 2011). Recently, the stained-glass collection of Pena National Palace has been
studied in detail from historical, archival, analytical and preservation perspectives, under the
project “The Stained glass collection of King Ferdinand II of Portugal — Assembling the puzzle”
(Martinho and Vilarigues, 2011, 2012; Rodrigues et al., 2014; Rodrigues and Martinho, 2015; Coutinho
et al., 2016).

A detailed knowledge of the materials used by the artists is essential to unveil their techniques and to
place their works in a technical and historical context, as well as to establish adequate conservation
procedures. To achieve this goal, one must be aware of the production technology and the “know-how”
which was transmitted throughout time. When it comes to stained-glass painting, this relation between
the written sources and the laboratory work has not received an in-depth study.

The present thesis aims to contribute with new knowledge on the paint materials applied in stained glass.
Three of the main painting techniques were approached in this work — enamels, sanguine red, and
grisaille —, with special emphasis on enamel paint and in particular the colour blue. The blue colour was
considered due to the many challenges that present when related to other coloured enamels from coeval
period. With this in mind, a chemical and morphological characterization of blue enamel paint was
undertaken. An approach to the production of sanguine red and grisaille paint was also performed. Silver
staining was not considered on this work since its production technology does not result on a painted

surface stricto sensu.

The key points covered in this work are:

e Research and interpretation of historical recipes;

e ldentification and characterization of selected raw materials used in the production of blue
enamel paint;

e Study of the production technology of paints, from the preparation of the pigment to the
preparation of the paint, including reproduction of historical paint recipes;

e Chemical and morphological characterization of the reproduced paints, both in powder form
and painted on glass.

e Corrosion studies of selected blue enamel powder and painted samples.

The results obtained were compared with selected painted stained-glass fragments from Portuguese
collections, mainly the ones located in Batalha Monastery, Charola from Convento de Cristo in Tomar

and Pena National Palace.



The work is divided into five chapters. Chapter one presents an introduction of the three painting
techniques approached in this study: grisaille, enamels and sanguine red, with a brief context and
definition of each paint, followed by an approach of the conservation issues related to these paints.
Chapter two presents a historic context of the three Portuguese collections.

Chapter three deals with the historic treatises on stained glass and stained-glass painting. This chapter
is divided into two sections, spanning the periods before and after the publication of L ’Arte Vetraria by
Antonio Neri (1612), the first published work about glass: sub-chapter 3.1 concerns the late antique,
medieval and pre-modern manuscripts from the Greek and Roman period until the 16" century; sub-
chapter 3.2 treats the publications from the 17" and 18" centuries and also includes comments on two
important 19™-century publications.

Chapter four describes the methodology, the process, and the results for each of the painting techniques
studied, with special attention paid to blue enamels. The comparison with the case studies is also
presented.

Finally, the overall conclusions of this work are presented, providing an outlook of the research which
is still required concerning each of the painting techniques, and also questions which appeared during

the course of this study.

With this thesis | hope to contribute for a better understanding of the technology behind these stained-
glass painting techniques, and of the deterioration mechanisms related to blue enamels, and to raise

awareness to this amazing heritage present in our country.



CHAPTER 1

THE HISTORY AND TECHNOLOGY OF STAINED GLASS PAINTING

TECHNIQUES

As described by Pedro Redol in his publication dedicated to the stained-glass collection of Batalha
Monastery, stained glass can be defined as a group of glass pieces, colourless, pot-metal, or as an
application of two pieces of glass, with or without paint. The glass pieces are united by a lead came,
which is welded by a lead and tin alloy (Redol, 2003, p. 61).

In the Middle Ages, the art of stained glass flourished with the construction of cathedrals, reaching its
peak in the 13" century during the Gothic architecture (Brisac, 1989). The aesthetics of light introduced
by Abbot Suger, with the construction of St. Denis also contributed to its growth. During the
Romanesque period, the walls were the support of the building’s structure. With the arrival of the Gothic
architecture and the introduction of new architectural elements such as flying buttresses, walls were torn
down to make room for monumental stained-glass windows. It was not only a complement to the
architecture but also a symbolic path between God and believers.

Stained-glass painting was, from the beginning of the craft, one of the processes which experienced
many changes and developments. The grisaille painting was the first painted decoration ever to be used
on stained glass. This paint was applied to depict on coloured and clear glass figures, motives and other
details as a thick opaque line, known as grisaille a contourner, or as a thin line, known as grisaille a
modeler (Caen, 2009; Schalm et al., 2009). After the arrival of yellow silver staining, it was also used
for shadows and other details of the composition. Examples of 17""-century stained glass reveal the high-
quality compositions that could be obtained using only the grisaille (Figure 1.1).

The grisaille can be defined as a black or brown product, obtained by the mixture and grinding of
metallic oxides (such as iron or copper) and a fluxing agent, with a vehicle charged with a certain amount
of binder (Debitus, 1991; Verita, 1996). This paint is applied to the front side of the stained-glass panel.
Some examples of the application of the grisaille on the back side can be found, such as the 15"-century

stained-glass donor panel from Waterperry Church in Oxford (Brown & O’Connor 1991, p. 59).



(a) (b)

Figure 1.1 — The grisaille painting followed the development of the painting on stained glass, allowing the
creation of very detailed compositions with the use of grisaille. A portrait, dated to the 16™ century (Portugal) (a),
and Zabulon, dated to the 17 century (Low Countries) (b), are two examples which can be found in the
collections from Convento de Cristo, Tomar, and Pena National Palace, Sintra, respectively.
© Joana Delgado, © Luis Pavéo, Parques de Sintra, Monte da Lua S.A.

The treatise De coloribus et artibus romanorum, written by Eraclius between the 10" and the 13™
centuries, indicates the mixture of a lead-rich glass with iron filings. Brass, a Cu-Zn alloy, could also be
added to the base glass. At the present moment, there is knowledge of only two stained-glass collections
that present grisaille painting with a significant amount of zinc, one of them is the 16™-century stained-
glass collection located at Batalha Monastery, and the other is the 16" century stained-glass collection
located at Salvatorkirche, in Munich (Marschner, 1996; Vilarigues, 2008). The 12™-century treatise De
diversibus artibus by Theophilus prescribes a mixture of a lead-rich glass with copper fillings. To apply
the grisaille, wine, urine, or gum arabic were used as binders. The paint is heated at temperatures
between 600 °C and 750 °C, allowing the attachment of the paint layer to the base glass, with a complete
fusion of lead and the decomposition of some of the oxides, with the releasing of the metals which
remain in its solid state dispersed in the glassy matrix (Verita, 1996; Vilarigues and Da Silva, 2004).
This melting process results in a proper fusion of the paint, creating a diffuse interface between the
grisaille and the base glass (Carmona, Villegas and Navarro, 2006; Machado et al., 2017). The result is
an opaque layer with an uneven surface (Figure 1.2). The quality of the grisaille will, thus, depend on
the thickness of the paint, the correct amount of binder, and the firing temperature (Caen, 2009).
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Figure 1.2. — Schematic representation of the production of a grisaille paint.

The grisaille painting together with the application of silver staining (from the 14™ century onwards)
remained until the beginning of the 15" century the only painting technique used in stained glass (Strobl,
1990). Yellow silver staining consists on the application of a diluted silver salt with a binder, such as
gum arabic, usually on the backside of the stained glass panel. The paint is heated at temperatures
between 500 °C and 650 °C (Verita, 1996). The yellow colour is provided by the penetration of the Ag*
ions in the glass matrix by ion exchange with K* and Na* ions, and reduced to Ag®, forming clusters of
silver nanoparticles of various sizes, between 10 and 200 nm (Jembrih-Simbdirger et al., 2002; Delgado
etal., 2011). From this point on, coloured glass was slowly being superseded by clear glass, onto which
was applied the paint (Raguin, 2008; Caen, 2009). The application of coloured enamels was the
highpoint of this tendency. In the words of Peter van Treeck, “the stained glass window became a
picture” (Treeck 2000, p. 57). The use of enamel painting became widespread, led by Switzerland and
the Netherlands (Figure 1.3). Stained-glass painting reached its apogee between the 16" and 17"
centuries (Giesicke and Ruoss, 2000). The production of domestic stained glass, which arose in Central
Europe in the beginning of the 15" century, was also fundamental for the use of enamels. Stained glass
painters came up with the necessity to create more complex “pictorial compositions”, for which grisaille

and yellow silver staining were not sufficient (Strobl, 1990).



Figure 1.3 — The Last Supper (PNP2855), a stained glass panel from the Low Countries dated to the 17% century,
is a perfect example of the employment of colourful enamels in combination with the application of grisaille,
yellow silver staining and sanguine.
© Luis Pavao, Parques de Sintra Monte da Lua, S.A.

One of the first examples where we can see the application of enamels in stained glass is in the diptych
of Maarten van Nieuwenhove, dated to 1487 by Hans Memling. The background of the diptych presents
windows with stained glass roundels painted with blue enamels (Figure 1.4). The first known written
evidence (until today) of recipes for enamel painting is a 16"-century treatise, known as the Antwerp
Manuscript (from the Plantin-Moretus museum collection, M. 64), with recipes for blue, green and
purple enamels (Caen, 2009).

L

Figure 1.4 — Diptych of Maarten Nieuwenhove, dated to 1487, located at the Memlingmuseum in Bruges.
© Web Gallery of Art.
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An enamel can be defined as a glass that melts at a lower temperature than the glass to which it is applied
(Schalm et al., 2009). It is usually applied on the front side of the stained glass panel. It is composed of
a base glass, a colouring agent and a binder. Both base glass and colouring agent are mixed together and
melted at high temperatures. While fused, the glass is poured into cold water creating a thermal shock,
which breaks the glass into several chunks. These pieces of glass are ground into a fine powder to mix
with a binding agent, such as gum arabic or an essential oil. After firing the paint, at temperatures
between 600 °C and 700 °C, the result is a homogeneous layer of enamel over the glass that can be
opaque or more translucent. The thickness of the enamel layer can vary between 10 um and 100 pum.
Unlike the usual results obtained for the grisaille, the interface between the enamel layer and the base
glass is usually sharp (Schalm et al., 2009; Machado et al., 2017) (Figure 1.5).

Coloured blue glass Grinding Mixture with binder Paint

Powdered blue glass Homogeneous layer

!

Vitreous blue enamel paint

Annealing

Glass Substrate Glass Substrate
600 °C - 700 °C

Figure 1.5 - Schematic representation of the production of a blue enamel paint.

Contemporary with enamel paint, sanguine red was used as a translucent or opaque paint, applied on
both front and backside of the stained glass panel. Its application in stained glass began probably in the
second half of the 15" century (Caen, 2009). Opaque sanguine could be used mainly to represent
architectural features (e.g. marble or brick), or in heraldry, and translucent sanguine was used mainly
for carnations. Two examples of the application of both translucent and opaque sanguine red are
represented in Figure 1.6.
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Figure 1.6 — Two examples of the application of sanguine red: (a) The Parable of the Good Samaritan (PNP2871), a
production from the Low Countries dated to the 17™ century, and (b) stained glass roundel Elena Schrader, dated probably
to the 18™ century. © Luis Pavéo, Parques de Sintra Monte da Lua, S.A., © Fernanda Barroso.

Recipes show that the main pigment used for this type of paint was iron oxide, in the form of hematite
(a-Fe20s). Anhydrous oxides can produce a range of colours from black through shades of purple and
red. Particle size and shape influences the final colour obtained. For the red colour, iron particles present
a diameter between 0.1 pum and 0.5 pum (Schwertmann and R. M. Cornell, 2000). Antonio Neri in his
treatise L ’Arte Vetraria (1612) writes about how to make Crocus Martis (the alchemical name for red
iron oxide obtained from the oxidation of iron or steel), saying “this way causes the glass to appear a
rather bright blood red” (Engle 2003, p. 34). Other authors such as Johann Kunckel and Pierre Le Viel
present various translations and recipes for the production and application of this pigment. Besides the
presence of iron red, other components could be added such as lead, rocaille’ (lead glass), antimony or
bismuth. To apply the paint, a mixture of the pigment with a “watered gum arabic” is prescribed in the
written sources, such as Pierre Le Vieil’s 18"-century treatise L’Art de la Peinture sur Verre et de
Vitrerie (Vieil 1774, p. 195).

Sanguine can thus be defined as a mixture of red iron oxide, as a mineral or obtained by the oxidation
of iron filings, with gum arabic and water. As referred above, the pigment can also be mixed with other
components such as lead-base glass, antimony, and bismuth. The paint is fired at temperatures between
600 °C and 700 °C (similar to the enamels), resulting on a thin layer of a homogeneous and smooth paint,

opaque or more translucent according to the amount of paint applied (Figure 1.7).

" Rocaille is a term to refer a lead-rich glass, already used for the production of grisaille painting. This term first
appeared in the 17" century treatise Recueil des Essaies des Merveilles de la Peinture by Pierre Le Brun (1635).
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Figure 1.7 - Schematic representation of the production of a sanguine red paint.

Stained-glass paint, whether is referred to grisaille, sanguine or enamels, can present many conservation
issues. They can be related to external factors such as relative humidity and temperature variations, to
the way of applying the paint by using the incorrect proportion of pigment:binder, to adhesion problems
between the paint layer and the base glass, to the heating conditions, such as low firing temperature and

a high annealing rate, or inherent to the composition of the paint layer (Figure 1.8).

(@) (b)

Figure 1.8 — (a) Detail of a blue enamel painting and (b) optical microscopy image of a 17t century stained glass
fragment from a stained-glass panel from Ajuda National Palace, presenting conservation problems, namely a fractured
surface. This can either be caused by incompatibilities between the enamel layer and the base glass or by the heating
conditions of the enamel layer © Fernanda Barroso.

Figure 1.9 — In this 17™ century (?) stained-glass fragment (PNP2534) located at the Nobble Hall of Pena National Palace,
the detachment of the blue enamel paint from the base glass is visible.
© Andreia Machado.
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In the present work, the corrosion of blue enamel powder and paint samples was studied, due to the
conservation problems that this colour can present when compared to other enamels of the same period
(Schalm et al., 2009). Previous studies have been conducted in order to access degradation mechanisms,
among which the formation of micro-cracks dividing the surface of the paint layer, due to different
thermal expansion coefficients between the enamel and the base glass, or a degradation of the latter
conducting to a detachment of the paint layer (Van der Snickt et al., 2006; Schalm et al., 2009) (Figure
1.9). Studies also indicate a relation between the micro-cracks and the thickness of the enamel layer. In
some cases, the enamel layer can be intact, but cross-sections of the samples show cracking of the base
glass underneath (Attard-Montalto and Shortland, 2014).

With this in mind, it becomes relevant to study the preparation of blue enamel paints and its application,

so that we may plan new conservation approaches.
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CHAPTER 2

STAINED GLASS IN PORTUGAL — THE CASE STUDIES

Three important Portuguese stained-glass collections are the centre of this chapter. The first collection
is located in Santa Maria da Vitéria Monastery in Batalha and is dated to between the 15" and 16"
centuries. Batalha is home of the oldest Portuguese stained-glass panels known until today. The 15"-
century group is characterized by clear glass painted with grisaille motives, together with coloured glass
pieces. The 16"-century group presents a more figurative style and is of a higher quality in terms of the
glass and glass paint. It shows a combination of grisaille and silver stain (Redol, 2003).

The second case study concerns the recently discovered stained-glass assemblage from the Convento de
Cristo in Tomar, which was found during two conservation interventions in 1999 and 2009 and is dated
from the 16" century. It is characterized by the presence of glass fragments painted with grisaille and
silver stain, the latter with shades varying between yellow and orange. The glass has a high quality, and
its production location is still uncertain (Vilarigues et al. 2011).

The third case study regards the stained glass collection from Pena National Palace in Sintra. It includes
stained-glass panels from Switzerland, Germany, and the Low Countries. The collection is dated to
between the 14" and 19" centuries. They exhibit a technique of high-quality, with the presence of
grisaille, silver stain, enamels and sanguine red.

According to what we know so far, the history of stained glass in Portugal begins in the 15" century,
later when compared with other countries such as France, Germany or England. It was with the King
Jodo | (1383-1433) that Portugal gained an economic relief and territorial pacification (it is important to
remember that the 1383-1385 revolution gave priority to military architecture). The King ordered the
built of Santa Maria da Vitéria Monastery in Batalha, beginning probably in 1388, which is the date of
a diploma where the King makes reference to a promise to the Virgin Mary to build a house of prayer
for winning the Aljubarrota conflict against the Castilians (Pereira et al., 2007).

So began the construction of the most important worksite of this period, to where converged great
masters, not only Portuguese but also foreigners throughout the 15" and early 16" century. With the
construction of this Monastery began the second cycle of the gothic architecture in Portugal, with the
acceptance of the radiant style and introduction of the new decorative forms of the flamboyant style.
These new decorative features were carried under the supervision of Master Huguet (1402-1438) and

are visible throughout the facade of the church and at the main entrance. As examples of this decorative
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repertoire are the characteristic tracery located on the upper part of the main window and the pinnacles
decorated with floral motifs (Figure 2.1) (Dias, 1994).

Figure 2.1 — Main entrance of Batalha Monastery. © Andreia Machado.

Since the construction of Batalha Monastery was under royal protection and funding, the adoption of
new architectural and decorative solutions, such as stained glass, was to be expected. The oldest
Portuguese stained-glass windows known until today belong to Batalha Monastery and are dated to
between 1440 and 1480 (Redol, 2003). The work site of the Monastery became then the centre of
stained-glass production in Portugal, where the majority of the glaziers and stained-glass painters
established their work (Redol, 1995). The royal house becomes the main client during the 15" and 16"
centuries, after which gradually loses its interest for this art form; the commissions decrease, leaving its
professionals dedicated solely to the conservation of the existing windows. The last known royal
commission is dated to 1582, which was performed at Batalha Monastery. Other commissions made
during this period are known: Vila do Conde, Alcobaca, Sintra, Settibal, Evora, Viana do Castelo and
Tomar (Redol, 1995). It is only later in the 19" century that stained glass regains room on the Portuguese
artistic panorama, not only with new creations but also with the preservation of the antique windows,

namely the ones from Batalha.
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2.1. The Monastery of Santa Maria da Vitdria, Batalha — the beginning of a history

2.1.1. Stained-glass from 1440-1480

ITUDINAL SECTION OF THE CHURCH OF BATALMA farssmin

Figure 2.2 — Drawing from the longitudinal section of the church of Batalha Monastery by James Murphy.

As described in the previous section of this chapter, the oldest examples of Portuguese stained glass are
located at Batalha Monastery and date to the 15" century. These panels were originally placed on the
windows of the north and south lateral aisles of the church as also on the main windows (Figure 2.2)
(Redol, 2003). The main theme depicted in the 15"-century group is the life of Christ, with the
representations of the announcement to the pastors, the presentation in the Temple, the Baptism and
Resurrection. Other figures are also portrayed: prophets, martyrs, and monks (Figure 2.3) (Redol, 2003).
The study of both glass and glass paints of this assemblage was previously undertaken (Vilarigues and
Da Silva, 2004; Vilarigues et al., 2009, 2011). The stained-glass panels are composed of coloured and
colourless glass pieces painted with grisaille. As for the type of glass employed, it is a potassium-rich
glass with a high calcium content. The grisaille is the main painting technique applied. It is opaque, of
brown and black colour with a heterogeneous morphology, with the presence of iron and copper grains
embedded in a lead silicate matrix. The presence of zinc on the grisailles is also evident, attesting the

use of a Cu-Zn alloy.
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Figure 2.3 — Two examples from the 15™-century stained-glass group from Batalha Monastery: (a) panel N14c Prophet or
Patriarch, and (b) panel SO7c, Figure with a halo. © Pedro Redol

2.1.2. Stained glass between the end of the 15™ century and first half of the 16™ century

The group of stained-glass panels dated to between the end of the 15" century and the first half of the
16" century belongs to the lateral north and south aisles, where they were originally placed, and to the
chancel, sacristy, and the chapter-hall, where the original stained-glass windows still remain. This
ensemble presents a set of stained-glass panels with a more realistic composition and an attempt to
humanizing the characters (Redol, 1995). They present without a doubt a higher quality technique when
compared with the 15"-century group (cf. figures 2.3 and 2.4). The use of the grisaille painting is
conjugated with the use of yellow silver staining. The type of glass employed is High Lime Low Alkali
(HLLA) glass (Caen, 2009).
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As mentioned above, the art of stained glass in Portugal enters into decline in the end of the 16" century,
with the last royal commission held at Batalha Monastery. In 1836, when King Ferdinand |1 travels to
the north of the country and visits Batalha, he witnesses the advanced state of ruin of the Monastery.
After his visit, a restoration campaign takes place, led by Luis da Silva Mousinho de Albuquerque (1792-
1846). The original 15" and 16" century’s stained-glass fragments which were found were reshaped into
new figurative compositions, somehow incoherent, but at the time considered the best solution for the
preservation of the existing fragments. The figures do not belong to the architectural and decorative
arrangements on which are presented and even the figures itself are the product of the gathering of
scattered fragments. As a result, there are currently 32 stained-glass panels of 70 cm x 35 cm. They were
originally incorporated into timber frames, together with coloured glass pieces. They were removed
from the windows and placed in storage in 1996. The second major intervention held at Batalha was in
the 20" century led by Ricardo Leone (1879-1971) in 1931. The main plan was to preserve the stained-
glass panels previously restored (Redol, 2003).

2.2. Charola from Convento de Cristo, Tomar — a recovered heritage

During two restoration campaigns carried in 1999 and 2009, a total of 423 loose stained-glass fragments,
along with pieces of lead cames and seals, were found on the back wall of the wooden vault from the
Saint Bernard chapel, located at the entrance of the Charola. The stained-glass fragments found were
most likely from the windows’ chapel. Joana Delgado performed the assemblage of the several
fragments, a work carried during her master project entitled “Vitrais da Charola do Convento de Cristo
em Tomar — Historia e Caracterizagao” (Stained glass from Charola of Convento de Cristo, Tomar —
History and characterization) (Delgado, 2010). The criteria used for the assemblage were the union of
the fragments, the colour and painting materials. The stained-glass groups that were assembled show a
high-quality technique in terms of both the type of glass used and glass painting technique. From the
several glass fragments, it was possible to recover a face, a Manuelin capital with what appears to be a
wood trunk, two branches with a circular architectonic element and an acanthus leaf, which could also
be part of a column. There is also a halo, which by its size does not belong to the face. These fragments
are made of colourless glass painted with grisaille and yellow silver stain. Another group of stained-
glass fragments was also recovered, composed of coloured blue glass painted with grisaille and yellow
silver stain, and other group presents three shades of silver stain: pale yellow, strong yellow and orange
(Figure 2.5).
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Figure 2.5 — Two sets from the 16™-century stained glass collection from the Charola of Convento de Cristo, in
Tomar: (a) a Manuelin capital, and (b) a landscape. © Joana Delgado.

This assemblage is inserted into the iconographic program, of Manuelin influence, which dates possibly
between 1510 and 1518 (Pereira, 1990). The same decorative style can be found in the Chapter Window
and in the mural painting of the Charola. The yellow colour used to represent the trunks is transferred
to the yellow silver stain used on the stained glass, for the same purpose (Figure 2.6). Another
resemblance is the face, which reminds the figures that can be found inserted into the architectural
elements.

This set presents a very detailed execution regarding the painting technique applied. In the case of the
grisaille painting, applied to the face, the execution could be performed on several firing steps®: first,
the grisaille was applied with a brush and then scratched to open areas for passing light. Then, another
layer of grisaille was applied in order to shape the face, followed by a third application to define the
contours of the face and shadows. The grisaille painting from this group presents a thin and opaque
black grisaille, while the one from the 16™-century group from Batalha Monastery presents a thin and
opaque brownish colour.

Regarding the application of the silver stain with various tones, from bright yellow to orange, reveals a
very skilled technique which is not found in the stained-glass composition from Batalha Monastery
(Delgado, 2010).

8 The grisaille painting process of his set was assessed in the frame of a project undertaken by two master students
from the Academy of Art and Design in Wroclaw, Poland. The students produced a replica of the face which is
part of this set.
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Figure 2.6 — The resemblance between the iconographic program of the Charola and the stained glass is notorious,
as we can see by the mural painting (a), represented on the stained-glass fragments, as seen in (b).
© Joana Delgado.

As for the type of glass employed, it is @ HLLA glass for the colourless, red and blue glass, and a
potassium-rich glass with a high calcium content for the purple glass (Marcia Vilarigues, Delgado, &
Redol, 2011). A first assessment was made on whether this glass was imported, as stated by a note of
purchase dated to 1504 regarding a shipment of glass from Flanders (Redol, 2003). It is known that not
only glass was exported from the Low Countries, but also stained-glass panels and technical expertise
(Caen, 2009). The results obtained were compared with the results obtained for the glass used in the
stained-glass panels of the coeval period from Batalha Monastery, as also from Flanders, Antwerp and
Léon (due to its geographical proximity). As a conclusion, similar results were obtained only for the
glass used for the stained-glass panels from Batalha Monastery, indicating a Portuguese glass
production, which clearly evolved from the first stained glass panels from Batalha dated to the 15%

century and this 16™-century group (Vilarigues et al. 2011).

2.3. The private collection of King Ferdinand Il —a matter of taste

The private collection of King Ferdinand Il (1816-1885), currently in exhibition at the Pena National
Palace, is composed of stained-glass panels dated to between the 14" and the 19" centuries, with fine
examples from Germany, Low Countries, and Switzerland. Collected and/or inherited by the King, the
panels were placed in the dining room of the Palace of Necessidades in Lisbon, after which were stored
in 1947 and transferred to Ajuda National Palace, where they remained until 1949. In the same year,
they were transferred to Pena National Palace, where they were kept in storage (Martinho and
Vilarigues, 2011; Rodrigues et al., 2013). In 2011 the collection was presented for the first time to the

public at Pena National Palace during the 16" triennial conference of the Committee for Conservation
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of the International Council of Museums (ICOM-CC), at an exhibition entitled “Glass and Stained Glass
— Ferdinand II’s Passion”, where it remains until today.

With the aim of shedding light on this unique collection, stained-glass panels in situ, as well as stained-
glass fragments not incorporated in the exhibition are being studied in detail from historical and
preservation perspectives. The set of German and Low Countries stained glass meets a group of heraldic
panels, and panels about religious themes such as the representation of saints and the Virgin, and
parables from the Bible (Figure 2.7). The panels present various sizes and were destined to be placed

either in a religious or civil context.

Figure 2.7 — Three examples of the stained glass collection from Pena National Palace are presented here: (a) Saint
Gregory, dated to the 16™ century, Germany; (b) Virgin of the Apocalypse, dated to the 16™ century, Germany and (c)
Flight into Egypt, dated to the 17" century, Low Countries.
© Luis Pavdo, Parques de Sintra, Monte da Lua S.A.

The set of Swiss stained-glass panels gathers a group of small-scale panels designed to be viewed up
close, either in a religious or civil context. Their production reached its peak in the 16" and 17" centuries,
when a great number of glass-painter’s workshops were active in Switzerland but had faded by the 18"
century. The panels usually show the coat of arms of the donor, and sometimes also his portrait; they
depict religious themes or scenes of everyday life, such as representations of artisans at work.
Ilustrations of local history and legends are also frequent motifs (Hasler and Trimpler, 1998; Bergmann
et al., 2006). The early panels were usually made with traditional materials, using grisaille and silver
stain as glass paints. From the second half of the 16" century onwards, the use of enamel paints became

widespread (Figure 2.8).
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Figure 2.8 — The Pena National Palace collection presents a unique Swiss stained-glass group, with fine examples
showing the quality of the several painting techniques: (a) Heraldic panel with the coat of arms of Niedersimmental, 17t
century (PNP2860), (b) Heraldic Panel with the coat of arms of the canton of Luzern, 1688 (inscribed) (PNP2808) and (c)
Heraldic panel loannes Henricus Fleischlin, 1688 (inscribed) (PNP2820).
© Luis Pavao, Parques de Sintra Monte da Lua S.A.

During the 18™ century, when stained-glass windows fell out of fashion, many of the stained-glass panels
were replaced by clear glass with few surviving in their original locations. Most of the dismantled panels
were destroyed or sold on the flourishing art market between the end of the 18" century and the late 19"
century, which is how many Swiss panels came to be in museums and private collections (Schneider,

1971; Giesicke and Ruoss, 2000).
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CHAPTER 3
HISTORICAL TREATISES AND THE DISSEMINATION OF THE

TECHNOLOGY

“Books of secrets have been with us from the beginning, standing in the shadow of the great ancient literature
and chronicling the technical details of how we have shaped the world around us. They tell the tale not of where
we sailed, but of how the ships were waterproofed; not of who amassed great fortunes, but the way the coins

were minted; not of why a toast was raised, but of how to forge the goblets and distill the spirits.”

Paul Engle (2014), “Conciatore, the life and times of 17th century glassmaker Antonio Neri”

For many scholars and philosophers of the Antiquity, glass was the clear evidence of the transmutation
of materials; according to with Aristotle, it was possible to modify one body to another by means of the
combination of the four elements: water, earth, fire, and air (Beretta, 2007). Pliny on his Naturalis

Historia refers to the art of glass and its strict link with fire:

“Having now described all the creations of human ingenuity, reproductions, in fact, of Nature by the agency of
art, it cannot but recur to us, with a feeling of admiration, that there is hardly any process which is not perfected
through the intervention of fire. Submit to its action some sandy soil, and in one place it will yield glass, in
another silver, in another minium, and in others, again, lead and its several varieties, pigments, and numerous
medicaments. (...)

An element this, of immense, of boundless power, and, as to which, it is a matter of doubt whether it does not

create even more than it destroys.”

Pliny the Elder, “Naturalis Historia”, book 36, chapter 68°

Glass is in its genesis the result of the fusion of the proper raw materials through the action of fire, a
combination so different from the original materials that combined it, and to which is not possible to

return to (Kerssenbrock-Krosigk, 2008). Glass was for this reason one of the materials most appreciated

® Pliny the Elder, The Natural History, book 36, chapter 68. (Friedrich and Mayhoff,
1855)(http://www.perseus.tufts.edu/hopper/text?doc=Perseus%3Atext%3A1999.02.0137%3Abook%3D36%3Achapter%3D6
8 — accessed on 4™ October 2016).
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by alchemists (Figure 3.1). In fact, alchemists took interest in many activities such as metallurgy, salts
refinement such as potash or saltpeter, manufacture of pigments or the production of gems (Smith,
2008). Consequently, many glassmakers were also alchemists. Let us take the example of Antonio Neri,
a glassmaker who worked at the Casino di San Marco®® in Florence, and the author of L 'Arte Vetraria
(1612) (Beretta, 2014), Johann Kunckel, author of Ars Vitraria Experimentalis (1679) and the creator
of the gold-ruby glass, or Johann Glauber, who took interest on the transmutation of metals, and
achieved the process of the so-called Purple of Cassius, to which glass is coloured with a gold-tin

solution.

Figure 3.1 - An Alchemist's Laboratory, an oil painting by Johannes Stradanus from 1570, portraits the laboratory of
Francesco | of Medici, located at the Palazzo Vecchio. This painting represents in detail the activity surrounding the
fonderie, as we can also see the glass apparatus used by the alchemists. © Web Gallery of Art.

Many of the work carried by the alchemists is undocumented, being difficult to trace their research; they
were very dependent on patrons, resulting in leaving unfinished projects once they deceased or lost
interest on their experiments (Kerssenbrock-Krosigk, 2008). Many of this body of knowledge made its
way to us today by the hands of many craftsmen and experts on glass and alchemy, through written texts
that tell us the story behind this craft. One of the first written sources to mention the production of glass
was found on Assyrian clay tablets dated to the 8" century BC. Pliny the Elder also mentions the art of
glassmaking, including the raw materials used, where they were collected, and known working sites

during that period, leaving out, surprisingly, the production in Egypt (Moretti and Hreglich, 2013).

The present chapter deals with the historical sources related to the procedures and materials used for the
production of stained glass painting techniques and the production of stained glass. During the 19"
century, the culture and spirit of the Romantic style arouse a great interest in this body of knowledge,

particularly on the Medieval period. Many manuscripts were found, studied and translated to English

10 The Casino was commissioned by Francesco | of Medici in 1574 to the architect Bernardo Buontalenti. The Prince was
especially concerned with the reconfiguration of the laboratories placed at the Casino, the so-called Fonderie (Beretta, 2014).
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and French, with a historical and artistic context of the art through the centuries. Mary Merrifield
published in 1849 a ground-breaking work, the translation of several manuscripts on various arts, dated
to between the 10™ and the 17™ centuries, including the manuscripts by Eraclius, Pierre Le Brun, and
the Bolognese Manuscript. Earlier in 1844, Merrifield translated Cennini’s I/ Libro dell’Arte (Bugslag,
2008). The first translation to the work of Theophilus, On divers arts, was carried by G. E. Lessing and
published in the late 18" century.

This revival of the Pre-Modern stained glass was also manifested on the flourishing art market of glass
objects and stained glass from the 18" century until the end of the 19" century, with the purchase of
many stained glass panels by private collectors or institutions. One example of this tendency is the
private collection of King Ferdinand Il located at Pena National Palace (described in chapter 2). The
enthusiasm for this art was also transferred to the creation of stained-glass panels with the aim of
portraying and copying the style and techniques of the Pre-modern (Figure 3.2).

Table 3.1 presents the list of several manuscripts and treatises from the Medieval period until the 19%

century which were taken into account during this project.

(b)

Figure 3.2 — The 19" century stained glass panel PNA38257 (a), from Ajuda National Palace, portraits a Swiss Knight,
resembling the Swiss production of the Renaissance period, such as the stained glass panel PNP2860 (b), a Heraldic panel
with the coat of arms of Niedersimmental, dated to the 17" century. © Luis Pavéo, © Sara Martins.

3.1 The first sources

The first known manuscripts dealing with stained glass production is the well-known De diversibus
artibus, written in the 12" century, between 1110 and 1140, by the Benedictine monk Theophilus, who
has sometimes been identified as the German metalworker Roger of Helmarshausen, and to whom the
creation of the portable alter of Paderborn is attributed (Hawthorne and Smith, 1979; Strobl, 1990). This

work can be considered the first known technical treatise, with a well-defined structure, dealing with
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painting, glass, and metalwork. There are known 7 manuscripts between the 12" and the 15" centuries,
and several translations were published from the late 18" century onwards. The latest published
translation is the work carried by Hawthorne and Smith, which is still today an important reference to
better understand this treatise. There is also a Portuguese translation from 1984 edited by Virgolino
Ferreira Jorge, with a brief note on the author of the treatise and a description of the translated
publications available of On Divers Arts (which, curiously, does not mention the 1963 translation)
(Jorge, 1984).

Theophilus presents himself as a humble servant, “unworthy of the name and profession of monk”
(Hawthorne & Smith 1979, p. 11), offering with his manuscript the skills and expertise that he himself
has received from God. In the prologue of book 11 we can attest the practice undertaken by Theophilus
on the art of glass, as he mentions that “worked hard like a careful investigator using every means to
learn (...) the variety of pigments could decorate the work without repelling the daylight and the rays of
the sun” (Hawthorne & Smith 1979, p. 48). The second book, the one dedicated to glass and stained
glass, comprises 31 recipes with mention to the various subjects regarding glass and glassmaking and
stained glass production. The first three chapters indicate the construction of different types of furnaces
for working glass, followed by a chapter about the raw materials to be used (with a specific indication
to beech wood ash) and other regarding the preparation of the crucibles and their use to melt the glass
frit. These chapters are followed by the ones on how to make coloured glass, glass sheets, flasks, and
goblets. Then, Theophilus begins to explain how to prepare a stained-glass panel, by explaining how to
prepare the wooden board to place the glass sheet, followed by the cut of the glass onto the desired
fragments, and the preparation of the paint. Next, Theophilus demonstrates how to build a kiln for firing
the painted glass fragments, and how these fragments should be fired. He finishes with the preparation
of the lead cames, and with the assemblage of a stained-glass window. The information provided by
Theophilus is up to date until today, being an important tool for understanding glass production in the
Medieval period. Anyone who desires to prepare a stained-glass panel must have in mind the
prescriptions that are given. Moreover, the use of beech ash for glassmaking is widely accepted within
the archaeological and archaeometric studies (Freestone, 1992; Jackson and Smedley, 2008).

The second book ends with a chapter on how to repair a broken vessel and on how to make glass rings.

De diversibus artibus is the first technical treatise that makes mention to the art of glass and stained
glass; nonetheless, previous works are worth mentioning. The Lucca manuscript Compositiones and
tingenda musiva, also known as Compositiones variae, dates back to between the end of the 8" century
and the beginning of the 9™ century. This manuscript presents several recipes regarding many artistic
techniques, among which we can find recipes about pigments and colouration of mosaic glass (Moretti
and Hreglich, 2013; Neven, 2014). Mappae Clavicula is a compilation of older recipes of Greek origin,
dated between the 4™ and the 5" centuries. It was compiled around 800, with later additions dated to

between the 11" and the 12" centuries. This manuscript includes more than 100 recipes present in the

28



Lucca manuscript. It presents recipes on how to make glass and how to paint on glass, a recipe for a
white glaze, and how to cut glass (Smith and Hawthorne, 1974; Strobl, 1990; Neven, 2014). Other
known compilation of older recipes is the manuscript attributed to Eraclius, De coloribus et artibus
romanorum. This manuscript is dated to between the 10" and the 13" centuries. It contains recipes from
Mappae Clavicula and Theophilus, and from Vitruvius and Isidore of Seville. It contains recipes on how
to paint vases with grinded glass, glass engraving and making gems with Roman glass. We can also find

several recipes for coloured glass, and for grisaille (Merrifield, 1849a; Moretti and Hreglich, 2013).

Dated to the end of the 14" century there is the treatise // Libro dell Arte, written by Cennino Cennini.
It is a manuscript dedicated to the art of painting and the processes which are related. Henceforth, the
part which is related to glass is from a perspective on how to paint on glass. Cennini in a way reports to
the painter what he needs to make when approached by a glazier “with the measurements of his window,
the width and the length” (Thompson 1954, p. 111). He also makes reference to the grisaille painting,
brought by the glazier, “which he makes from well-ground copper fillings” (Thompson 1954, p. 111).
These manuscripts make references to the art of glassmaking and glass painting, however, we have to
wait until the end of the 14™ century to witness a treatise focused entirely on the art of stained glass.
Memoria del magisterio de fare fenestre de vetro was written at the end of the 14" century by the glass
painter Antonio da Pisa, who is believed to be the creator of one of the stained-glass windows from the
aisle of Santa Maria del Fiore in Florence (Lautier and Sandron, 2008; Moretti and Hreglich, 2013).
Memoria is a technical treatise with a strong practical writing: it is written as if it was a conversation
between the author and the apprentice. This is also noticeable on the disorder with which the chapters
are presented. Unlike Theophilus, who focuses mainly on how to make glass and to prepare the stained-
glass window, Antonio da Pisa focuses on the glass painting: how to prepare the glass paint, how to
paint the figures and backgrounds, and the firing of the painted glass fragments (with a chapter on how
to build the kiln). His treatise presents recipes for grisaille, cold paint, and yellow silver staining, in fact,
the first source to mention this technique (Boulanger, 2004; Lautier and Sandron, 2008). An important
work around Antonio da Pisa and his Memoria is the one coordinated by Claudine Lautier and Dany
Sandron (2008), who also presents an experimental exploration of this manuscript, testing many of the
recipes, including the construction of the firing kiln.

There exists also a translation to Portuguese from 1989, in which the author presents this work in
comparison with On Divers Arts manuscript (Jorge, 1989).

Following the work of Antonio da Pisa, but in a more concise manner, there is a manuscript from Sienna
dated to the first half of the 15" century, attributed to Francesco Formica, the only known 15"-century
glass painter from that region. It is inserted on a compilation of texts of several areas written during this
period (Boulanger, 2004). The recipes regarding glass painting are more succinct when compared to the
ones of Antonio da Pisa; on the other hand, the concern for the firing of the painted glass fragments is

higher, with a detailed explanation of the various steps of the firing process accompanied by illustrations
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of the kiln. Another treatise from the beginning of the 15" century is the one attributed to a monk from
Zagan, which is inserted on a larger manuscript preserved at Wroclaw. It is believed to be based on the
text of Theophilus, presenting recipes for grisaille and yellow silver staining, the firing of the fragments,
how to make the lead cames, and how to place gems over the painted glass. From the second half of the
15" century, there is the Kunstbuch, preserved at Nuremberg. This manuscript is a compilation dedicated
mainly to textiles. It contains only 6 recipes regarding stained glass, namely the preparation of a white
grisaille and how to fire the painted fragments. It is followed by a brief description on how to make
diamond-shaped fragments, to solder and assemble the stained glass window, and finally stained glass

cleaning (Boulanger, 2004; Lautier and Sandron, 2008).

Published for the first time in the 19" century, there is knowledge of three Tuscan treatises dealing with
glass techniques. They were compiled as a unique publication entitled Dell’Arte del vetro per Musaico
— tre tattatelli dei secoli XIV e XV ora per la prima volta pubblicati. According to the author of this
publication, the first two treatises can be dated between the end of the 14" century and the beginning of
the 15" century and the third treatise is dated from 1443. The first and third treatises are anonymous,
the second one was written by Benedetto Baldassare Ubriachi. The author mentions that Baldassare
spent a considerable amount of time in VVenice, therefore the recipes presented can be of Venetian origin
(Milanesi, 1864). This compilation contains several recipes for colouring mosaic glass, glass for the
imitation of precious stones, coloured enamels, lattimo and chalcedony glass, and coloured glass. On
the second and third treatises, we can also find recipes for the preparation of crocus martis and
calcination of tartar. On the third treatise, there is also a recipe concerning the purification of soda ashes
(Milanesi, 1864; Moretti and Hreglich, 2013).

Also dated to the 15™ century is known the Segreti per colori, an anonymous Bolognese manuscript. It
is a compilation of recipes upon various arts, divided into eight chapters (Merrifield, 1849b). The
seventh chapter comprises various recipes upon glassmaking, regarding colouring glass, and the
production of enamels. It is followed by two other texts regarding the production of colours for mosaics.
The Montpellier manuscript (Ms. H. 486), of Venetian origin, is dated to 1536 and entitled Recette per
fare vetri colorati et smalti d’ogni sorte havute in Murano. Presents various recipes on coloured glass,
chalcedony and lattimo glass, coloured enamels and also the treatment of some of the raw materials
used, like the calcination of lead and tin (Zecchin, 1987).

Dated to the 16" century is the Marciana manuscript, written in Tuscan dialect. Unlike the previous
manuscripts of Italian origin, presents recipes to paint on stained glass, such as the grisaille and yellow
silver staining, and also cold paint. There is a reference to the use of coloured enamels, however,
prescribes the ones brought from Germany instead of giving a specific recipe (Merrifield, 1849b).
Written around 1560 is an anonymous manuscript of Venetian origin, found in 1982, and published in
2001 by Cesare Moretti and Tullio Toninato (Moretti and Toninato, 2001). Not only the influence of

Murano is undeniable, as it is also believed that the author of this text, more than glassmaker was, in the
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words of the editors, the bearer of the secrets behind this craft. This manuscript presents various recipes
for the preparation of raw materials, several types of glass such as lattimo and chalcedony, the
production of gems, mosaic glass, and enamels.

*
Two important publications dated to the 16™ century are the ones by Vanoccio Biringuccio and Georgius
Agricola, two metallurgical treatises with mention to the art of glass, but more relevant, two important
references on the state of the art of the metal technology during the Modern period. De la Pirotechnia,
written by Biringuccio, was the first printed source concerning the metal arts and the work carried at the
mines. It was published in 1540 shortly after his death, known to be before 1539. Referred to as “a
neglected metallurgical classic”, C. S. Smith makes the first introduction to Biringuccio’s work (Smith,
1940), which would be later published in 1943 as a complete study of his treatise (Smith and Gnudi,
1943). Biringuccio was acquainted with the classic literature of Pliny and Aristotle, making brief
references throughout the treatise, however, he was a man of experimentation, without too much concern
for the theory behind the chemistry involved. His main source of information is his own observation and
practice. Unlike Theophilus, who addressed this craft to the metalworker, Biringuccio was more
concerned with the technology in which metallurgy was involved.
Regarding the information provided about glass, one must look to the fourteenth chapter of the second
book. For Biringuccio, glass was a “fusible material that is almost made mineral by art and by the power
and virtue of fire” (Smith & Gnudi 1943, p. 126). He was aware that Murano was the place where the
glass was of higher quality. Biringuccio describes the process of making glass by adding two parts of
quartz pebbles or river sand to one part of salt and adding the desired amount of manganese. The type
salt to be obtained was not important to the process, though he recognises that using salt would give a
better glass than adding simply the obtained ashes (Smith & Gnudi 1943, p. 132). He also makes special
attention and description of the furnace and the pots to be used during the process.
His work was of major importance to the metal arts, but its impact was little when compared with the
treatise De Re Metallica, written by Agricola and published in 1556, one year after his death. Agricola
was the first scholar to recognize new metals after the seven known since the Antiquity, such as bismuth
and antimony (Marshall and Marshall, 2005). He spent a considerable amount of time in the mines
throughout the Saxony region. He observed the work which was carried out, discovered and hamed new
minerals. The result of this work gave room to a complete treatise with a detailed description of the work
around this activity. It is divided into twelve books, describing the mining process, the machinery
involved, the role of the mining worker, the metals that can be found and the process of extraction and
preparation (Agricola, 1950). The information about glass and glassmaking is presented in book twelve.
Here, Agricola begins his discourse with the raw materials used for glassmaking. Like Biringuccio, he
prescribes 1 part of quartz to two parts of salt, or plant ashes when the said salt is not available. He also
prescribes the addition of magnes, which can be translated into manganese, in his words “to purify and

transform green or yellow into white” (Agricola, 1950, p. 586). After the description of the raw
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materials, Agricola makes a description of the furnaces to be used by the glassmakers, complemented

by elaborate illustrations. This section is then finished with the way glassmakers work glass.

3.2. Spreading the word — Antonio Neri and the art of glass

3.2.1. Antonio Neri — the man and the treatise

Antonio Lodovico Neri (1576-1614) is a character to whom glassmakers and glass researchers are today
in great debt. He was a priest, an alchemist and above all an enthusiast of glass and glassmaking. Luigi
Zecchin was the first to uncover the baptism records of Neri, opening the way to the reconstruction of
the genealogical tree of the Neri family. We can see this work fully described in the publication by Paul
Engle, Conciatore (2014).

From an early age, Neri gains contact with the alchemical arts. It is most likely that as a child he visited
the Casino di San Marco with his father. Between 1598 and 1600, Neri writes a manuscript called Il
Tesoro del Mondo, which is a compilation of various illustration of glass, furnaces, chemical
instruments, and mining. At this point, Neri was most likely working at the Casino performing
experimentations on glassmaking and preparation of the raw materials. Many of these experiments are
documented on a set of 27 letters dated to between 1601 and 1611, preserved at the Biblioteca Nazionale
Centrale di Firenze (BNCF Ms. 1l. 1. 391), which document the correspondence between Antonio Neri
and Emanuel Ximenes, a Portuguese merchant-banker and citizen of Antwerp (Boer and Engle, 2010).
This friendship allowed Neri to travel to Antwerp to develop new glasses and other recipes on the
alchemical arts. There is knowledge of him working in Pisa in 1602, for a letter to Ximenes regarding
the production of enamels. He returned to Florence in 1611 and delivers the manuscript L Arte Vetraria
to be published in 1612, which is a compilation of the work carried in Florence, Pisa, and Antwerp.

L ’Arte Vetraria is the first published systematic treatise on glass and glassmaking (Figure 3.3).

The Venetian influence in L Arte Vetraria is notable, whether he had direct contact with the Venetian
anonymous manuscript (above cited), or by the Venetian glassmakers present in Florence working at
the Casino (Moretti and Toninato, 2001; Beretta, 2014). L Arte Vetraria is a work that Neri dedicates
to “the honourable gentleman Don Antonio Medici”, to whom he refers as his “outstanding patron”,
placing in evidence Neris’ close connection with the Casino (Engle 2003, vol. I, p. 2). We can see some
resemblances between the prefaces of Neri and Biringuccio, especially in the beginning of his discourse,
when he states that “glass is a true fruit of the art of fire, as it can so closely resemble all kinds of rocks
and minerals, yet it is a compound, and made by art”. He praises the importance of glass to the use and
benefit of many, referring its use for the production of several kinds of purposes (Engle 2003, vol. I, p.
4). The treatise is divided into seven books. The first chapters of his treatise deal with the preparation of

raw materials, followed by the preparation of various types of glass — lead glass, chalcedony, lattimo.
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On the sixth book, Neri presents the recipes for enamels A,
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3.2.2. Beyond L’Arte Vetraria — the translations

Neris’ publication gained a new momentum thru
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Royal Society in 1660. Written in 1662, The Art of Glass e

was the first translation of Neris’ L ’4rte Vetraria and the

Christopher Merrett, one of the fellow founders of the

. . . . . Figure 3.3 — L Arte Vetraria, distinta in libri sette.
first English publication regarding glassmaking. Merrett g e Tetrara, ditnia Ao

was back in his time dedicated to many fields of interests: in addition to being a fellow of the Royal
Society, he was a renowned physician, botanist, and a librarian. He was the responsible for preparing a
detailed catalog of the Royal Society library in 1660 (Turner, 1963). Being an active member of the
Society and fully dedicated to many areas of expertise, it is not surprising that he was appointed to be
the translator of Neris’ work. In addition to translating the treatise, Merrett comments many of the
chapters with additional information that he thinks is relevant to the reader. To whom he refers as the
“ingenuous reader”, Merrett informs that many of the repeated information that appears in the original
manuscript is omitted, giving a brief account of these repetitions before the translation of the treatise
(Merrett 1662, p. XXI). In addition, there seems to be some lack of knowledge when discussing some
matters, for example regarding the preparation of zaffer!! in chapter 12. Merrett does not know its origin,
only acknowledging it must be some invention from Germany, a mixture of brass, sand, and lapis
calaminaris (meaning zinc carbonate). Not only does Merrett suggests that brass is the responsible for
the blue colour but also states that the experienced Agricola does not mention its existence in his treatise
(Merrett 1662, p. 279), which is not true, since Agricola makes reference to zaffer, however referring to
it as cadmia metallica. If some information is presented incorrectly, on other cases Merrett goes beyond
and does an extensive approach, as is the case of the comments made related to the use of the several
types of ashes to make glass.

Despite some incoherencies and lack of knowledge regarding some raw materials used, Merrett was
indeed the first to make an extensive account of the glassmaking process in the seventeenth-century
England. To better serve this task, he sought Italian glassmakers who remained in England during this

period for a better understanding of the raw materials and processes used by Neri (Mauck, 2012). His

11 Zaffer is the product obtained from the calcination of a cobalt ore. It was used for the production of blue pigment, to be
used on glass, enamels, glazes, and painting. A detailed explanation can be found in chapter 4, pp. 50-51.
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translation of L’Arte Vetraria opened the way to several translations, corrections, and annotations

throughout Europe.

An important contribution dated to the end of the 17" century is the one by André Félibien, Des
Principes de I’ Architecture, de la Sculpture, de la Peinture, et des autres arts qui en dépendent, Written
in 1676 (Félibien, 1697). This is a general treatise dealing with the three main art forms from that period:
architecture, sculpture, and painting. Félibien was, according to the description present in the cover of
the treatise, the secretary of the Academy of Sciences as also a historiagrapher of the Kings’ buildings.
It is therefore not surprising that the first book, concerning architecture, is the most extensive one.
Chapter 21 of this book is concerning glass, most specifically stained glass. Here the author explains
briefly how to assemble a stained glass panel, how coloured glass painted with grisaille was used to
present figurative compositions during the Gothic period, and its development to the use of colourless
painted glass. For glass painting, Félibien describes the grisaile, sanguine and enamel painting
techniques and the way to apply them on glass. In addition, he describes the firing process for the painted
glass fragments. Besides of this chapter concerning glass and glass painting, Félibien revisits this issue
in book three, concerning the art of painting. Chapter IX is concerning cold painting on glass, and reverse
glass painting. From the many authors that Félibien recalls regarding the art of glassmaking and glass
painting, Antonio Neri is not one of them.

Contemporary to the work of Félibien, an important treatise and a reference to the art of glass, is the one
by Johann Kunckel, Ars Vitraria Experimentalis, oder Volkommene Glasmacherkunst, written in 1679.
Johann Kunckel was an alchemist (and the son of an alchemist) and in 1678 was in charge of the Potsdam
glass factory sponsored by the “Great Elector” Prince Friedrich Wilhelm of Brandenberg (Hunt, 1976).
Kunckel’s treatise was later translated into French in 1752 by Paul Thiry d’Holbach.

He compiled into one single work the translation of Neris’ L Arte Vetraria, adding the comments made
by Christopher Merrett in 1662, his own comments to Neris’ work, and also his own experiments in
glassmaking. Besides Neris’ treatise, Kunckel presents 100 recipes, verified by “practice and
experience” (Holbach 1752, p. 327), and divided into three books: the first includes recipes on
glassmaking, colouring glass, and gilding on glass; the second book comprises recipes on enamels and
glazes; the third book includes various recipes on how to prepare varnishes, and other “useful” recipes
concerning glass painting. An important account of Kunckel’s contribution is the comments made to
many of the chapters of Neri’s treatise. As an example, is the comment made to chapter 12, regarding
the preparation of zaffer, where the author explains that the one described by Neri is not necessary; he
then makes a detailed description of the place of extraction of the cobalt mineral, the preparation and
trade of this material. At the end of the first part of his treatise, Kunckel presents his remarks on the

preparation of salt from plant ashes, and of potash (Holbach, 1752).
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Another treatise important to consider is the one by Robert Dossie, The Handmaid to the Arts, written
in 1758. When entered in the Society or the Encouragement of the Arts, Manufactures and Commerce
in 1760, Robert Dossie had a significant reputation as a practical chemist in Europe. He was the son of
an apothecary with an extensive knowledge of pharmacy, industrial arts, and chemical manufactures.
This treatise can be considered as an important compilation of many industrial arts. Along with this
publication, the author gave other contributions, such as the one regarding the production of potash
(Gibbs, 1951). The publication starts by representing its purpose, to teach “the nature, use, preparation,
and composition, of all the various substances employed in painting”, including “those peculiar to
enamel and painting on glass”, among other arts. The preface, extensive and informative, explains the
importance of the publication to the arts in Great Britain, as cited above, to surpass France, which at the
time “have got greatly the start of us in this very material pursuit” (Dossie 1758, p. vi). Regarding the
art of glass, Dossie is familiar with previous works in the field. He discusses in the preface the work of
Antonio Neri, considering it the “foundation for all the collections of recipes of that kind”, and the
translation undertaken by Christopher Merret, which allowed the dissemination of Neri’s publication.
Also referenced in the preface is the translation of Neri’s work to German, performed by Kunckel
(Dossie 1758, p. xviii). Concerning painting on glass, Dossie focuses on enamel paint. Enamel recipes
presented in his treatise are original and might have been experimented by the author or by others, on
whose work and expertise he relied on (Dossie 1758, p. 24).
Other 18th-century important treatise is the one by Pierre Le Vieil, L ’Art de la Peinture sur Verre et de
Vitrerie, from 1774. Le Vieil was a French glazier master with an extensive knowledge on glassmaking
and an enthusiast looking forward to rediscovering the old techniques forgotten during the 18" century
(Brisac, 1989). In the preface of the manuscript, Le Vieil begins by sharing his concern on the
importance of both research and promotion of the knowledge of the Arts to the posterity. Then, the
author makes a reference to the art of glass of the Antiquity and a brief account on the state of the art
between the 121 and the 16" centuries, which he elaborates on the first chapters of the first part of the
treatise. This work is divided into two parts, as explained by the author: the first part of the treatise is
dedicated to the history of glass painting over time, the artists behind this craft, and its decay. In the
second part, Le Vieil presents the technical aspects of this craft, presenting the several recipes of
“grisaille, yellow silver staining, enamels, and sanguine red. It is considered an important publication
regarding the production of glass, presenting original family recipes and the translations from Antonio
Neri, Kunckel, and “an Englishman”, to be known Robert Dossie (Vieil, 1774).

*
In the 19" century, the glass production takes a new direction towards the industrialization of the
glassmaking process. An example is the substitution of the use of conventional raw materials, such as
plant ashes, for new industrial-making processes like the Leblanc process, used for the production of
synthetic soda (Moretti and Hreglich, 2013).
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The documentation provided during this period also adapts, with the publication of complete works
concerning glass production, dealing with every aspect of it. In addition, a historical introduction of the
glass and stained-glass panorama through the centuries is presented, with a comparison with the current
reality (of that period).

First published in 1825 is the treatise Nouveau Manuel Complet de la peinture sur verre, sur porcelaine
& sur émail, des émaillages industriels et de la fabrication des émaux et des couleurs vitrifiables, written
by Reboulleau et Magnier. As said above, begins with a historical consideration about the stained glass
art through the ages, with the transcription of other publications in the field. It is divided into 4 parts:
the first considers the glass painting, the second regards painting, gilding and silvering of porcelain, the
third part enamelling, and finally the fourth part general notions regarding the previous chapters in an
attempt to connect the over-all knowledge, “contained therein to all parties, without applying exclusive
more to one than to another” (Reboulleau and Magnier, 1866).

Georges Bontemps wrote the Guide du Verrier, first published in 1868. This is a complete treatise on
the glass production, glass technology, and painting. Bontemps begins to emphasize that this work is a
culmination of forty years of experience in glassmaking. Like the previous publication, this work begins
with a historical introduction on the stained-glass panorama through the ages, followed by the exposition
of every aspect involved, chapter by chapter. On the second book, Bontemps recollects the sales prices
of glass, from the 18" century to his present time (Bontemps, 1868).
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Table 3.1 — Treatises regarding glass production, glass painting and enamel painting, from 12% to 19" centuries.

Title Author Period Origin Notes
L . . 12 cent. Divided in 3 books. The second book regards the production of stained glass, and
De Diversibus Artibus Theophilus Germany o g . p g
(c. 1100) painting on glass (grisaille).
Liber diversarum ANONYVMOLS 14 cent. North of Compilation of c. 580 recipes, comprising several painting techniques, including
arcium y (c. 1300) Europe glass painting and painting on ceramics.
Secreti per lavorar li
vetri secondo la dottrina Antonio da Pisa 14 cent. Italy Stained glass production, emphasizing glass painting, namely silver staining.
de M.ro Antonio da Pisa
Dell’Arte del vetro per Anonymous; 14" and 15" Compilation of 3 treatises, the first two anonymous, the third by Benedetto
Musaico — tre tattatelli Benedetto cent Tuscany Baldassare, regarding the production of enamels and coloured glass. The third
dei secoli XIV e XV Baldassare ' treatise present probably the first recipe about chalcedony glass.
Segreti per colori Anonymous 16" cent. Bologna Presents a chapter regarding glass for imitation of precious stones and enamels.
Antwerp Manuscript Anonymous 16 cent. Antwerp (?) 3 recipes on enamel production (blue, purple and green)
Recette per fare vetri . . .
} P . 16" cent. The Montpellier manuscript. Presents recipes about coloured glass, chalcedony
colorati et smalti d’ogni Anonymous Italy
. (1536) glass and enamels.
sorte havute in Murano
: . Vanoccio 16" cent. Treatise concerning several minerals, their origin and mining process. Presents a
De la Pirotechnia .. . Italy .
Biringuccio (1540) chapter concerning glass (chapter 14).
, . . 16" cent. Treatise about mineralogy. Chapter 12 deals with the production of glass, with
De re metallica Georgius Agricola Germany g9y . P . P g
(1556) special attention to furnaces.
Ricettario anonimo ANONVMOUS 16th cent. Ital Recipes concerning raw materials for glass production, coloured glass, lead glass,
del’500 y (c.1560) y glass for imitating precious stones, mosaic and enamels.
171 cent Complete treatise on raw materials for glassmaking, preparation and colouration of
L’Arte Vetraria Antonio Neri (1612) ' Florence lead glass, imitation of precious and semi-precious stones, coloured glasses,
chalcedony glass, gold ruby glass and enamels of various colours.
Copie de tutti li secreti
de smali cavate dalli . . .
. . . . 17" cent. Descendant of an important Venetian glassmaker family.
libri et alter carte della Giovanni Darduin Murano o . . Lo
(1644) Compilation of recipes from his father Nicolo.

buona memoria di mio
padre...
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Table 3.1 — (Continue)

Libro de’segreti cavato

Divided in two parts, only the first concerns glass production. It compiles several

molti mastri di 17 cent. . ; . . .
da' O. as d. Gasparo Brunoro ce Gdansk sources, such as the treatises by Neri, Darduin, the Montpellier manuscript and the
cristali et da altri (1645) . th
. . anonymous manuscript from 16™ century.
homeni literati...
Recueuil des Essaies des
Merveilles de La . 17" cent. . Chapter 4, explaining the process on how to paint on glass, with references to
. Pierre Le Brun Paris . - . L
Peinture (Brussels (1635) grisaille painting and silver staining.
Manuscript)
th i i i i i i i H
The Art of Glass Christopher Merrett 177 cent. London First translation of the work by Antonio Neri, important for its dissemination
(1662) throughout Europe.
Des Princi . .
, e . cipe de P 17" cent. . Chapter 21 of the first book refers the method to paint on glass, and enamel
L’Architecture, de la André Felibien (1676) Paris roduction
Sculpture, de la Peinture P '
Ars Vitraria 17" cent.
. . hann Kunckel Leipzi
Experimentalis Joha uncke (1679) €1pzig
, ) Haudicquer de 17" cent. . Many similarities with the work by Félibien, possibly a copy without reference to
De I’Art de la verrerie Paris
Blancourt (1697) the source.
5 — - - - -
Lodrt de I Verrerie Baron d’Holbach 18" cent. Paris Compilation of his translation of Arte Vetraria and both translations of Merret and
(1752) Kunckel
The Handmaid to the . Séc. XVIII Presents several recipes of enamel paining, both base glasses and the various
Robert Dossie London
Arts (1758) colours.
L’Art de la peinture sur Pierre Le Vieil 18" cent. Paris Divided into 2 parts. The second part presents the several aspects os glassmaking
verre et de vitrerie (A774) and enamel painting, with references to Antonio Neri and Robert Dossie.
Nouveau Manuel
complet de la peinture Reboulleau et 19t cent. Paris Divided in 3 parts, the first regards glass painting. Evidence to stained glass
sur verre sur porcelaine Magnier (1883) painting.

et sur émail
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CHAPTER 4
PAINTING TECHNIQUES APPLIED ON STAINED GLASS:

THE REPRODUCTIONS

4.1. Blue Enamel*?

The use of enamels in stained glass began to appear in the second half of the 15" century (Caen, 2009).
The introduction of enamels in stained glass was an innovation at the time, allowing an increase of the
colour range to use into one single glass piece. The complete colour palette was progressively introduced
during the next fifty years: first the colour blue, followed by purple, brown, carnation red and last green
(Cannon, 1991). The first known written evidence (until today) of enamel recipes is a treatise from the
16" century, Die maniere van ovens te maken om colueren te backen van alle soerten, known as the
Antwerp Manuscript from the Plantin-Moretus museum collection (M. 64). Enamel recipes became
widespread through the work of Antonio Neri, L’Arte Vetraria, published in 1612. His recipes can be
re-visited in the works of Merret (1662), Kunckel (1679) and Le Vieil (1774) (Table 4.1).

For the reproduction and characterization of blue enamel painting, two treatises were approached: the
17"-century treatise L’Arte Vetraria written by Antonio Neri, and the 18™M-century treatise The
Handmaid to the Arts, by Robert Dossie. The study and characterization of selected raw materials used
for blue enamel painting was performed, namely quartz pebbles, plant and wine lees’ ashes, and a cobalt
ore, skutterudite. The aim was to chemically characterize the raw materials individually, and to evaluate
their influence to the final paint. Moreover, the reproduction of selected enamel recipes was conducted,
followed by corrosion tests of both enamel powder and paint samples. They were chemical and
morphologically characterised by means of a multi-analytical approach. The description of the different

analytical techniques is presented in Appendix I.

12 The contents of this subchapter are published in: Vilarigues, M. and Machado, A. (2015) ‘Pintar com luz: o esmalte azul na
pintura de vitral’, Quimica, 137, pp. 31-35; Machado, A. and Vilarigues, M. (2016) ‘Cobalt blue - reproduction and
characterisation of blue enamel recipes from The Handmaid to the Arts by Robert Dossie’, Glass Technology: European
Journal of Glass Science and Technology Part A, 57(4), pp. 131-140. DOI: 10.13036/17533546.57.4.027.
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4.1.1. The recipes

L’Arte Vetraria (1612): raw materials and recipes

The production of blue enamels described in many recipes from historical treatises from the 17" and
18™ centuries are anchored in the work of Antonio Neri. The sixth book of the treatise presents the
production of enamels into two steps: first, the production of a base glass (chapter 93, Materia con la
quale si fanno tutti li Smalti) and secondly the production of each individual colour. For the blue
enamels, Neri proposes three recipes: two for turquoise enamel (chapter 95, Smalto turchino) and other
referred to “other blue enamel” (chapter 96, Altro Smalto azurro), the enamel recipe which was

reproduced in this study:

93. The Material to Make all Enamels
Take for example 30 Ibs of fine lead, and 33 Ibs of fine tin. Blend these metals together and calcine
them in the kiln, as was described for lead in its place (...)
Take 50 Ibs of this fine calx, and 50 Ibs of crystal frit made with thoroughly ground white tarso.
Through a sieve, sift 8 oz of white tartar salt (...) set this material down in the terracotta pot again,
giving it fire for 10 hours.

Remove the material, pulverize it well, and store it in a dry place. (...)

96. Another Blue Enamel
As an example, take 4 Ibs of enamel base material. With this, thoroughly mix 2 oz of prepared zaffer,
but first mix in 2 pwt of thrice cooked copper, made with the flakes of the kettle smiths, as was

described in its place. (...) When it is fused and well clarified, dump it into water, and repeat. (...)

Paul Engle (2003), “L’Arte Vetraria/The Art of Glass”, vol. 111, pp. 22 and 26

Table 4.2 presents the raw materials indicated by Antonio Neri and their current chemical formula.

Table 4.2 — Raw materials and related chemical formula of the components used for the production of blue enamels
according to the recipe Altro Smalto Azurro by Antonio Neri.

Tarso Sio
_ _ (Pebles from Ticino river) 2
Cristallo frit .
Polverino salt Na,CO
Base glass (salt from coastal plant ashes) 2
Sal di Tartaro
(salt from ashes of wine lees) K2COs
Lead and tin calx Pb,Sn0O4
Zaffera CoO
Blue enamel Ramina di tre cotte Cuo
(calcined copper)
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Table 4.1 — List of the blue enamel recipes from historic treatises dated to between the 17" and the 18" centuries.

White Salt/ Lead Lead Tartar
Zaffe Blue Cristallo glass_/ Coloured Lead Quartz common Rock salt and fﬁhES/ salt/  Calcined  Saltpetr . .
Smalt Copper - 13 Venetian blue Sand Soda (sel . Litharge / Borax Arsenic Mercure Bismuth
r enamel frit | 14 Olass pebbles salt / sea 15 tin : Pearl- tartar e
Ig assI / glass salt gemme) calx mllne %e ashest®
Flint glass plom
L’Arte Vetr_arla (1_612) X X X X X
Antonio Neri
Libro 1 X X X X X
de’segreti...(1645)
Gasparo Brunoro X X X
Des Principe de
L Architecture, de la
Sculpture, de la Peinture X X X
(1676)
André Félibien
De I’Art de la verrerie
(1697) X X X
Haudicquer de Blancourt
1Y X X X X X X
2 X X X X
Ars Vitraria 3 X X X X X X
Experimentalis 4 X X X X X
(1679) 58 X X X
Johannes Kunckel 6 X X X
7 X X X
8 X X X X X
1 X X X X
2 X X X X X
The Handmaid to 3 X X X X
4 X X X X X
the Arts (1758)
Robert Dossie 5 X X X X X
6 X X X X X X
7 X X X X X
8 X X X X X X
1 X X
LAt de la vei 2 X X X X
rt de la peinture 3 X % X X X X
sur verre et de 2 X X X
vitrerie (1774) 5 X X
Pierre Le Vieil 5 X X < %
7 X X X

13 Cristallo is a sodium-rich glass, that appeared in Murano in the 15"-century. It is considered a glass of high quality, known by its transparency. It was made from salto f Levantine ashes and quartz pebbles from the Ticino river.

14 There are three recipes on the manuscript by Pierre Le Vieil (p. 118) which present the terms aigue-marine (aquamarine) and azur de mer. The author states that these components might not have been related with the employment of precious stones (take the
example of aigue marine, which is a term for beryl, a beryllium and aluminium silicate), rather related with the employment of glass or gems with this colour. The author then mentions recipes given by Antonio Neri, on how to give glass an aquamarine colour.
15 Rock salt, or sel gemme, is the mineral form of sodium chloride (NaCl) that we can find in nature, known as halite.

16 Potassium carbonate, K2COs.

17 The recipes given by Kunckel have the employment of salt. The author does not mention which type of salt is employed, however we can assume that it is a common salt, such as sodium chloride, since in previous recipes the author mentions the word potasse,
potash, meaning the salt from terrestrial plant ashes.

18 For this recipe the author mentions the employment of zaffer, or in the lack of this component, the use of a blue enamel, which might be any recipe given the author, or the recipe given by Neri.
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Neri makes reference to the use of Tarso, “a specie of very white marble” (Engle 2003, vol. I, p. 15), an
inaccurate word used for quartz, collected on the shores of the Ticino river, and in Tuscany, at Mount
Veruca in Pisa, Sevarezza, Massa and in the Arno river. The author also states that these pebbles must
be free of dark veins and, that for crushing and milling stone mortars have to be used instead of mortars
made from bronze or another type of metals in order to prevent any type of contamination of the milled
pebbles. The use of pebbles in glass production is already mentioned in previous treatises, such as the
Montpellier Manuscript, dated to 1536 (Zecchin, 1964). The Ticino pebbles chosen by Neri for the
production of the Cristallo frit are very rich in silica, without “dark veins, or the yellowish appearance
of rust” (Engle 2003, vol. I, p. 15).

Samples from the pebbles of Ticino River'® were analysed by ICP-MS (Table 4.3). These results attest
the high level of purity of this raw material, with a very high concentration of silica and low
concentration of alumina, iron and titanium, when compared with the chemical composition obtained

from sand sources previously analysed (Turner, 1956; Brems et al., 2012).

Table 4.3 — ICP-MS analysis of the Ticino pebbles (wt. %).
SiOz A|203 Fe,O3 CaO MnO Ti02
99.9 0.03 0.02 0.04 0.003 0.003

The coastal plant ashes for the production of polverino salt came from the Levant region, currently Syria,
and were considered by Neri the best when compared to the Spanish soda. In his treatise, he describes
the preparation and purification of these ashes in order to obtain the salt which would be mixed with the
finely ground tarso. Antonio Neri refers to this type of imported ashes as Rochetta, the bulk material, or
as Polverino, the obtained powder (Engle 2003, vol. 1, p. 11). In the 17" century, there is a reference to
the use of Barrilla, sodic ashes imported from Alicante, Spain. Moretti (2013) mentions that for a short
period of time Barrilla was also produced from local plants from Lido, along the Venetian coast and at
the Po River (Moretti & Hreglich 2013, p. 30). From the 15" century onwards, potassium-rich ashes
were used, obtained from plants such as fern (Engle, 2003; Moretti and Hreglich, 2013). Neri also
mentions the use of salt fern ashes, as is described in chapter 5 of the first book (Engle 2003, vol. I, p.
20).

Several studies were performed in order to assess the composition of the different types of plant ash.
They can present a variable chemical composition between plant and wood ash (Stern and Gerber, 2004,
2009; Jackson, Booth and Smedley, 2005), and between the ashes from the same species collected on
neighbouring sites (Sanderson and Hunter, 1981), or the type of substratum on which they grow (Stern
and Gerber, 2004). Also important is the variability that can be found in different parts of the same plant

(Smedley, Jackson and Booth, 1998). Another aspect that can contribute to the variability of the

19 The samples were kindly provided by Professor Maria Pia Riccardi, from the Earth Science and Environment department
from the University of Pavia.
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chemical composition is the ashing temperature: Misra et al.(1993) verified for wood ash that a
dissociation of potassium and calcium carbonates between 700 °C and 900 °C (depending on the wood
type), with the volatilization of potassium between 800 °C and 900 °C. Regarding calcium, its content
increases due to the dissociation of the above-mentioned carbonates and the volatilization of the
potassium oxide formed after the dissociation.

The use of untreated ash, especially wood ash, can introduce contaminants on the final glass, such as
iron, resulting in an undesirable green hue. The use of plant ash was therefore in many cases preferable,
leading to various solutions (Rehren and Freestone, 2015).

As for the glassmakers in Central Europe, limestone was added to the batch in order to get a clearer (and
more stable) high-quality final product (Rehren and Freestone, 2015). Another solution was the
treatment of the ashes, which consisted on the lixiviation of the insoluble compounds of the ash,
remaining a salt rich in potassium carbonate, potash. However, previous studies concerning the
production of glass have revealed that the 2-component glass batch (sand:ash) using whole-ash would
be the most common practice (Stern and Gerber, 2009), and that the glass production using potash would
occur only in certain regions, as we can attest by the study on Bohemian glass conducted by Cilova &
Woitsch (2012).

For the present study, fern plants?® were collected and dried for 10 weeks and burned in order to obtain
the ashes to be analysed. They were fired on a turned over terracotta vase, this way restricting the
entrance of oxygen. The ashes were ground in a stone mortar and sieved, repeating this process twice.
A sample of these ashes was re-ashed at 850°C on an electric furnace in order to remove the remaining
carbon (Jackson, Booth and Smedley, 2005). The final ash was of white-grey appearance. The results
obtained (Figure 4.1) gave a very inhomogeneous composition, an expected result obtained for terrestrial
plant ashes, as attested by previous works. The main components identified were potassium chloride,
sodium calcium silicate, and potassium sodium calcium phosphate. These compounds are soluble in
silicate melts, with exception of sodium and potassium chlorate (which is partially soluble), which will
have an impact on the final composition of the glass (Jackson, Booth and Smedley, 2005). On the first
half of the 15" century, a new method of purification of the ashes was introduced, in order to obtain a
salt, rich in sodium or potassium carbonate (Moretti and Hreglich, 2013). The lixiviation of the ashes is
mentioned in the Montpellier Manuscript (1536), and also on the Biringuccio’s De la Pirotechnia
(1540), where the author states that this salt is usually called potash (Smith & Gnudi 1943, p.112). Neri
explains that to extract the salt from fern ashes is to be made with “the rules, observations, and diligence
prescribed for Levantine polverino salt...” (Engle 2003, vol. I, p. 20): the ashes are boiled, forming an
alkaline concentrated solution called lye. The ashes are mixed continuously until half of the amount of
water evaporates. After this process, the solution rests for about two days after which the procedure is

repeated again until the solution becomes whiter. In the end, the lye is placed on a low fire. After 24

20 Ferns were collected from a private property, near Tomar.
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hours, a white salt, “that looks like spider webs or white lace” (Engle 2003, vol. I, p. 13) appears in the
walls of the container, and that product is the salt rich in potassium carbonate. The lixiviation of the fern
ashes, as instructed by Neri, gave a browner salt, as the ashes obtained were completely black (Neri does
not mention the colour of the ashes imported, or if there was any difference, between maritime and
terrestrial plant ashes. Another hypothesis is the burning process). p-EDXRF analysis to the obtained
salt revealed the presence of potassium, calcium and chlorine (Figure 4.2).
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Figure 4.1 — XRD pattern obtained for the fern ashes. A heterogeneous composition is observed, with the
presence of e sylvite (KCI), * sodium calcium silicate ((Na,Ca)SiO2), ¢ potassium sodium calcium phosphate
((K,Na,Ca)POy), + silica (SiO2), and & kalsilite (KAISiO4).
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Figure 4.2 — u-EDXRF spectrum of the salt obtained from the lixiviation of fern ashes.
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Other types of ashes used from the 15" century onwards were the ones obtained from wine lees,
extracted from the bottom of the wine barrels, called tartaro or grumma. These ashes, rich in potassium,
would also be treated to obtain a salt rich in potassium carbonate. Cipriano Piccolpasso on his treatise
Li tre libri dell'arte del vasaio, dated probably to 1557, describes in detail how to prepare the ashes, and
also makes a curious reference to the treatment of the wine lees. Once collected, they should be taken
outside the city to be burned, due to its bad smell, which could even make pregnant women miscarry
(Lightbown and Caiger-Smith, 1980) (Figure 4.3).

Figure 4.3 — Piccolpasso in his treatise I tree libri dell arte del vasaio (16" century) explains in detail the treatment of the
wine lees?".

In Neris’ treatise, we do not see any reference to this peculiar feature. The author makes only one
caution, which is that when burning the wine lees they should not be burned until they become white,
otherwise “the salt will be no good” (Engle 2003, vol. I, p. 29), unlike Piccolpasso, that refers to the
final product as “all the white part” (Lightbown & Caiger-Smith 1980, vol. I1, p. 51). The extraction of
the tartar salt described by Neri is somehow a similar procedure as the one for the salt from plant ashes:
the author recommends filling the container to place the ashes with common hot water and leave it to
boil until the amount of water decreases to one-quarter, and then leave it to cool to room temperature.
The next step is to filter this solution, resulting on a strong lye. This lye is filtered and placed in glass
containers and heated until a white salt appears at the bottom. The author then prescribes the dissolution
of the said salt into a new solution of hot water and leave it undisturbed for 2 days. This step is then
repeated four more times. The final product would be a salt rich in potassium carbonate.

For this work, wine lees?? were collected and calcined on a terracotta pan at 250 °C in a furnace, mixed

with a glass spoon during the heating process. The resulting ashes were re-ashed at 850 °C, and analysed

2 Piccolpasso, C. (1857) I tre libri dell’ arte del vasajo. Edited by G. Delsette and R. De Minicis. Roma: Dallo Stabilimento
tipografico (https://archive.org/details/itrelibridellar0Ominigoog).
22 The wine lees were obtained from a private winery production.
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by XRD. As can be seen by the results obtained, the ashes obtained from the wine lees are very rich in
potassium compounds, namely potassium carbonate, potassium oxide and potassium chloride (Figure
4.4).

*I,CO,
+K.,0
«KCl

Intensity / cps

20 (%)

Figure 4.4 — XRD pattern for the ashes obtained from wine lees, with the presence of * potassium carbonate
(K2COs), ¢ potassium oxide (Kz20), and & potassium chloride (KCI).

The production of the blue enamel colour consisted of mixing the enamel base glass with zaffer, and
also manganese or copper, to obtained different shades of blue.

Metallic oxides were added in order to colour glass with various tones. They were extracted from the
mines, a process as old as the craft itself, which gained a new impulse during the Renaissance period.
This craft, once monopolised by the monarchy, began to be under the control of merchants and investors.
The Holy Roman Empire became the centre of mining exploitation during the Middle Ages, with three
main centres stablished in the 15™ century: Saxony, the Harz Mountains and Hungary (Trengove, 1965;
Ball, 2007).

The production of the blue colour was prepared from the treatment of a cobalt ore. Between the 15" and
18™ centuries, the main source of cobalt came from the mines in Schneeberg, in the Erzgebirge region,
in particular, from the ores skutterudite, a cobalt arsenide with nickel and bismuth, and a variable amount
of impurities, cobaltite or smaltite (Gratuze et al., 1992, 1996). One of the first references to this mineral
was made by Agricola on his treatise Bermannus (1530), referring to as cobaltum, or kobelt, named after
a legend of goblins who lived in the mines and haunted the workers (Ball, 2007). This mineral was
associated with other minerals, such as zinc, copper, arsenic, nickel, and bismuth, and used for the
manufacture of zaffer and smalt, a blue pigment used for glass and ceramics. Its invention is attributed
to the bohemian glassmaker Christopher Schiirer, between 1540 and 1560 (Beckmann 1846, p.483). The
extraction and treatment of cobalt were a mystery for many years. In fact, Antonio Neri on his treatise

L’Arte Vetraria (1612) does not mention its origin, nor provides any indication of being imported,; it
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only mentions that prior to its use zaffer was roasted and then sprinkled with strong vinegar (Engle 2003,
vol. I, p. 30). Christopher Merret on his Art of Glass (1662) mentions that might be an invention of
“some metal-men in Germanie” (Merrett 1662, p. 279). The mystery regarding the preparation of this
pigment is unveiled with Johann Kunckel, on his treatise Ars Vitraria Experimentalis (1679). Kunckel
translates Neri’s, adding comments and corrections to his recipes, including annotations about the
preparation of zaffer, where he states that the one given by Neri was not necessary. According to
Kunckel, zaffer is the result of the calcination of a cobalt ore, which results in a product rich in cobalt
oxide (Holbach, 1752). He prescribes the calcination of this mineral until the white smoke (arsenic)
stops to come out from the furnace. The result is grinded very roughly and then calcined a second time.
After this second calcination, the final product is mixed with two parts or more of calcined pebbles. This
mixture is then properly stored and exported this way (Holbach 1752, pp. 51-52).

Nevertheless, some questions remain regarding its trade. References state zaffer was a mixture of this
product with a silica source such as quartz pebbles, and exported this way, in order to protect its
fabrication (Holbach 1752, p. 52). Other authors state zaffer was only the calcined mineral, which could
be exported with or without sand (Beckmann 1846, p. 478).

On the other hand, smalt was composed of a mixture of zaffer, sand, and potash, which could also be
used as a colouring agent for blue enamels. Robert Dossie on his treatise The Handmaid to the arts
(1758) states smalt “ground very fine, and mixt with a fourth part of its weight of borax” could be used
for enamel paint (Dossie 1758, p. 254).

Two samples of skutterudite?® (CoAss), both from Schneeberg, were analysed by XRD. The difference
between the two samples is their purity, meaning that one of the samples is richer in silica (a feature
seen with the naked eye). On the context of this work will be named sample a, and sample b, respectively
the one richer in cobalt arsenide and the one richer in silica. The results for sample b are presented in
Appendix Il. The XRD pattern of sample a shows the presence of cobalt compounds, nickel and arsenic
compounds (two minerals commonly associated with cobalt) and silica (Figure 4.5 and Figure 1.1,
Appendix Il for sample b). As attested by the visual perception of both samples, sample b presents more
silica than sample a. Both minerals were calcined at 1000 °C, and the result was also analysed by XRD
(Figure 4.6 and Figure 11.2, Appendix I). It is possible to verify the decrease of the intensity of the peaks
related with cobalt arsenide (with a possible amorphisation of the material) giving more evidence to the
presence of quartz. This fact does not mean the absence of the cobalt ore, but a change in its crystalline
structure, since the arsenic is lost. In addition, the formation of new compounds is observed, namely
atelestite (Bi:O(AsO4)(OH)) and rammelsbergite (NiAsz).

The p-EDXRF analysis to both samples, before and after calcination, allowed to confirm this
information. With the loss of some arsenic, the presence of cobalt and bismuth becomes more evident
(Figure 4.7).

23 Skutterudite ore was kindly provided by Christin Kehrer, the curator of the ore deposit and petrological collection from the
University of Freiberg, Germany.
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Figure 4.5 — XRD pattern for the skutterudite, sample a. * skutterudite (CoAs3), + quartz (SiOz), * nickelskutterudite
((Ni,Co,Fe)Ass), and # arsenolite (As20s).
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Figure 4.6 — XRD pattern for the calcined skutterudite. « skutterudite (CoAss), + quartz (SiO2), ¢ arsenolite (AsOs), #
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Figure 4.7 - p-EDXRF spectrum of skutterudite (sample a), before and after calcination at 1000 °C.

With the study and characterization of selected raw materials it was possible to establish an intersection
between the information provided by the historical sources and laboratory work. The methodology
which was replicated provided good results, revealing, as expected, their complexity and heterogeneity.
The analyses of the Ticino pebbles confirmed their high level of silica content associated with its use
for the production of glass of high quality. The mineralogical characterisation of skutterudite provided
insights on the impact that it has, not only on the final glass composition, but also on the morphologic
characteristics of the glass paint. As for the fern ashes, a heterogeneous composition was found, which
is in accordance with the literature. However, we have to keep in mind that the chemical characterisation
presently analysed is directly influenced by certain factors such as the period and place of extraction,
and the type of soil.

The Handmaid to the Arts (1758): raw materials and recipes

Dossie presents in his publication thirty-nine enamel recipes for various colours: nine recipes for yellow,
six recipes for green, five blue recipes, five for crimson red (called the “purple gold”), four recipes for
orange, four purple recipes, four recipes for brown and two recipes for black.

For the production of these colours, the author presents four enamel base glasses, or as he called “flux”,
and a fifth one regarding the use of “Venetian glass, as a flux”, which was produced with “wrought
pieces” of Venetian glass, possibly cullet.. The author mentions that this glass could be produced in
Venice or “in anywhere” (Dossie, 1758), indicating it could be a Fagon-de-Venise production.

It is possible to divide the recipes into two distinct groups: one group presents lead on its composition,
with the addition of “glass of lead”, and the other group does not present lead on its composition. Borax

(NazB4+07-10H,0) was also used, in both groups.
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Dossie is the first author to describe the use of this compound for the production of enamels (Grieb,
2004). Dossie describes borax as “a salt of very peculiar qualities”, stating its use was not so common,
but it was of “greatest consequence to the art of enamelling” (Dossie, 1758). Earlier European references
state the use of borax for glass production. Johann Kunckel, in the treatise Ars Vitraria Experimentalis
(1679), mentions its use for the manufacture of gems (Dungworth and Brain, 2005). The term ‘borax’
was used in many historical references also to mention ‘flux’ since it was confusing to workers to
differentiate the different salts, which led writers to pass the wrong information. Therefore, the mention
of the term ‘borax’ does not always indicate the use of it in the recipes but may refer to any other salt
used as a flux. Literature states borax was rarely used for enamels before the 17" century (Grieb, 2004).
Finally, to apply the paint over the glass, Dossie prescribes the used of selected binding agents like oil
of spike of lavender, which could be mixed with oil of turpentine to help with the paint, “in order to
make them go further” (Dossie, 1758), meaning the use of these binders would result on a better paint,
easy to apply.

For each enamel recipe, several base glasses could be used. The author presents a division between the
base glasses and the enamel recipes. Base glasses are organized and numbered in chapter IX, section IV
(Dossie 1758, pp. 273-278). This organization is important to understand the description of the enamel
recipes presented in section VI of the same chapter, where for each enamel recipe Dossie refers the
enumeration of the base glasses described in the previous section. These enamel recipes are also
numbered. One enamel recipe can have two, three or more modifications, depending on the base glass
used. Enamel recipes n°6 to 10, presented in chapter 1X, section VI, are the ones for the colour blue
(Dossie 1758, pp. 288-291). In chapter X, section Ill, Dossie describes the enamel recipes applied on
glass (Dossie 1758, pp. 315-316). In this chapter, Dossie makes reference to the enamel recipes 6, 8 and
10, and therefore, these were the enamel recipes reproduced on the context of this work. Figure 5.7
presents a schematic organization of the enamel recipes reproduced, with the original enumeration of
the recipes.

To obtain the colour blue, zaffer was used as a colouring agent. The author refers to zaffer as “an earth,
obtained by calcining a kind of stone called cobalt”, and when mixed “with proper additions; which are
generally fixt alkaline salts and sand, or calcined flints”, smalt could be obtained. Dossie states smalt
“ground very fine, and mixt with a fourth part of its weight of borax™ could also be used for enamel
paint (Dossie, 1758). In order to better understand the differences between zaffer and smalt, each enamel

recipe was replicated, using both colouring agents (cf. Figure 4.8).
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Enamel recipe 6
Base glass 6 parts + Colonring agent | part

| |
Base glass 1 Base glass 2
| |
| l | ]
Zaffre Smalt ZalTre Smalt
Borax 4 parts Borax 4 parts Borax 4 parts Borax 4 paris
- - + -
zaffie I part smalt I part zaffre I part st I pare
R6B1Z RG6B1S R6B2Z R6B25
Enamel recipe 8
Base glass 4 parts + colouring. agent | part
| | | |

[ Base glass | ] [ Base glass 2 ] [ Base glass 3 ] [ Base glass 4 ]

F"":"'1 F"":‘““1 | —— |
Zaflre Smalt Faffre Smalt Faffre Smalt Zaflie Smalt
RSBIZ | | pgpis || r8B2Z || RsB2S R8B3Z || r8B3s | | REBZ || pepys
‘. e
Enamel recipe 10
Base glass 5 parts + colouring agent | part + copper | part
| l
[ Base glass 3 ] [ Base glass 4 ]
|
Zaffre + copper Zallre + copper Smalt + copper Smalt + copper
RIOB3Z R10B3S RIOB4Z RI0B4S

Figure 4.8 — Scheme for the organization of the enamel recipes reproduced, from Dossies’ The Handmaid to the Arts
(1758).
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4.1.2. The reproductions

Antonio Neri and the reproduction of blue enamels

Blue enamels were produced with p.a. chemical reagents and fused in modern electric furnaces. That is
why it is important to have in mind that the raw materials and production parameters are different from
the historical recipes. From the recipes given by Antonio Neri, it was prepared a theoretical simplified
recipe, from which the impurities associated with the raw materials were removed (Table 4.4). Table
4.4 presents the raw materials and their respective chemical compounds along with the composition
used for the production of the blue enamel.

The mixture of the components (with a total of 100 g) was placed in an alumina crucible and heated at
a temperature of 1200 °C for several hours. The molten glass was poured into cold water in order to
break the glass into several pieces. The obtained glass was then dried and grinded on a mechanical agate

grinder, in order to obtain a fine powder to apply over the base glass.

Table 4.4 — Raw materials and respective chemical compounds used for the production of a blue enamel, according to the
recipe Altro smalto azzurro. The composition of the blue enamel produced is also presented.

Tarso SiO; (w/w %)

Cristallo frit 200 Ib 28.6

50 1b Polverino salt Na,COs (W/w %)
130 Ib 18.6

Base glass Tartar salt K2CO3 (w/w %)
80z 0.6
Calcined lead PbO (w/w %)
301b 22,5
Calcined tin SnO; (wiw %)
331b 24.7
Zaffera CoO (w/w %)
20z (0,125 Ib) 4,8
Blue enamel : )

Ramina di tre cotte CuO (w/w %)
2 pwt (0,006 Ib) 0,2

When it comes to applying the blue enamel over the glass, Antonio Neri does not explain how to
proceed. To better understand this procedure, it was necessary to explore other treatises, such as the
Robert Dossies” The Handmaid to the Arts. In this treatise, the author states that the blue enamel can be
applied to a surface (glass or other) in one of two ways. A first approach consists in the mixture of the
pigment with a binder, such as lavender oil, forming a paint to apply with a brush. However, a
homogeneous layer can be difficult to obtain this way. Another way to apply the paint is to apply the oil
over the surface, and then to disperse the pigment over the binder, removing all the enamel pigment that
does not get well attached to the surface. In both cases, the author mentions the importance of the drying
time before heating, which must be short. Figure 4.9 presents the results obtained using both techniques,

after annealing the enamel paint until 700 °C, and keeping at 700 °C for 10 minutes. According to
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previous studies, these parameters showed good results (Caen, 2009). As we can observe the second
method presents a more homogeneous layer resembling the type of paint that we can find in historical

stained glasses.

(@) (b)
Figure 4.9 — Detailed of the application of paint, with (a) the use of a brush to apply the blue enamel, and (b) the
application of the binder and further dispersion of the pigment.

Robert Dossie and the reproduction of blue enamels

For the preparation of blue enamels, p.a. chemical reagents were mixed according to the recipes. Their
production was achieved step-by-step, in line with the instructions given by the author, thus, base glasses
were produced, and the colouring agents were then added in order to produce the final enamel recipe.
Table 4.5 presents the raw materials used to produce the base glasses, with the respective chemical
reagents used in the laboratory, while in Table 4.6 the final nominal composition of each enamel recipe
is presented alongside with the final measured composition obtained by p-PIXE. The preparation and

the exact amounts used to produce both base glass and blue enamel are presented in Appendix IlI.

Table 4.5 - Base glasses used for the reproduction of enamels.

Raw material Glass of C_ommon Pear!‘l Sea salt Borax Arsenic
lead flint glass ashes
Chemical Pb304:SiO; .
reagent 2:1 (Wt%) SiO, K>CO3 NacCl Na,B407:10H,0 As;O03
20z
Base glass 1 - - -
0.1251b
_ 1lb 6 0z ( ) Toz
Base glass 2 - (0.375 1b) - (0.0625 Ib)
Base glass 3 - 40z -
20z (0.251b) —
Base glass 4 - Lib 40z (0.125 Ib) 2 0z
g (0.25 Ib) ' (0.125 Ib)

Two types of enamel recipes were prepared, varying the colouring agent: one was made with the use of

zaffer, other with the use of smalt. Zaffer was prepared according to the prescription given by Kunckel

24 pear ash is the definition given to refined potash, obtained from the treatment of commercial potassium
carbonate. The term “pearl ash” first appeared in the 18" century.
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(Si02:Co0 2:1, wiw) (Holbach 1752, p. 52), and smalt was prepared as described by (Brady & Clauser
1989, p. 204) (71% SiO2, 7% Co0, 21% K2COz and 1% Al20z).

Table 4.6 — Nominal (N) and measured (M) composition (wt %), by pu-PIXE, of the blue enamel recipes
reproduced. The enamel recipes submitted to corrosion (sub-chapter 4.1.4) are highlighted in blue.
Si02 PbO KO Na:O B203 As:0s Al03 Cl CoO CuO

N 234 431 167 6.2 4.7 4.7 1.1
R6B1Z
M 29.6 475 9.3 6.9 nd 5.8 <0.11 0.89
N 224 408 158 4.7 10.9 4.2 1.1
R6B2Z
M 259 445 117 3.2 nd 5.2 8.3 1.00
N 329 376 146 3.7 4.1 7.1
R8B1Z
M 36.4 414 9.4 4.2 2.7 <0.09 5.9
N 326 353 136 2.2 51 3.6 7.6
R8B2Z
M 349 378 112 2.3 nd 4.6 3.0 6.2
N 69.2 14 4.2 1.3 4.1 7.2
R8B3Z
M 77.3 10.1 55 nd 0.90 0.46 5.8
N 64.4 8.5 5.3 4.6 6.2 3.7 7.3
R8B4Z
M 715 5.9 5.6 nd 4.6 5.7 0.86 5.7
N 58.1 12.3 3.7 1.1 3.6 4.9 16.2
R10B3Z
M 68.1 9.4 5.7 nd 0.95 0.49 2.7 12.7
N 53.7 7.4 4.7 4.1 55 3.3 5 16.4
R10B4Z
M 61.6 5.3 3.1 5.0 4.3 0.51 4.6 15.5
N 236 432 172 6.3 4.7 0.03 4.7 0.2
R6B1S
M 271 465 9.8 11.2 nd 4.8 042 0.24
N 226 409 163 4.7 11 4.2 0.04 0.2
R6B2S
M 27.3 434 101 5.2 nd 5.0 8.7 0.26
N 343 382 179 3.7 0.2 4.2 1.5
R8B1S
M 403 389 119 4.9 25 <0.08 16
N 341 358 17.2 2.2 51 3.7 0.2 1.6
R8B2S
M 384 365 130 2.8 nd 4.2 3.4 1.7
N 71.2 17.3 4.3 1.3 0.2 4.2 1.5
R8B3S
M 79.4 12.6 4.8 nd 11 0.59 1.5
N 66.3 11.7 54 4.7 6.3 0.2 3.8 1.6
R8B4S
M 76.0 8.5 4.2 nd 35 5.6 0.40 1.8
N 59.4 14.6 3.8 1.1 0.1 3.7 1 16.3
R10B3S
M 68.0 114 3.6 nd 0.98 0.49 1.2 14.3
N 54.9 9.7 4.7 4.1 55 0.2 3.3 11 16.6
R10B4S
M 62.5 6.6 4.3 nd 4.1 6.5 0.38 1.3 14.4

R: enamel recipe; B: base glass; S: smalt; Z: zaffer

54



For each enamel recipe, several base glasses could be used. Following Dossie, for enamel recipe n°g,
base glasses n°1 and 2 were used, for enamel recipe n°8, base glasses n°1, 2, 3 and 4, and for enamel
recipe n°10, base glasses n°3 and 4. Therefore, the present work comprises 16 blue enamel recipes: 8
enamel recipes with the use of zaffer and 8 enamel recipes with the use of smalt.

For enamel recipe n°6, one part of the colouring agent was added to six parts of the base glass. Also as
prescribed, the colouring agent is mixed with 4 times its weight of borax. For enamel recipe n°8, four
parts of the base glass were added to one part of the colouring agent.

For enamel recipe n°10, five parts of the base glass were mixed with the colouring agent and copper
oxide, both one part (cf. Figure 4.8). The powders (both base glass and later blue enamel powder) were
placed on a turbula for 30 minutes to obtain a homogeneous mixture. The batches were placed on a
Termolab electric furnace at a temperature of 1200 °C for 10 hours, with a heating rate of 5 °C/min until
1200 °C, after which were poured into cold water to make frit. The glass was mechanically grinded on
a mortar grind Retsch RM 200, for 30 minutes. The resulting enamel powders were properly stored in
polyethylene bags inside a desiccator with a controlled relative humidity.

Each enamel powder was mixed with oil of lavender (as prescribed by the author) from Lefranc &
Bourgeois and distilled turpentine from Winsor & Newton. The paint was applied over the non-tin side
of a sheet of float glass (Saint Gobain), ca. 10 cm x 2,5 cm. For each enamel paint, two reproductions
were executed: one with the help of a spatula, in order to create a thick layer over the glass, other with
a Zehntner 4-sided applicator frame, to apply a homogeneous layer with a thickness of 200 um.

The reproductions were placed in a furnace at a temperature of 700 °C, with a heating rate of 5 °C/min,
staying at 700 °C for 10 minutes; according to previous studies, these parameters showed good results
(Caen, 2009).

The blue enamels reproduced with the use of zaffer and smalt are presented in Table 4.7. All recipes
where zaffer was used as colouring agent lead to a deeper blue, as expected since the content of cobalt
is higher in these samples (see Table 4.6). Looking to the results obtained after firing the enamel paints
it is possible to notice that some did not vitrify properly under the same heating conditions. In particular,
enamels with lead-containing base glass present better-vitrified paints, while lead-free enamels present

a matte surface, indicating that the enamel did not fuse properly.
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Table 4.7 - Final results for each enamel recipe reproduced in this work, with the use of zaffer and smalt as a colouring agents.

Enamel Colouring Enamel Powder Enamel Paint Enamel Colouring Enamel Powder Enamel Paint
Recipe agent Recipe agent
- - -
R6B1 R6B2 - — —
Smalt Smalt
- - -
R8B1 R8B2
N N -




Table 4.7 — Final results for each enamel recipe reproduced in this work, with the use of zaffer and smalt as a colouring agents (continue).

Enamel Colouring Enamel Powder Enamel Paint Enamel Colouring

. . Enamel Powder Enamel Paint
Recipe agent Recipe agent

Zaffer Zaffer
R8B3

Smalt Smalt

Zaffer Zaffer
R10B3

Smalt Smalt
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For the recipes n° 6 (R6B1 and R6B2), a lighter blue was achieved both with zaffer and smalt, as
expected, since the colouring agent is mixed with four times its weight in borax, as prescribed, therefore
the amount of cobalt is low. It was possible to attest that the paint produced with this recipe does not
present a good adhesion and the enamel easily detaches from the surface. It exhibits a matte appearance,
and when smalt was used, an irregular texture was always obtained.

For enamel recipes n° 8, the results are independent of the colouring agent but vary with base glass used.
For enamels with base glass n°® 1 and n° 2 (R8B1 and R8B2), a well-vitrified surface is obtained, with
the typical craguelure present in enamel painting on historical stained glass (Caen, 2009). For the recipes
with base glass n° 3 and n° 4 (R8B3 and R8B4), the enamel presents an opaque and matte surface,
possibly indicating an incomplete fusion of the paint layer. As for the enamels n® 10 (R10B3 and
R10B4), two different green hues were obtained with both colouring agents, probably due to the
presence of copper in their compositions. The enamel paint with base glass n°3 presents a more vitreous
and shiny surface when compared with the one prepared with base glass n°4, which presents a matte
appearance. Regarding the use of copper in the enamel recipes n° 10, the author mentions that this recipe
“verges more towards the green, than in proportion to the warmth of n°8” (Dossie 1758, p. 316).

FORS analyses were performed on both enamel powder and enamel paint. The obtained UV-Vis spectra
are presented in Figure 4.10 (enamels R6 and R8) and in Figure 4.11 (enamels R10).

According to with the literature, Co?* in tetrahedral coordination presents due to the Jahn-Taller effect
a triple band at 540, 590 and 640 nm in the visible region, corresponding to the transitions “I'>—“I's,
I'»—Tsand *I',—"T4 (P), respectively (Navarro, 2003). Previous studies performed on two samples of
blue stained glass from the 15" century allowed to correlate the position of the Co?* peaks and the
chemical composition of the glass (Bacci and Picollo, 1996; Bacci et al., 2007). The samples analysed
were K-rich blue glass, presenting a Co?* triplet band at 540, 601 and 652 nm. Other study performed
on Na- and Ca/K-rich glass of roman, post-medieval and industrial period observed for Na-rich glass a
Co?* triplet placed at 534.7, 595.1 and 644.5 nm, and 526.5, 595.5 and 648.4 nm for Ca/K-rich glass
(values calculated from an average of samples available) (Ceglia et al., 2012).

For the blue enamel recipes R6 and RS, the first band of the Co?" triplet of the produced enamels before
and after firing is centred between 531 nm and 546 nm, the second 594 — 600 nm and the third 647 —
656 nm. There is no evident relation between composition type - the enamels produced can be classified
as lead glass when PbO > 15 wt % or mixed-alkali when K,O/Na;O > 0.6 wt % (Schalm et al., 2007) —
and the obtained UV-Vis spectra. It is, however, important to notice that in some cases after the firing,
variations in the intensity of the bands did occur. These alterations are probably associated with
rearrangements of the glass network.

For the blue enamel recipes R10 (Figure 4.10), the UV-Vis spectra clearly display the presence of not
only Co?* but also of Cu?*. The difference between the powders and the fired enamels is evident for all

cases, but more pronounced for the enamel R10B4Z and R10B4S.
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Figure 4.10 - Absorption spectra of enamel paints 6 and 8, with the use of zaffre and smalt: (a) and (b) spectra for the
enamel powder and enamel paint with the use of zaffre, respectively, (c) and (d) spectra for the enamel powder and enamel
paint with the use of smalt, respectively. The spectra were normalized to the third band of the cobalt triplet.

For the enamel powder with base glass n°3 (Figures 4.10a and 4.10c, green line) is possible to verify the
presence of the triple band of Co?", and a broader band situated around 720 nm and at least 1050 nm,
corresponding to the 2I's (F) — 2I's transition of octahedral coordinated Cu?*. This absorption band is
shifted towards higher wavelengths when compared with the literature (Navarro, 2003). This tendency
might occur due to the enamel composition which presents a high alkali content (K2O+Na,O content
between 20-23 wt% for base glass n°3 and 16-19 wt% for base glass n°4). This fact might also explain
the hue, from green (R10B4) to blue (R10B3) since the ratio CoO:CuO is identical for both recipes.
Furthermore, the spectra of the enamel recipes R10B4 (Figures 4.10a and 4.10c, orange line), shows an
absorption cut-off around 450 nm. This can be related to a possible conversion of a part of Cu?* ions
into Cu* ions due to the presence of arsenic oxide, which may alter the oxidation state of colouring ions
(Shelby, 1997).

When looking to the absorption spectra of the enamel paints, the difference between base glass n°3 and
n°4 becomes more evident. The spectra for base glass n°3 (for both colouring agents) reveals the

presence of Co?* triplet, but the absorption band of Cu?* seems to be almost absent.
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Figure 4.11 - Absorption spectra of enamel paints 10, with the use of zaffre and smalt: (a) and (b) spectra for the enamel

powder and enamel paint with the use of zaffre, respectively, (c) and (d) spectra for the enamel powder and enamel paint

with the use of smalt, respectively. The spectra were normalised to the third band of the cobalt triplet, with the exception
of the enamel paints R10B4Z and R10B4S.

The absorption spectra of the enamel paint with base glass n°4 for both colouring agents reveals one
single and not well-defined cut-off.

Colorimetric measurements using the Lab* system were performed, with the acquisition of Lab* (Table
4.8) and xy coordinates (Figure 4.12). As expected, measurements on the blue enamels gave negative
values for b*, being more negative in the case of the enamels produced with zaffer, a result seen for both
enamel powder and enamel paint. Also for enamel paint with smalt as a colouring agent, it is possible
to perceive higher L* values. A result which is predictable, since smalt has a lower CoO amount,
therefore the colour is lighter. Values for b* coordinate for enamel recipes n°10 gave positive values,
verging towards yellow, in combination with negative a* values, indicating a greener colour.

Figure 4.12 presents the a* vs. b* coordinates of the recipes with the use of zaffer and smalt. It is possible
to notice a more identical distribution of colour of the powders and final paints in the recipes with the

use of smalt. This can indicate that smalt is more stable at high temperatures when compared with zaffer,
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being possible to predict the final colour. This is probably associated with the fact that smalt is already

a powdered glass while zaffer is only a mixture of CoO and silica.
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Figure 4.12 — a* vs. b* chart of the enamel paints with the use of (a) zaffer and (b) smalt as colouring agents. The results

for stained glass samples are also presented.

Colorimetric measurements were also performed on blue enamel painting from four stained-glass panels

from Pena National Palace, dated to between the 16" and 17" centuries.

Looking to the colorimetric diagram and the position of stained glass panels’ case study, they reveal a

more similar behaviour with the enamel paints with the use of smalt as a colouring agent (cf. Figure

4.12).

Table 4.8 — Lab* coordinates for the blue enamels reproduced, with the use of zaffer and smalt as colouring agent.

Recipe Enamel Powder Enamel Paint
L* ax b* L* ax b*
R6 B1 69.57 -1.7 -15.07 215 14.9 -41.27
R6 B2 68.7 5.13 -28.43 43.93 10.7 -38.77
R8 B1 54.4 -0.93 -19.73 23.17 31.6 -61.1
Zaffer R8 B2 58.77 3.13 -26.97 19.67 10.07 -32.9
R8 B3 53.57 6.57 -36.3 19.17 24.93 -43.87
R8 B4 55.1 8.93 -33.63 55.7 12.17 -39.27
R10 B3 59.17 -4.23 -13.53 22.53 -0.27 -1.03
R10 B4 51.2 -8.57 27.4 20.87 3.73 3.67
R6 B1 84.27 -1.27 -3.87 25.77 -0.6 -14.1
R6 B2 81.07 1.67 -18.77 47.02 5.43 -32.53
R8 B1 61.47 0.73 -27.2 24.13 -3.03 -10.83
R8 B2 62.7 6.13 -34.2 30.57 17 -45.73
Smalt R8 B3 64.8 4.1 -31.63 26.6 0.03 -17.93
R8 B4 64.87 5.33 -27.73 60.8 2.63 -24.97
R10 B3 64.6 -6.5 -3.87 17.77 -3 -5.47
R10 B4 52.7 -5.9 29.07 30.13 2.43 4.67
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In addition to FORS, the enamel paint samples were analysed by Raman spectroscopy. For all the recipes
R6 and R8 with the use of zaffer and smalt as colouring agents (Figure 4.13, and Appendix V), it is
possible to verify the presence of a band centred between 420 cm™ and 520 cm™ corresponding to the
Si-O-Si bending vibrations (Robinet, Bouquillon and Hartwig, 2008). No direct relationship can be
made between the composition of the enamel and the shift of the band towards higher wavelengths.
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Figure 4.13 — Raman spectra of selected painted samples, (a) enamel recipes R6B1, (b) R6B2, (c) enamel recipes R8B1Z
and R8B2Z, and (d) R8B3Z and R8B4Z. Raman spectra of enamel recipes R8 with the use of smalt present similar results.

The enamel samples R6B1, R8B1, and R8B2, with the use of both colouring agents, present a broad
band centred between 960 cm™ and 1000 cm, corresponding to the Si-O- stretching vibration from Q?
species. This band is related with a high lead content present on silicate glasses (Robinet, Bouquillon
and Hartwig, 2008). Enamel samples R6B1 present a higher lead content than the enamel samples R8B1
and R8B2, which explains the shift of the band towards lower wavelengths (Robinet, Bouquillon and
Hartwig, 2008).

Along with the identification of the silicate network, it is also possible to assess the presence of cobalt
silicate (Co2SiO4) on six of the enamel paints reproduced (R6B2S, R6B2Z, R8B2S, R8B2Z, R8B4S and
R8B4Z), with the presence of the typical band centred between 820 cm™*and 840 cm™ for our painted
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samples. This peak is a result of the saturation of the pigment on the glass matrix (Colomban, Milande
and Le Bihan, 2004; de Waal, 2009). The enamel recipes R8B3S and R8B3Z also present a week band
centred around 792 cm*, which can also be related to the presence of Co,SiO.. A relationship between
the increase of intensity of this band and the decrease of the amount of SiO, on the composition is
observable.

For all the enamel paints with exception of R6B1Z and R8B3Z, is possible to identify amorphous C,
with the presence of Raman bands between 1220 cm™ and 1640 cm* (de Waal, 2009).

For enamel paint samples R10B3 and R10B4 with the use of zaffer and smalt as colouring agents, it is
possible to notice a shift of bands assignments towards lower wavenumbers for both recipes with base
glass 4 (Figure 4.14).
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Figure 4.14 — Raman spectra of painted samples with enamel recipes R10, with the use of (a) zaffer and (b) smalt.

The sharp band centred between 280 cm™ and 295 cm corresponds to the Cu-O Ay lattice mode of Cu-
O vibration. The band centred between 330 cm™ and 340 cm™ corresponds to the By lattice mode of Cu-
O vibration. This band is very weak for enamel recipes R10B3S and R10B3Z and a shoulder band for
enamel recipes R10B4S and R10B4Z (Goldstein et al., 1990; Hagemann et al., 1990).

4.1.3. Blue enamel painting from stained glass fragments from Pena National Palace and

Vitrocentre Romont collections®

Selected stained-glass fragments from the Swiss group of the Pena National Palace collection were

chosen for glass and glass-painting analysis. This group of fragments was compared with the results

% The content of this sub-chapter is published in: Machado, A. et al. (2017) ‘Swiss Kabinettscheiben from a 19th century
Portuguese collection. Study and chemical characterisation’, in Wolf, S. and Pury-Gysel, A. de (eds) Annales du 20e Congres
de I’Association International pour I’Histoire du Verre, Fribourg/Romont, 7-11 Septembre 2015. Romont: AIHV - Association
Internationale pour 1’Histoire du Verre, pp. 684-688; Machado, A. et al. (2017) ‘Swiss Stained-Glass Panels: An Analytical
Study’, Microscopy and Microanalysis, 23(4), pp. 878-890. DOI: 10.1017/S1431927617000629.
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obtained for a group of fragments belonging to the Vitrocentre Romont. The total of 21 samples selected
for were taken from small fragments belonging to stained-glass panels of these two collections: the first
set of six samples from the Pena National Palace collection (PNP set), the second set comprising fifteen
samples from Vitrocentre Romont (VCR set). The PNP samples were taken from fragments which were
found after the restoration of their respective stained-glass panels and were thus not included in the
restored panels, which were already on display when the missing fragments were discovered (cf. Figure
2.8). This was a good opportunity to study their glass composition. The VCR samples come from a
collection of loose stained-glass fragments, which are part of the bequest of Hans Meyer, a stained-glass
painter who worked in Zurich between 1893 and 1961. Hans Meyer also restored ‘ Wappenscheiben’,
and for this purpose had collected fragments of broken or discarded historic stained-glass panels
(Schneider, 1978). The selection of fragments was based on their typology and the painting techniques
applied, which are specific to a region and period and therefore allow an attribution of date and Swiss

provenance (Lehmann, 1941; Boesch, 1955).

Description of the fragments from the Pena National Palace

This set (Figure 4.15, Table 4.9) consists of six fragments of colourless stained glass, painted with
grisaille, yellow silver stain and blue enamel. One of the fragments (PNP16) also includes an area with
red flashed glass (glass consisting of a thin layer of red glass over a layer of colourless glass). The
grisaille is always applied to the front of the stained glass, while the yellow silver stain and the blue
enamel are applied to the back.

VCRO1 VCRO08

VCRO04 VCR12

Figure 4.15 — Material analysed: the six stained-glass fragments from the collection at Pena National Palace (PNP), and
five of the fifteen fragments from the collection at Vitromusée Romont (VCR).
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Sample PNPO5 probably belongs to the heraldic panel with the coat of arms of the canton of Luzern
dating to 1688 (cf. Figure 2.8b). However, it is also possible that it was part of the panel inscribed with
loannes Heinricus Fleischlin, which also dates to 1688 (PNP2820) (cf. Figure 2.8c); both panels
originally come from the church of St. Gallus and Otmar in Kriens, Luzern. Sample PNP16 comes from
panel PNP2860, a 17th-century heraldic panel with the coat of arms of Niedersimmental (cf. Figure
2.82). PNP17 has also been attributed to the aforementioned panel PNP2820. Samples PNP06, PNPO7
and PNP12 could unfortunately not be attributed to any of the existing panels in the collection. These
fragments might have originated in one or more panels, which are known to have been lost from the
collection. However, they may also have been used as stopgaps during a past restoration of the extant
panels and subsequently been removed. There is evidence of such use of historic fragments as stopgaps
within the collection. For example, panel PNP2860 (cf. Figure 2.8a), contains pieces, which probably
originated in several other lost historic stained-glass panels. While the precise origins of samples PNP06,
PNPO7 and PNP12 are unknown, the design and painting techniques they exhibit leave no doubt that
they are Swiss and date to the Early Modern Period.

Table 4.9 — Set of stained-glass fragments from Pena National Palace analysed by p-PIXE and SEM/EDS.
Stained-glass panel Glass colour and paints Sample
PNP2808, Heraldic panel with the coat of

Colourless glass painted with grisaille and yellow

arms of the canton of Luzern . i PNPO5"

1688 (inscribed) silver stain

PNP2820, loannes Henricus Fleischlin Colourless glass painted with grisaille, yellow
1688 (inscribed) . . ' PNP17
silver stain and blue enamel
PNP2862’r;|sez)?lg';;g;r;?rlnvéz: t;hle coat of Colourless painted with grisaille and red flashed PNP16
17" century glass
Colourless glass palr?ted wnh grisaille and yellow PNP0G
Unknown or lost stained-glass panels S|Iver_sta|n - —

16M and 17" centuries Colourless glass painted with grisaille PNPO7
Colourless glass painted with grisaille, yellow PNP12

silver stain and blue enamel

“PNPO5 might also be attributed to the panel PNP2820.

Description of the fragments from Vitrocentre Romont

This set (cf. Figure 4.15, Table 4.10) includes eleven stained-glass fragments consisting of colourless
glass painted with grisaille, yellow silver stain and/or blue enamel (Table 4.10, VCR01-08 and VCR11-
13). One of the fragments is also painted with sanguine red (VCRO06), a pigment obtained from red iron
oxide, which can be applied either as a transparent wash or an opaque colour. Two of the colourless
fragments also include areas of red flashed glass (VCRO7 and VCRO8). The set also includes four
coloured glass fragments. The purple coloured glass (VCR09, VCR14, and VCR15) is composed of red
and blue flashed glass and the light brown glass (VCR10) consists of colourless and purple flashed glass.

Two of the coloured glass fragments are painted with grisaille. As with the fragments from Portugal, the
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grisaille is applied to the front of the glass, and the yellow silver stain, blue enamels and sanguine are

applied to the back.

Table 4.10 — Stained-glass samples from Vitrocentre Romont analysed by p-PIXE and SEM-EDS.

Sample Glass colour and paints
VCRO01 Colourless glass painted with grisaille and blue enamel
VCRO02 Colourless glass painted with blue enamel
VCRO03 . . . . .
——————— Colourless glass painted with grisaille, yellow silver stain and blue enamel
VCRO04
VCRO05 Colourless glass painted with grisaille and blue enamel
VCRO06 Colourless glass painted with grisaille and red sanguine
_ VEROT Colourless glass painted with grisaille, and red flashed glass
VCRO08 ’

VCRO09 Purple glass consisting of blue and red flashed glass, painted with grisaille
Light brown glass consisting of colourless and purple flashed glass, painted

VCRIO with grisaille
VCR11
VCR12 Colourless glass painted with grisaille
VCR13
VCR14 -
~VCRIS | Purple glass consisting of blue and red flashed glass

In order to determine the compositions of the bulk glass and the glass paints, and for a better assessment
of the morphological characteristics of the paint layers, we took small samples (approx. 5 mm width)
from the stained-glass fragments. The samples were analysed by p-PIXE and by SEM-EDS; the latter
method was also used to measure the elemental distribution (X-ray maps) and to show the structural
characteristics of the paint layers (backscattered electron image mode (BSE)). For the glass paints, the
results of the chemical analysis are based on the mean average of three measurements per measurement

spot.

The results obtained for the bulk glass are published in Machado, Wolf, et al. (2017) (Table V.1,
Appendix V). According to the literature (Schalm et al., 2007; Wedepohl and Simon, 2010), the
compositions of the glass—comprising the samples from both sets—can be subdivided into two groups:
the first group, which includes 13 samples, has a high lime—low alkali composition (HLLA), with a
K,O/CaO ratio between 0.2 and 0.4. The second group, comprising six samples, is composed of a
potassium-rich glass with high calcium content, with a K,O/CaO ratio between 0.6 and 1.2 and a
concentration above 9.5 wt. % for both K>O and CaO. One sample (PNPO06) stands out for its very high
potassium and lower calcium concentration (19.4 wt. % of K,O and 8.6 wt. % of CaO), another sample
(VCROB6) for its elevated sodium content (8 wt. % Na,O and a K,O/Na.O of 0.3).

The glass paints, namely the blue enamel and the grisaille (which will be discussed in the sub-chapter

4.3.3), from some of the stained-glass fragments from both sets were analysed by SEM/EDS using BSE
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images, and by p-PIXE in order to study morphology and composition of the paint layers. The results
of the chemical analysis are based on the mean average of three measurements per measurement spot.

Figure 4.16 shows representative examples of the analysed blue enamels. The enamel layers are
heterogeneous and include various glassy phases, bubbles, and inclusions that are rich in silicon and
aluminium; the inclusions are probably quartz and feldspar grains. The thickness of the enamel layer
ranges between approximately 30 um and 80 pum; the thicknesses can vary within the same layer. The
interface between the enamel and the base glass is well defined for all the samples, with exception of
sample VCRO03. This sample stands out because it has a more diffuse interface and a more homogeneous

enamel layer (cf. Figure 4.16b).

(b)

Figure 4.16 — SEM/BSE images of blue enamels (a) VCR02, (b) VCR03 and (c) PNP12.

Small white spots are present throughout the enamel; in some cases, they follow the same patterns of
some of the glassy phases, as can be seen on the enamel from sample VCRO03. White angular inclusions
of a size similar to the quartz and feldspar grains were observed in some samples (cf. Figure 4.16c).
EDS analyses of these inclusions revealed high levels of arsenic and nickel (Figure 4.17). A similar
result was obtained for the characterization of calcined skutterudite, with the identification of
Rammelsbergite, a nickel arsenate (sub-chapter 4.1.1, p. 47).
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Some of the enamel layers show micro-cracks (cf. Figure 4.16a). They either run roughly parallel to the
surface or in a diagonal direction. Sometimes they continue into the base glass. The enamels analysed
by Van der Snickt et al. show similar characteristics (Van der Snickt et al., 2006). In some cases, these

cracks seem to connect the gas bubbles and sometimes continue into the glass substrate (Figure 4.18).

60pm 60pm

60um

B0pm

Figure 4.17 — SEM-EDS map of sample PNP12. A glassy matrix with aluminium-rich inclusions can be observed as well
as an area enriched in arsenic and nickel.

Figure 4.18 — SEM/BSE image of sample VCRO02 showing air bubbles and inclusions in the blue enamel layer.
The micro-crack running diagonally to the surface connects two gas bubbles.

EDS and p-PIXE analysis show that all the blue enamels belong to the Co-As-Ni-Bi group identified by
Gratuze et al. (Gratuze et al., 1992, 1996) (Table V.2, AppendixV), which indicates that the cobalt ore
used to produce the enamel probably came from the mining district of Schneeberg, Germany, which was
exploited between the 16" and 18" centuries (Kunckel, 1752). The blue enamels of the VCR set have
CoO concentrations ranging between 0.33 wt% and 3.49 wt%, and low to intermediate contents of PbO
varying between 0.18 wt% and 5.1 wt%. The blue enamels from the PNP set show CoO concentrations

between 2.02 wt.% and 3.2 wt.%; PbO concentrations in these samples are below the detection limit.
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The contents of nickel and arsenic (as well as bismuth), which are associated with the cobalt ore, are
very similar in the samples from both sets, with exception of samples VCR03 and PNP17 (Figure 4.19).
However, these differences probably reflect natural variations of NiO/CoO that can occur on the cobalt
ore (Gratuze et al., 1992).
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Figure 4.19 — As20s vs. NiO/CoO biplot for the blue enamel samples analysed.

The blue enamels of two samples (VCRO02 and VCRO05) stand out for their relatively high lead content.
Lead is also related to the cobalt ore. These two enamels also have similar aluminium, titanium and iron
concentrations, elements which are associated with the silica used for the production of the enamel. It
seems likely that the blue enamel of these two samples was made using the same recipe. Regarding the
other samples analysed, the variable composition of the enamels seems to suggest the use of slightly

different enamel recipes but using cobalt ore from the same provenance as a colourant.

4.1.4. Corrosion studies on blue enamels

Corrosion of blue enamel powder samples?

The discoloration of smalt was already reported in a 17" century De Mayerne manuscript which
associated the problem with the binder used in the paint (Boon et al., 2001; Bischoff, 2002). However,
recent studies have shown that the discoloration of this pigment is actually due to the leaching of
potassium ions from the glass matrix to the binding medium, causing a rearrangement of the structure,

specifically a change of the cobalt coordination from tetrahedral to octahedral (Boon et al., 2001;

%6 The content of this sub-chapter is published in Machado, A. and Vilarigues, M. (2018) ‘Blue enamel pigment — chemical
and morphological characterization of its corrosion process’, Corrosion Science. DOI: 10.1016/j.corsci.2018.05.005.
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Robinet, Spring and Pagés-Camagna, 2013). Robinet et al. have shown that the Co-O distance increases
in the altered pigment, affected by the Co/K ratio (Robinet et al., 2011).

The previously mentioned studies focused on historical samples of smalt in easel and fresco painting.
Cianchetta et al. conducted experimental studies on artificially aged samples, including smalt paint
(Cianchetta et al., 2012). We studied enamel applied on glass, using a sample set produced according to
historical recipes which were corroded through an artificial weathering process. We analysed the results

of this experimental process by various methods to characterise the corrosion mechanisms found.

The blue enamels samples were produced according to the prescriptions given by Robert Dossie in his
treatise The Handmaid to the Arts, dated to 1758. 16 enamels were produced, eight of these used zaftfer
as a colouring agent while the others used smalt. The experimental procedure is described in the sub-
chapter 4.1.2, pp. 53-55. The size of the particles was determined through examination of each sample
under a magnifier, on this basis we selected samples to prepare the dispersions. In turn, the dispersions
were examined by transmitted light optical microscopy, under plane and cross polarised light. Optical
microscopy analyses to samples of the dispersions of each enamel recipe is presented in Appendix VL.
The average particle size of the final enamel powder samples was 50 um. They demonstrate a variable
grain size, between approximately 1 um and 100 um. The grains are heterogeneous in shape, presenting
a bluer colour for the samples of the enamel recipes with zaffer as colouring agent. As for the corroded
enamel samples, a loss of the blue colour is noticeable. The size and shape of the grains remains
heterogeneous, however we cannot assume that a change in size and shape occurred after the corrosion
process.

10 enamel recipes were chosen for study out of the 16 available in Dossie’s treatise: five recipes using
zaffer and the equivalent five recipes using smalt. Zaffer is a mixture of SiO, and CoO (2:1, w/w)
(Holbach, 1752), whereas smalt is a prepared blue glass (71% SiO,, 7% Co0, 21% K,CO3; and 1%
Al,O3) (Brady and Clauser, 1989). The amount of colouring agents added was of equal weight for each
recipe, therefore the recipes using smalt had less cobalt in the final enamel pigment. Additionally, the
enamels with smalt as a colouring agent contain alumina in their composition, which, acting as a
stabilizer in the glass matrix, will have an influence on the corrosion process. Three 0.25 g replicate
samples of each enamel powder were placed in 25 ml of distilled water for 2 months, without stirring,
to induce corrosion. Previous studies have shown that still water, without stirring, favours the formation
of crystals on the glass samples (Vilarigues & da Silva, 2009). Using distilled water without agitation
can present similar results to the real weathering conditions. Inert polyethylene containers were used in
order to avoid chemical reactions between the electrolyte and the container walls. Daily pH
measurements were performed for a period of five days, reduced thereafter to once a week for the rest
of the experimentation period. The equipment used was a Sartorius DocupHmetr, Using an electrode with
a KCI 3M solution. The electrode was calibrated with three pH solutions (4, 7, and 10) before performing

the measurements; the electrode was carefully cleaned with distilled water between measurements. The
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enamel powder samples, before (hereafter referred to as pristine) and after corrosion (hereafter corroded)
were studied by means of a multi-analytical approach. This involved assessing its structure, both
chemical and morphological, and colour by various techniques.

The corrosion mechanism was evaluated through pH measurements of the electrolyte during the
experiment. The pH variation of the electrolyte is presented in Figure 4.120. The pH variation curve is
in accordance with the corrosion mechanism of silicate glasses doped with metallic ions (Vilarigues and
da Silva, 2009). The pH increase is very high at the beginning, followed by a slight decrease of the

growth rate.
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Figure 4.20 — pH variation of the electrolyte used for the corrosion of the enamel powder samples with (a) the use of
zaffer and (b) the use of smalt as colouring agents. The relation between the nominal composition of the alakali and the
ApH is presented in (c).

This decrease can be explained by the saturation of silicic acid in the solution, as the enamel samples
were corroded in a static leach (Grambow, 1992). The corrosion mechanism can be explained as an
initial leaching of the alkaline ions from the glass matrix to the electrolyte, allowing an ionic exchange
between these ions and the hydrogen-bearing ions (H* and HzO*) of the water. The lixiviation of the
alkaline ions into the water increases the pH of the electrolyte. The ionic exchange is complemented

with the formation of molecular water as Si-O-Si bonds break. The pH of the electrolyte is found to have
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a constant growth rate when an equilibrium of the ionic exchange is reached, leading to the formation
of secondary phases, namely carbonates (Vilarigues and da Silva, 2006, 2009). In the present study, the
initial pH of the electrolyte, measured without the enamel powder samples, was between 5 and 6. At the
beginning of the experiment, the pH increased to 7.5-10. Previous studies have shown that glass powder
samples cause such steep increases due to their high surface/electrolyte ratio (Ahmed and Youssof,
1997).

The initial increase of the pH is higher for the enamel recipes with the use of smalt as a colouring agent,
an expected result since these recipes present a higher amount of alkaline ions. The final pH is, for this
reason, higher than that obtained for the enamel samples with zaffer as colouring agent. Indeed, when
comparing both sets of enamel powder samples (with zaffer or smalt), we can see a positive correlation
between the ApH and the amount of alkaline: the ApH is higher for the enamel powder samples with a
higher amount of alkaline ions in the glass composition (Figure 4.20c).

The ICP-AES characterization of the water (Table 4.11) confirms the lixiviation of the alkaline
components, namely potassium. The lixiviation of K* ions is very heterogenous among the different
recipes: it is higher (above 100 mg/l) for recipes R8B1S, R8B3S, R6B1S, R6B1Z (in this order), whereas
the loss of K™ ions for the remaining recipes is below 50 mg/Il. No significant differences were identified
between the enamel recipes with zaffer or smalt. There is no direct relation between the ApH and the
overall composition of the enamel recipes, yet we can verify a positive correlation between the ApH and
the amount of leachate alkaline ions (K* and Na*), confirming an increase of alkaline in the electrolyte

as a function of time.

Table 4.11 — ICP-AES results (mg/l) of the remained water used for the corrosion tests.

Sample Al As B Co Cu K Na Pb Si
R6B1Z 0.08 nd 18.5 0.08 0.02 101.0 5.1 0.04 5.4
R6B2Z 0.15 0.41 16.3 0.01 0.01 51.9 1.5 0.05 1.9
R8B1Z 0.05 nd nd 0.02 nd 41.3 0.85 nd 13.1
R8B3Z 0.06 nd 0.35 0.01 0.01 30.1 0.86 nd 21.5
R10B3Z 0.05 nd nd 0.06 nd 16.2 0.48 nd 8.0
R6B1S 0.08 nd 22.4 0.02 0.01 136.6 6.3 0.07 6.2
R6B2S 0.11 0.19 10.2 nd nd 429 1.2 0.05 2.4
R8B1S 0.06 nd nd 0.04 nd 382.7 4.6 0.09 18.9
R8B3S 0.05 nd 0.60 0.07 nd 194.7 3.2 nd 27.9
R10B3S 0.04 nd 0.25 nd nd 36.6 0.75 nd 19.4

The concentration of each electrolyte obtained by the ICP-AES technique was normalized to the
concentration in the glass (by converting the elements to oxides and normalizing them to 100 %). The
sodium, potassium, silicon, and boron contents of the pristine samples show a positive correlation with
the given concentration in the electrolyte (Figures 4.21a and 4.21b). This indicates that their contribution

to the formation of secondary phases is minimal. On the other hand, lead, aluminium, and cobalt show
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no such correlation, indicating that they might contribute to the formation of secondary phases (Figure

4.21c). The measured aluminium values demonstrate that the alumina crucibles used in this experiment

influenced the final composition of the enamels.
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Figure 4.21 — Relation between the initial content (wt. %) and the leachate content to the electrolyte for (a) sodium ions,
(b) boron ions, and (c) cobalt ions.

The visual results of the artificial corrosion process are presented in Figure 4.22. Only the samples from
enamel recipes R6B1Z and R6B1S suffered a complete colour change, lightening from blue to grey. In
contrast, both recipes R6B2 and R8B1Z became darker, with a negligible degree of lixiviation of cobalt
ions into the electrolyte. It is possible that, with the lixiviation of the remaining ions, these two enamel
samples became more “saturated” in colourant, thus darkening in colour. Meanwhile, recipe R8BIS
presents a change of the blue hue in addition to a lighter colour. These visual results are attested by the
measured Lab* coordinates presented in Table 4.12. The corroded samples all reveal an increase of the
L* coordinate with the exception of the R6B2Z and R6B2S enamels. The b* coordinate increases for
the samples with the base glass 1, i.e. R6B1Z, R8B1Z, R6B1S, and R8B1S, while the remaining samples
show decreases. As for the a* coordinate, an increase is observed for all the enamel powder samples,
with the exception of R8B1Z, R10B3Z and R10B3S. Figure 4.23 illustrates these results; in particular
showing that the a* coordinate of enamel recipe R6B1 shifts from negative to positive, hence its

dramatic change of colour when compared to the rest of the samples.
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Figure 4.22 — Results of the pristine and corroded samples of the blue enamel recipes case study.
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Table 4.12 — Lab* coordinates for the corroded enamel powder samples.

Recipes Pristine Corroded
L* a* b* L* a* b*
R6B1 69.57 -1.7 -15.07 80.13 -0.53 0.93
R6B2 68.7 5.13 -28.43 63.20 8.20 -31.57
Zaffer R8B1 54.4 -0.93 -19.73 58.33 -1.57 -10.63
R8B3 53.57 6.57 -36.3 58.13 8.70 -38.07
R10B3 59.17 -4.23 -13.53 64.53 -4.30 -14.87
R6B1 84.27 -1.27 -3.87 90.23 -0.43 3.10
R6B2 81.07 1.67 -18.77 78.37 3.27 -23.07
Smalt R8B1 61.47 0.73 -27.2 76.10 1.40 -11.87
R8B3 64.8 4.1 -31.63 57.73 10.50 -40.30
R10B3 64.6 -6.5 -3.87 69.60 -6.67 -9.30
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Figure 4.23 — a* vs. b* chart for the pristine and corroded enamel powder samples, with the use of (a) zaffer, and (b)
smalt as colouring agents.

The UV-Vis spectra obtained for the corroded enamel powder samples R6B1Z and R6B1S show a shift
in the first band of the cobalt triplet towards lower wavelengths when compared to measurements of
their pristine state (Figure 4.24). The first band is positioned around 535 nm for all the samples, a result
also identified by Ceglia et al. for Na-rich glass from the post-medieval and industrial periods (Ceglia
et al., 2012). This indicates that the predicted lixiviation of the K* ions did in fact changed the chemical
structure of the glass matrix and, therefore, the influence of neighbouring alkaline ions is possibly
transferred to the Na* ions. The colour change from blue to grey in corroded samples R6B1Z and R6B1S
is attested by the almost complete absence of the Co?* triplet on their UV-Vis spectra. In addition to the
characteristic Co?" triplet, an absorption band centred at 410 nm is observed for both corroded enamel
samples. This corresponds with the brighter colour displayed by these samples since white is absorbed
within the 330-420 nm range (Picollo et al., 2007). Enamel recipe R10B3Z shows a less pronounced

Cu?* absorption band, which would explain its slight colour change, as was verified by the Lab*
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coordinates we obtained (cf. Table 4.12 and Figure 4.24c). The UV-Vis spectra obtained for the
remaining samples are presented in Appendix VII.
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Figure 4.24 — Absorption spectra for the pristine and corroded enamel samples R6B1with (a) the use of zaffer, (b) the use
of smalt as colouring agents, and (c) pristine and corroded enamel sample R10B3Z.

Further to the changes in colour already discussed, infrared spectroscopy reveals a change in the
chemical structure of the enamel recipes R6B1, with both zaffer and smalt as colouring agents (Figure
4.25, and Appendix VIII for recipes R6B2, R8B1, and R8B3). The pristine enamel samples present an
absorption band for the Si-bridging oxygen vibration situated between 984 cm™ and 991 cm™ (Vilarigues
and Da Silva, 2004). The presence of cobalt oxide is shown by the absorption band situated at 469 cm-
! In addition, a C-O stretching band characteristic of carbonates is present with an absorption band
between 1420 cm™* and 1430 cm™ (Gadsden, 1975; Derrick, Stulik and Landry, 1999). The presence of
a weak absorption band at 690 cm™ indicates the presence of lead white cerussite (PbCOs3), that may
have occurred already during the heating process. Following the corrosion process, the enamel samples
show an O-H stretching band for OH- bonds between 3420 cm-* and 3430 cm™. The loss of the alkaline

ions, mainly of K* ions during the experiment had affected the glass structure: the absorption band for
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the Si-bridging oxygen vibration seen previously was absent, and a weak absorption band centred around
890 cm related to the Si-O" vibration had become visible (Vilarigues and da Silva, 2009).

In addition, a series of infrared spectroscopy measurements marked changes to the chemical structure
of these R6B1 samples, detailed as follows. A sharp absorption band between 1025 cm™ and 1030 cm*
corresponding to the Si-O-Si vibration (Vilarigues and da Silva, 2006). A weak absorption band around
3530 cm?, characteristic of a hydrated carbonate — in this particular case hydrocerussite
(PbCO3:-Pb(OH>)). A sharp absorption band at around 680 cm confirms the presence of lead carbonate
cerussite. An absorption band at around 1640 cm?, related to the presence of hydrated cobalt oxide
(CoO(OH)) (Gadsden, 1975; Derrick, Stulik and Landry, 1999). The C-O stretching band of COs? had
become sharper and deviated to a position around 1400 cm™. Significantly, the formation of hydrated
lead white — a white pigment — suggests that the Pb?* ions have an important role in the change of colour
observed for the corroded enamel sample R6B1. The presence of the absorption band centred at 410 nm

in the UV-Vis spectra confirms this hypothesis (cf. Figure 24).
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Figure 4.25 — Infrared spectra of the enamel samples R6B1, (a) with the use of zaffer, (b) the the use of smalt as colouring
agents, and (c) enamel sample R10B3S, before and after corrosion.
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As for the remaining enamel samples, no significant changes occurred after the corrosion process.
Enamel recipes R10 (Figure 25c) present a sharp Si-O stretching band around 1040 cm™. The presence
of a weak band at 779 cm™ may indicate the presence of cuprite (Cu,0). The absorption band between
459 and 463 cm is characteristic of the cobalt oxide (Gadsden, 1975; Derrick, Stulik and Landry, 1999).

R6BIZ ) R6B1S
’!‘l‘wﬁh
£
/ "'
Pristine , .j Yy
nreY Al
# L
A £ K WMl Mty " Pristine
5] = g "'v\""a:*ul, iy i
=2 - -
z z i,
= Z
é 5‘_,:‘ ek
= £ ek
Corroded
++ Corroded
|
| e
ok | L]
o f‘!m’ ."‘\' + ofsor. o
L (RO LN AT I 1 'U‘wmuﬁ,\u.muww‘%
T T ——
10 20 30 40 50 60 70 ao 90 10 20 30 40 50 60 70 80 80
20 () 20 (%)
(a) (b)

RI0B3S

Pristine

Jeps

Intensity

Corroded

20 30 40 50 50 70 80 90
20(%)

©

Figure 4.26 - XRD patterns for the corroded enamel recipes R6B1, (a) with the use of zaffer and (b) with the use of smalt
as colouring agents, and (c) enamel sample R10B3S, before and after corrosion.
e — C0304 ; ¢ — KAISIOg; * - SiO2 ; 0 — CoAl204; + — cerussite PbCOz; & — hydrocerussite PhCOsz-Pb(OH2).

X-ray diffraction confirmed the information given by infrared analysis. This analysis showed that
significant changes had occurred in the chemical structure of the corroded enamel samples, mainly for
enamel recipes R6B1Z and R6B1S (Figure 4.26). R6B2Z, R8B1Z, R6B2S, and R8B1S also presented
crystalline phases; however, we do not see a complete structural change as in samples R6B1Z and
R6B1S (Appendix 1X). The enamel recipes R8B3 and R10B3 included both colouring agents, they do
not present any crystalline phases after corrosion, showing instead an amorphous structure common to
a cobalt glass (Figure 4.26¢) (Jonynaite et al., 2009). The following crystalline phases were identified:
cobalt oxide (Co0304), quartz (SiOy), kalsilite (KAISiO.), cobalt aluminate (CoAlO4), cerussite (PbCOs)
and hydrocerussite PbCO3-Pb(OH.). As described in the ICP-AES results, no correlation between lead,
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aluminium, and cobalt contents of the pristine samples and the given concentration in the electrolyte
was found (cf. Figure 4.21c). This result agrees with the information provided by FTIR and XRD
analyses, thus confirming the formation of hydrated lead white, and Co?*/Co®" spinels as secondary
phases. The leaching of the alkaline ions along with the ionic exchange between these ions and the
hydrogen-bearing ions (H* and H3O"), promoted a rearrangement of the glass structure, with the
formation of crystals such as Co?*/Co** spinels. In addition, hydrated lead carbonate was formed. It was
possible to determine the presence (even if discrete) of lead carbonate cerussite before the corrosion
process took place, indicating that this compound was already formed during the heating process. This

result was also verified by the infrared analysis.

Figure 4.27 - Optical microscope images of three paint samples: R6B1Z, before (a), and after corrosion (b), R8B3Z,
before (c), and after corrosion (d), and R10B3S, before (e), and after corrosion (f).
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Corrosion of blue enamel paint samples

The corrosion of the blue enamel paint samples considered the contribution of the relative humidity.
The selected samples were placed in a closed desiccator for a period of 12 months, maintaining a relative
humidity around 80 %.

Optical microscopy imaging allowed to detect differences at the surface of the paint samples. Generally,
the surface of the painted samples became duller, a result of the high relative humidity to which they
were subjected (Figure 4.27, and Appendix X). In some cases, the appearance of small white areas at
the surface are visible, as is the case of paint sample R6B2Z (Figure 4.28). Lead carbonate was identified
through Raman spectroscopy, with the presence of a peak at 1057 cm™ (Burgio, Clark and Firth, 2001),
which can explain this phenomenon. In addition, cobalt silicate (Co.SiO.) was identified with the typical
band centred around 820 cm™ (de Waal, 2009) (Figure 4.29). Furthermore, micro-crystals were
identified at the surface of the enamel paint layers R6B2, determined by EDS analysis as Na-rich (Figure
4.30).

(b)

Figure 4.28 — Optical microscope images of the paint sample R6B2Z, (a) before and (b) after corrosion. The presence of
small white areas at the surface of the corroded paint sample is visible.
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Figure 4.29 — Raman spectrum of a lead carbonate present on the enamel paint R6B2Z.
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(a) (b)
Figure 4.30 — SEM-EDS images of corroded paint sample R6B2S, with the presence of micro-crystals at the surface (b).

Colorimetric measurements using the Lab* system for the enamel samples after the corrosion process
(Table 4.13) revealed for most of the enamel samples, an increase of the L* coordinate, which is in
agreement with the result shown by optical microscopy imaging. The b* coordinate increases for the
majority of the enamel paints with the use of zaffer, and for the enamels R6B2S and R10B3S. As for
the a* coordinate, enamel paints R6B1Z, R6B2Z, R6B3Z, R6B1S and R6B2S revealed lower values.
Enamel paint R8B1S is the only sample which a* coordinate increased from a negative value to a

positive value.

Table 4.13 — Lab* coordinates for enamel paint samples, before and after corrosion.

R6B1 215 14.9 -41.27 27.37 9.13 -36.13
R6B2 43.93 10.7 -38.77 43.53 6.33 -33.80
Zaffer R8B1 23.17 31.6 -61.1 15.70 34.13 -57.30
R8B3 19.17 24.93 -43.87 22.63 14.13 -34.17
R10B3 22.53 -0.27 -1.03 18.03 -0.87 -0.40
R6B1 25.77 -0.6 -14.1 36.33 -0.43 -18.17
R6B2 47.02 5.43 -32.53 54.47 1.03 -25.53
Smalt R8B1 2413 -3.03 -10.83 30.83 1.63 -33.47
R8B3 26.6 0.03 -17.93 28.47 7.43 -38.07
R10B3 17.77 -3 -5.47 21.63 0.37 -2.60

For enamel paint samples R6 and R8, with the use of zaffer and smalt as colouring agents, no major
changes were detectable (Appendix XI). On the other hand, for enamel recipes R10B3 with the use of
zaffer and smalt, the absorption bands of the Co?* triplet and the one from Cu?* become difficult to
observe (Figure 4.31). Since no alterations on the chemical structure were detected, we can assume this
alteration is related to the colour alteration at the surface of the paint sample, visible by measurement of
Lab*.
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Figure 4.31 - Absorption spectra for enamel paint sample R10B3S, before and after corrosion.

4.2. Sanguine Red

4.2.1. The recipes

The use of iron red for painting is known since ancient times. Its application extended through various
substrates, including stained glass, where many times translucent sanguine was used for carnations. Its
application in stained glass began probably in the second half of the 15" century (Caen, 2009). Historical
recipes dated to between the 17" and the 18™ centuries show that sanguine red was obtained from
hematite (a-Fe;Os), giving various tones from red to brown, and treated to be applied as a more
transparent or opaque colour.

Antonio Neri in his treatise L Arte Vetraria writes about how to make Crocus Martis (the alchemical
name for red iron oxide), saying “this way causes the glass to appear a rather bright blood red”” (Engle
2003, vol. I, p. 34). Neri presents 4 recipes on how to prepare this pigment. One of the recipes involves
mixing iron with sulfur and further calcination of the mixture (chapter 16, A fare il Croco di ferro,
altrimenti detto di Marte per i colori del vetro). The other three recipes are prepared from a corrosion
process with acetic acid and nitric acid (chapter 17, A fare Croco di Marte in altra maniera, chapter 18,
Altro modo di fare il Croco di Marte, chapter 19, A fare il Croco di Marte in altra maniera).

Kunckel in his treatise Ars Vitraria Experimentalis presents three recipes on how to prepare sanguine,
the co-called couvertes rouges. Unlike the recipes given by Neri, the recipes given by Kunckel prescribe
the use of antimony and vitriol (sulphuric acid), and one of the recipes includes the addition of glass.
Pierre Le Viel presents various translations and recipes for the production and application of this
pigment. In addition, original recipes for the preparation of sanguine are described. To all the recipes
rocaille (75 wt.% PbO + 25 wt.% SiO,) is added, along with powdered gum arabic, lead, and in one
case bismuth (Schalm et al., 1996). The list of the recipes is presented in Table 4.14.
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Table 4.14 - List of the sanguine red recipes from historic treatises dated to between the 17" and the 18" centuries.

Crocus
Iron Martins / . . . . Caput Gum . Acqua .
- Rocaill I L Ant B th Iph .V Vitriol
filings  Saffran Sanguine Rocaille Glass Lead Antimony Bismuth Sulphur mortuum?’  arabic Inegar . s Vitrio
de Mars
L’Arte Vetrari ! X X
rte veiraria
Antonio Neri ; i X X
(1612)
4 X X
Ars \_/|trar|a_ X X X
experimentalis
Johann Kunckel
(1679) X X X
In: Holbach, L’Art
de la Verrerie 3 X X X X
(1752)

Des Principe de
L Architecture, de la
Sculpture, de la X X X X X
Peinture (1676)
André Félibien

De I’Art de la verrerie

Haudicquer de X X X X X
Blancourt (1697)
L’Art de la 1 X X X X X
peinture sur verre 2 X X X X X X
et de vitrerie
(1774) 3 X X X X X X
Pierre Le Vieil

27 Caput mortuum (dead’s head) is the alchemical name for an iron-based pigment of purple colour, obtained from hematite.
28 Nitric acid.
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This painting technique presents conservation issues that can be related to the application method,
rather than with the composition of the paint (unlike the enamels, where we verify that the
composition does affect its conservation state in the future). In order to address this problem, the
reproduction of the sanguine recipes was performed considering the application of the paint with
different binders and the firing of the paint at different temperatures, and with different heating rates.

4.2.2. The reproductions®
Four recipes were reproduced according to with the information given by the following treatises

(Table 4.15):

Table 4.15 — The recipes for sanguine red paint technique reproduced in this study.

L’Arte Vetraria chapter 17, A fare Croco di Marte in altra maniera
Antonio Neri

1612 chapter 18, Altro modo di fare il Croco di Marte

R1

Ars Vitraria Experimentalis
Kunckel chapter 51— Belle couverte rouge
1679

R4

L’Art de la Peinture sur Verre et de
Vitrerie
Pierre Le Vieil
1774

chapter 5 - Carnation des freres Maurice & Antoine

R3

For the preparation of the recipes 1 and 2, low carbon steel filings (<2 %) were used. The choice of
this material is related with the close resemblance with iron cast used in that period. The modern
metal alloys are produced together with other components with the aim to enhance the properties of
the material. For both recipes, the carbon steel filings were placed on Petri dishes and soaked with
the acid prescribed for each recipe (acetic acid for recipe R1, and nitric acid for recipe R2). Once
dried, the final product was grinded, and if needed the process was repeated. Overall, both recipes
were soaked in acid and grinded 5 times each (hereafter 5 times in acid). However, both pigments
were used to paint after soaked and grinded only two times with the respective acids (hereafter 2
times in acid).

The iron filings oxidise in contact with the acetic acid resulting in the formation of iron (I,

according to the following chemical reaction (Weber et al., 2011):

Fe + 2CH3COOH d Fe(C2H302)2 + HZ (l)

As for the corrosion process with nitric acid, ferric oxide is formed, according to the following

chemical reaction (Fujihara, 1926):

29 The first reproductions of the recipes were made in 2014, within a project by Fernanda Carvalho for the master course
of History of Art Technology and Materials.
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oFe + 2HNO; — Fe,05 + H,0 +2NO (2)

Recipe 3 was reproduced in line with the description given in the treatise. The components were
mixed, with exception of the sanguine (Fe20s), which was mixed in the end. The mixture was placed
in a glass container, filled with water just enough to cover the recipe. The container was left for two
days next to a window, to be exposed to sunlight. In the end, the final dried product was scratched
and stored.

Recipe 4 was prepared as the prescriptions given. Iron rust was used, thus grinded mechanically.
To prepare the paint, different binders were used: a mixture of gum arabic with water, and a mixture
of lavender oil and distilled turpentine. The application of the paint on the glass was made with a
spatula and with a brush. To fire the paint samples, two parameters were considered: the firing
temperature and the annealing rate. The paint samples were fired at 680 °C and 700 °C, with three
different annealing rates of 5 °C/min, 2 °C/min, and 1 °C/min.

The selected methodology used for the reproduction of the recipes is presented in Figure 4.32.

Recipes R1, R2, R4 Recipes R1, R2, R4 Recipes R1, R2, R4

Binder Binder
lavender oil + Arabic gum +

Binder
Arabic gum + water

distilled turpentine water

Firing conditions

Firing conditions Firing conditions
700 °C, 2 °C/min

700 °C, 5 °C/min 700 °C, 5 °C/min

Figure 4.32 — Schematic representation of the step-by-step for the production of the sanguine red paint samples. The
parameters which were shifted from one experiment to another are underlined.

The first set of painting samples was performed using a mixture of lavender oil and distilled
turpentine as a binder; the samples were fired at 700 °C, with a heating rate of 5 °C / min. This test
was performed for recipes 1, 2, and 4. The final results were not satisfactory for the recipes 1 and 2.
The paint did not adhere to the surface and was easily detached just by touching the paint. Recipe 4
presented good results in terms of the adhesion of the paint, however, did not present the colour
desired, resulting on a yellow paint. As a first approach the binder chosen proofs to be important to

the outcome of the paint.

Pierre Le Vieil in his treatise L’Art de la Peinture sur Verre et de Vitrerie indicates that the
application of a “watered gum arabic” is necessary to paint on glass (Vieil 1774, p. 195). In the case
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of recipe 4, powdered glass and lead are part of the composition, and for this reason, the adhesion
to the base glass was achieved, regardless of the binder used.

The second set of paint samples was made, with a mixture of gum arabic and water as a binder. The
paint samples were also fired at 700 °C, with a heating rate of 5 °C / min. For all the recipes the final
paint adheres to the base glass, however, it could still be removed from the surface, but to a smaller
degree when compared with the previous tests.

Without changing both binding agent and firing temperature, a third test was made, changing the
heating rate from 5 °C / min to 2 °C / min. The final result was thus optimized, presenting a good
adhesion, and in addition, the paint was not removed from the surface.

With these results in mind, it was decided to maintain the heating rate of 2 °C / min and the mixture
of gum arabic and water as a binding agent. A fourth test was performed with sanguine recipe R2 to
test the firing temperature, decreasing from 700 °C to 680 °C. This is the temperature limit prescribed

by the Debitus company for the Rouge Jean Cousin carnation paint.

Table 4.16 — Final results for sanguine powder and paint, at 680 °C and 700 °C.
Paint
680 °C 700 °C

Powder

R1

R2

R4

Recipes R1, R2 and R4

Table 4.16 presents representative results of the reproductions, for both powder and paint samples.
The discussion of the results will be centred on the three recipes for the powder pigment, whereas
the discussion on the paint samples will be centred in sanguine recipe R2.

Recipe 1 resulted in a powder of reddish-brown colour. There were no relevant differences in the

colour obtained after 2 and 5 times in acid. The colour obtained for the sanguine paint changed from
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the brownish colour to a more reddish hue. For recipe 2 the final colour obtained for the pigment
powder was brighter than the one for recipe 1, suggesting that the acid employed does affect the
final colour of the pigment. After firing the paint is possible to verify that the result for recipe 2
resembles more with the final colour desired, an information already provided by Kunckel when the
author specifies that the obtained from acqua fortis (nitric acid) is more beautiful (Holbach 1752, p.
74). Since nitric acid is a strong oxidising agent, the corrosion process resulted on a more orange
colour, which after firing the paint gave room to a more homogenous and reddish hue. However, it
is not similar to the red carnation colour that we see on historic sanguine red paint. There is no
relevant difference between the colour obtained at 680 °C and 700 °C.

The colour obtained for recipe 4 was the least satisfactory of the four recipes. The powder presents
a yellow hue, which did not change after firing the paint.

When it comes to the type of application, it was concluded that the use of a brush renders a better
effect, giving a more homogeneous layer. This result is verified by optical microscopy imaging,
where we can see that using a spatula the paint presents more craquelure when compared with the
result obtained with a brush (Table 4.17).

Table 4.17 - Optical microscopy images of sanguine red paint recipe R2, at 700 °C, 5 °C / min. A mixture
of lavender oil and distilled turpentine was used as a binder.

Spatula Brush

2x in acid

5x in acid

In addition, we can see that there are not any differences in terms of the colour obtained between
the pigment achieved with two or five times in acid. By testing two different firing temperatures of
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680 °C and 700 °C, differences can be seen on the evenness of the paint layer. Though it is a
difference of 20 °C, we can perceive that the paint sample fired at 700 °C presents a more
homogeneous layer (Figure 4.33).

(b)
Figure 4.33 — Optical microscopy images of sanguine red paint recipe R2, with the use of a mixture of gum arabic and
water as a binding agent, fired at (a) 680 °C, and (b) 700 °C. The samples were painted with a brush.

Fe?* and Fe3* were identified in the three powder samples. In the case of recipes R1 and R2, the
spectra (Figure 4.34a) indicate the presence of ionic species formed during the corrosion of the iron
filings, such as FeOH?*, and Fe(OH).* (Schalm, 2000). Recipes R1, R2, and R4 present an
absorption band centred between 469 nm (R1), 473 nm (R2), and 480 nm (R4) and a week broad
band around 1000 nm (R1), 900 nm (R2), and 998 (R4). In addition, recipe R2 presents a week
broad band centred on 646 nm (Figure 4.34). Infrared spectroscopy analysis of powder samples R1,
R2, and R4 was also undertaken (Figure 4.35).
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Figure 4.34 — Absorption spectra of the powder samples of (a) recipes R1 and R2, and (b) recipe R4.

For recipe R1, the infrared spectra of the pigment after 2x and 5x in acid presented similar results.
Goethite (a-FeOOH) and lepidocrocite (y-FeO(OH)) were identified for recipes R1 and R2, with the
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presence of stretching and bending vibrations of the hydroxyl groups characteristic of both
pigments. The presence of stretching and bending vibrations of acetate and nitrate groups was also
identified (Table XI11.1, Appendix XII) (Derrick, Stulik and Landry, 1999; Schwertmann and R. M.
Cornell, 2000; Helwig, 2007; Goebbert et al., 2009). Regarding recipe R4, antimony pentoxide
(Sh20s) was identified with a week band centred at 953 cm™. Bindheimite (Pb,Sh,07) was likewise
identified, with the presence of a strong band centred at 726 cm™. XRD analysis confirmed the
information provided by the infrared spectra (Figure 4.36). In addition of antimony pentoxide and
bindheimite, hematite (a-Fe20s) and minium (PbsO4) were also identified for recipe R4 (Gadsden,
1975; Downs et al., 2017).
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Figure 4.35 — Infrared spectra of the powder samples of (a) recipe R1, (b) recipe R2, and (c) recipe R4.

With respect to the painting sample R2, goethite and lepidocrocite were converted into hematite,
identified by its characteristic Raman assignment (Figure 4.36, and Table XI1.2, Appendix XII)
(Cornell & Schwertmann 2003, p.147; Legodi & de Waal 2007; Legodi 2008). When comparing
the powder with the paint sample of recipe R2, fired at 700 °C, we can attest the transformation of

iron hydroxides to iron oxide hematite. This is due to the heating process of the paint, forming
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insoluble iron particles. According to the spectrum of the paint, all the light is absorbed up to ca.
590 nm, indicating that only the red colour is reflected. Charge transfers between Fe®* and O% ions
occur in this region, whereas the broad band centred on 855 nm is related to spin-forbidden ligand
field transitions. The size of the iron particles was not calculated, however according to the literature
a diameter between 0.1 and 1.0 um is predicted (Schalm, 2000) (Figure 4.38).
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Figure 4.36 — XRD diffractograms for powder samples of (a) recipes R1 and R2, and (b) R4.
L — lepidocrocite y-FeO(OH); G — goethite a-FeOOH; H — hematite a-Fe203; M — minium PbzOs; C — cervantite Sh20g;
B — bindheimite Pb2Sh20y.
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Figure 4.37 — Raman spectra of paint samples R2, fired at ~ Figure 4.38— Absorption spectra of the sanguine recipe R2,
680 °C and 700 °C. both powder and paint samples.

Recipe R3

The paint samples for recipe 3 were prepared separately. This is a recipe that already presents gum
arabic in the composition. Following the results above described, the use of gum arabic and water
as a binder rendered better results, when the firing conditions were optimized. Can, in fact, the
binding agent affect directly the outcome of the paint? Or it is just the heating rate that compromises

the final result? Above ca. 300 °C all the organic compounds are degraded, hence it is expected that
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the binder will exclusively contribute to the application of the paint. However, it was verified in the
previous section that the use of gum arabic as a binder proved to be more effective. On the other
hand, by reducing the heating rate, and hence increasing the time needed to achieve the maximum
firing temperature, more time is given for the paint to improve its adhesion to the base glass. In fact,
by decreasing the heating rate, changes in the firing temperature, from 700 °C to 680 °C, might not
be relevant. Henceforth, the paint samples were fired at 700 °C, with three different heating rates: 5
°C/min, 2 °C/min, and 1 °C/min. A fourth paint sample was fired at 680 °C, with a heating rate of 2

°C/min. A mixture of lavender oil and distilled turpentine was used as a binder.

(b)

©
Figure 4.39 — Optical microscopy images of sanguine red paint recipe R3, fired at 700 °C, with annealing rates of (a)
5°C, (b) 2 °C, and (c) 1 °C/ min.

Table 4.18 — Final results for sanguine powder and paint, at 680 °C and 700 °C, with a heating rate of 2 °C / min.

680 °C 700°C
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Table 4.18 presents the results obtained (at 2 °C/min as heating rate). The final result of both powder
and paint closely resembled the traditional red carnation colour that is observed for historical
stained-glass carnation paint. For the three heating rates good results were achieved in terms of the
adhesion of the paint to the base glass, however, with heating rate of 5 °C / min residues of the paint
can still be removed from the surface, and with a heating rate of 1 °C / min, the paint starts to
penetrate the base glass. The best result was thus accomplished with a heating rate of 2 °C / min
(Figure 4.39).

The powder sample was characterized by infrared spectroscopy. Gum Arabic was identified through
the characteristic stretching and bending absorption bands of hydroxyl, carboxyl and carbine groups.
In addition, silicates were characterised through the Si-O and Si-O-Si vibrations (Derrick, Stulik

and Landry, 1999) (Figure 4.40, and Table XI1.3, Appendix XII).
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Figure 4.40 — Infrared spectrum of the powder sample R3. A detailed image of the absorption bands between 600 cm-!
and 700 cm™ is presented in (b).
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