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Introduction

Collaboration, inspiration, and exchange are an essential aspect of the conservation profession. As much as we
need to be specialists, we also need to remain open to new ideas from outside our own fields. The conservation
community is becoming increasingly more international and interdisciplinary, a development that, though obvi-
ous, we sometimes need to be reminded of. Furthermore, limited resources stimulate us to search for synergies

that will provide unexpected opportunities to join forces across (imaginary) borders.

For the first time, the interim meetings of the ICOM-CC Glass and Ceramics Working Group! and the Forum
of the International Scientific Committee for the Conservation of Stained Glass (Corpus Vitrearum-ICOMOS)?
were organised as a joint conference. These organisations have much in common, including many shared mem-
bers. Whereas the interim meetings of the ICOM-CC WG Glass and Ceramics have been organised every three
years, the Forum meetings are held at two-year intervals. The plans for both organisations to meet in 2013
offered a rare opportunity to join forces to present the latest developments in the conservation of glass, stained
glass, and ceramics, both within collections or in situ. By participating in a joint conference, the delegates will
have had the opportunity to gain from the shared experience of both groups and learn from the interactions and

exchanges that are a central part of the conference experience.

The aims of the conference can be summarised as follows:

e to present relevant case studies in the conservation of glass, stained glass, and ceramics

e to disseminate research results in the field of cultural heritage

e to promote the application of new materials and technologies for conservation practice, as well as tools for
analysis and documentation

e to identify further research and to provide networking for future activities.

The target audience of the conference underlines its interdisciplinary nature and has included: conservators (both

in museum and private practice), scientists specialising in conservation, students from all conservation disci-

plines, curators, and museum and heritage managers.

The overwhelming response, resulting in more than 200 participants attending the conference, has proved the
power of this interdisciplinary approach and the desire of conservators and managers to communicate with a

broader conservation community.

The three-and-a-half day conference included a total number of 29 oral presentations and 20 posters. The the-
matic sessions on research in progress and case studies reflected the cross-disciplinary nature of topics: Cracks
and Fractures; Bonding and Filling; Protection and Installation; Creation and Degradation; Degradation and
Treatment; Examination and Analysis. A student symposium the following day offered young professionals the

opportunity to exchange their experiences — this was a novelty among our conference features.



The meeting was hosted jointly by the University of Amsterdam and the Cultural Heritage Agency of the
Netherlands (RCE), with support from the Antiquities Museum in Leiden and the Rijksmuseum Amsterdam. It
was exceptional to have the opportunity to visit the conservation laboratories of the Rijksmuseum and the
research laboratories of the RCE in the Ateliergebouw with such a large group, to then be treated to a generous
reception provided by the Rijksmuseum. 2013 has been a year of significance for the world of ceramic and glass
conservation in Amsterdam. The first fully qualified graduates of the ceramic and glass conservation course at
the University of Amsterdam received their final diplomas, and in the spring of 2013 the Rijksmuseum re-

opened after 10 years of extensive restoration and refurbishment.

Guided tours of the conservation departments of the University and the Rijksmuseum, together with the
research department of the RCE, which are housed together in the Ateliergebouw (situated opposite the
Rijksmuseum), enabled delegates to experience the context of ceramic and glass conservation and conservation
research in the Netherlands, as well as to digest the extensive programme and provided the opportunity for an

exchange of ideas. A post-conference tour was offered to allow participants to explore stained glass in situ.

Members of the Local Organising Committee for the conference were: Renske Dooijes, Conservator of Ceramics
and Glass at the National Museum of Antiquities, Leiden; Ineke Joosten, Conservation Scientist at the Cultural
Heritage Agency of the Netherlands, Amsterdam; Luc Megens, Conservation Scientist at the Cultural Heritage
Agency of the Netherlands, Amsterdam; and Taco Hermans, Senior Conservation Scientist/Castle Expert at the
Cultural Heritage Agency of the Netherlands, Amersfoort. The team was coordinated by Kate van Lookeren

Campagne, Senior Lecturer in Ceramic and Glass Conservation, University of Amsterdam.

We are very pleased that we have been able to arrange the publication of colour preprints which have been an
important feature of previous Interim Meetings and Forum Proceedings®. All contributions have been peer-
reviewed by the editors with the support from members of the conference editorial board, whom we warmly
thank for their hard work and for generously sharing their expertise:

Joost Caen, Professor of Glass Conservation Studies, Antwerp University Association, Belgium; Renske Dooijes,
Conservator of Ceramics and Glass at the National Museum of Antiquities, Leiden, the Netherlands; Gerhard
Eggert, Professor of Objects' Conservation at the State Academy of Art and Design Stuttgart, Germany; N.
Astrid van Giffen, Assistant Conservator at the Corning Museum of Glass, USA; Ineke Joosten, Conservation
Scientist at the Cultural Heritage Agency of the Netherlands, Amsterdam, the Netherlands (RCE); Luc Megens,
Conservation Scientist at the Cultural Heritage Agency of the Netherlands (RCE), Amsterdam, the Netherlands;
Isabelle Pallot-Frossard, Director of the Research Laboratory for Historical Monuments, Champs-sur-Marne,
France; President of the International Scientific Committee for the Conservation of Stained Glass; Lisa Pilosi,
Conservator at the Sherman Fairchild Center for Objects Conservation, The Metropolitan Museum of Art, New
York, USA; Chair of ICOM-CC; and Secretary of the International Scientific Committee for the Conservation of
Stained Glass; Sebastian Strobl, Professor of Stained Glass Conservation at the Department of Conservation and
Restoration, University of Applied Sciences, Erfurt, Germany, and Vice-president of the International Scientific
Committee for the Conservation of Stained Glass; Norman H. Tennent, Professor of Conservation Science at the

University of Amsterdam, Amsterdam, the Netherlands.

We also thank Hidde Heikamp and Hemmy Clevis from SPA Uitgevers as well as Gary Anderton for his hard

work in ensuring conformity and accuracy in the text.

We know from experience that well-edited and well-produced preprints make the content of the conference avail-
able also to all those in the conservation community who are unable to attend the meeting, as well as to future gen-

erations.



We are convinced that ‘Recent Advances in Glass, Stained-Glass, and Ceramics Conservation 2013 will prove to
be a milestone in developing collaboration between related conservation specialisations. It will provide the
opportunity to cross borders — both physically and professionally — and inspire cross-fertilisation between differ-

ent cultures as well as different fields of conservation.

Hannelore Roemich
Professor of Conservation Science, Conservation Center, Institute of Fine Arts, New York University, USA;
Coordinator, ICOM-CC Glass and Ceramics Working Group

Kate van Lookeren Campagne
Senior lecturer in Ceramic and Glass Conservation, University of Amsterdam, the Netherlands; Assistant
Coordinator ICOM-CC Glass and Ceramics Working Group

Notes

1. Glass and Ceramics is one of the working groups of the Committee for Conservation of the International Council of
Museums (ICOM-CC). Its members are interested conservators, conservation scientists, and curators. More information
about the working group can be found on our website, www.icom-cc.org.

2. The International Scientific Committee for the Conservation of Stained Glass (Corpus Vitrearum-ICOMOS) gathers conser-
vation scientists, conservators, curators, art historians and architects, interested in the conservation problems of stained
glass windows in situ and in collections (see also: http://lrmh-ext.fr/sgc/?1ng=en).

3. Some of the most recent conference publications include:

Glass and Ceramics Conservation 2007, preprints of the interim meeting of the ICOM-CC Working Group, Nova Gorica,
Slovenia, 27-30 August 2007, ed. Lisa Pilosi, Nova Gorica: Goriski Muzej Kromberk, 2007. Now available on the website:
http://www.icom-cc.org/5 1/news/?id=156#.UioGPj8UnAF (accessed 6 September 2013).

Glass and Ceramics Conservation 2010, preprints of the interim meeting of the ICOM-CC Working Group, Corning, New
York, USA, 3—6 October 2010, ed. Hannelore Roemich, Corning, NY: ICOM Committee for Conservation in association
with The Corning Museum of Glass, 2010.

The Art of Collaboration: Stained-Glass Conservation in the Twenty-First Century, Corpus Vitrearum USA, Occasional Papers II,
eds. Mary B. Shepard, Lisa Pilosi, and Sebastian Strobl, Turnhout: Brepols, 2010.






Cracks and Fractures






Peculiar Pictures —

Wilhelm Geilmann and the Weathering of Glass

Keywords:

Gerhard Eggert

Geilmann, Wilhelm; gel layer; glass deterioration; glass analysis.

Abstract

Geilmann’s (1956) classical German paper on “The Weathering of Glass in the Soil’ is an unmatched extensive wet
microchemical and microscopic study and is reconsidered here. A velated photo album with 454 (of around 2000) of
bis micrographs has been rediscovered recently. Because of the sample preparation, the photos show much more details of

peculiar weathering phenomena and their variety than we usually see today under the sterecomicroscope. Examples dis-

cussed are ‘chatter marks’, crack patterns, the surface below the weathering zone, and brown staining. Despite the

large progress in analytical instrumentation, there bas not been much progress in the theoretical understanding of the

observed phenomena since then. A new approach is needed.

Introduction

This conference is devoted to ‘Recent Advances’, but these
are based, as always, on earlier ones. In some cases, the poten-
tial of the latter still has to become fully exploited to strive
for future developments and new discoveries. The work of the
microanalytical chemist and microscopist Wilhelm Geilmann
(1891-1967) on archaeological glass and its deterioration is a
paradigmatic example. It should be reconsidered, as his

observations are still widely unexplained today.

Scientific Interests of Wilhelm Geilmann

After obtaining his PhD in chemistry and after the First
World War, Geilmann started as an assistant in the Institute
of Agricultural Chemistry at his alma mater, the University
of Gottingen, Germany. From 1923 to 1950, he worked in
the Institute of Analytical Chemistry in Hannover. In 1950,
aged 59, Geilmann followed his former student Fritz
Stramann, discoverer of the nuclear fission of uranium, to

the newly founded Chemical Institute in Mainz. More

details on his biography can be found in Bode and
Strafmann (1951), Anonymous (1961), and Bode (1966).

As the staged portrait (figure 1) illustrates, the classic
microscope was important for his work, something which he
shares with modern conservators (but not generally with
chemists). His picture book for qualitative microanalysis of
inorganic substances (Bilder zur qualitativen Mikroanalyse
anorganischer Stoffe: 1st ed. 1934, Leipzig: Voss; 2nd enlarged
ed. 1954 and 3rd ed. 1960, Verlag Chemie: Weinheim) used
precipitation reactions to identify ions by characteristic crys-
tal shapes under the microscope. Along with Fritz Feigl’s
Spot Tests in Inorganic Analysis (last ed.: 6th rev. and enlarged
English ed. 1972, Elsevier: Amsterdam), it has been widely
used in chemical laboratories (including those dealing with
conservation) for qualitative inorganic microanalysis before
the age of the scanning electron microscope (SEM) with
energy dispersive X-ray analyser (EDX).

A major aim of Geilmann was to develop microanalytical
methods that have the same precision as normal wet chemi-
cal analysis. This fitted nicely into his interest in what we

today call ‘archaeological sciences’.
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A number of his publications (all written in German, see Bode
1966 for citations and BCIN {www.bcin.ca} for abstracts)
dealt with bronze finds (including their corrosion), archaeolog-
ical textiles, and wall paintings. His sometimes rough method
of sampling seems a bit more like 19th than 20th century sci-
ence: “There is nearly no visit of a church or a castle, where he
doesn’t pull out his pocketknife to steal small pieces of wall
(plaster) with original painting’ (Anonymous 1961, possibly
meant humorously but certainly with a basis of truth).

With his special interest in industrial glass analysis (pub-
lished in Glastechnische Berichte, the journal of the German
Society for Glass Science and Technology [Deutsche
Glastechnische Gesellschaft, DGGY), it is no wonder that
Geilmann also made great efforts in the analysis of historical
glass. From 1953 to 1962, Geilmann published a series of
seven papers entitled ‘Contributions to the Knowledge of
Old Glasses’ in the same journal. The first three and the last
paper dealt with archaeometric questions. In communication
number I (Geilmann and Jenemann 1953), varying phos-
phate contents between 0.1 and 4% were correctly ascribed
to the different alkali sources (mineral or plant ash soda,

wood ash) of historic glasses. Manganese was found to vary

Fig. 1. Staged portrait of Wilhelm Geilmann (see Bode 19606; photo:
Gesellschaft deutscher Chemiker)
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greatly in glass (0.0 to 3% Mn304) and in West German
beechwood ashes (0.1-10%). Discussing historical recipes
(Theophilus, Biringuccio, and Agricola), Geilmann and
Briickbauer (no. II: 1954) concluded that even a high man-
ganese oxide content does not prove it to be an intentional
addition. Full analysis of some 50 historic glasses, beech-
wood ashes, and reconstruction melts were given in
Geilmann 1955 (no. III). Not all beechwood ashes (from dif-
ferent places) are rich enough in potassium to be suitable for
glass production, which might be the reason for the use of
fern ash or refined potash. Correcting earlier opinions in the
literature, cobalt was found to be present in all dark-blue
glasses of all provenances using spectrographic analysis

(no. VII: Geilmann 1962).

Judging from today’s knowledge, all his conclusions are

sound and still valid.

Geilmann’s Research on the Weathering of
Glass

The other publications in the series described weathering
phenomena. In no. V (Geilmann, Berthold, and Tslg 1960),
the formation of gypsum (CaSO4-2H>0) and syngenite
(K2CafSO4}2-H20) in the weathering crust of church win-
dows was reported. No. VI (Geilmann 1960) described deep
etching in old cracks on a Roman window glass. He depicts
branched twig-like cracks (his figures 4 and 5), which he
ascribes to mechanical forces during cracking of the pane.
Newton, Halloway, and Hench (1981, figures 1 and 3) later
also found them on Roman glass and could reproduce the
‘feather-cracks’, by making a short scratch on a microscope
slide and bending it (1981, p. 356; see also Newton and
Davison 1989, p. 140, figure 4.2). Unfortunately, no refer-
ence to Geilmann’s paper was made.

Most important are the unmatched extensive chemical and
microscopic investigations of the deterioration of glass in the
soil (no. IV, Geilmann 1956). This is a classical paper that is
widely referenced in publications on ancient glass deteriora-
tion (e.g. Wihr 1977; Newton and Davison 1989, pp. 154-
155; Romich 1999; Roemich and others 2003; Bellendorf
and others 2010). Written in German - as was still usual for
German scientists in the 1950s - many details are today
practically lost for an international audience. A short com-
munication based on this article in the company journal of
Zeiss that was also translated for its English edition

(Geilmann 1960a) is only a poor substitute.



Geilmann identified the chemical nature of the weathering
zone as a ‘gel layer’. Because alkali or alkaline earth metal
ions (Na*, K+, Ca?*, Mg2+) are leached out, silicon is rela-
tively enriched in the weathering layer. As titanium dioxide
is neither extracted nor absorbed, it can be used as an
unchanging reference value for the behaviour of other ele-
ments during weathering. Unfortunately, the TiO> content is
quite low and, therefore, has a high analytical relative error.
Nevertheless, Geilmann states that, in absolute terms, silicon
is also lost from the weathering layer because of the low but
existing solubility of silica in water. He also noted ‘hills’ of
redeposited silicic acid on the glass surface. Despite his
expertise in agricultural chemistry, he is not aware of the sol-
ubilising ability of humus components or root exudates (e.g.
benzene-1,2-diol, also called pyrocatechol) acting as complex-
ing agents for silica. Although discussed by Rottlinder
(1989, pp. 59-62; see also Glas 1997) for the weathering of
ceramics and flint, this effect seems to be neglected in
research on the weathering of archaeological glass even today.
For better microscopic inspection, Geilmann removed iron
and manganese deposits as well as humic acid (partially) with
nitric acid and hydrogen peroxide. Staining with basic dyes
such as methylene blue helped to differentiate structures in
the weathering zone as they are absorbed by silicic acid gels,
but not by unweathered glass. He also used polished thin
sections (cut parallel to the surface or as cross-section) for his
study. Sometimes, replicas made with a lacquer impression
technique showed a resolution of surface details better than
the original under the microscope. Details of this technique
were published by Geilmann and Tolg (1955) and later were
re-invented by Werner, Bimson, and Meeks (1975) for use in
the scanning electron microscope.

A variety of layered structures of lamellae, either flat or in
weathering cones, in combination with brown staining by iron
and manganese oxyhydroxides, were illustrated (Geilmann
1956). Although most of what Geilmann saw were cracks, he
had no fracture mechanical approach to this problem. He
noted similarities of the periodical banded structure of precipi-
tates with Liesegang rings known from gel precipitation.
Geilmann (1956, p. 166, note 2) announced that he would
give his some 2000 (!) micrographs to the DGG library.
Indeed, a photo album calligraphed ‘Wilhelm Geilmann.
Bilder zur Glasverwitterung. Band 2. Gldser 15 — 31. Mainz
1955’ on the title page was found in the library (Geilmann
1955a) by the author. That album contains 454! b/w micro-
photographs without any captions or other text except page
numbers. The old printed ‘DGG Bibliothekskatalog.

Frankfurt 1957’ (deadline for acquisitions: 31 Dec. 1956)
indeed lists this Vol. 2 on p. 29, but no other of his albums
are mentioned. The printed addendum ‘Bibliothekskatalog,
Nachtrag 1’ (Frankfurt 1968) with new acquisitions until 30
June 1967 also does not mention any other album.
Unfortunately, no trace of Vol. 1 or the potential Vols. 3 & 4
could be found in the DGG library or the University of
Mainz (institute, libraries, and archive). Klaus Beyermann
and Giinther Tolg, then students of Geilmann and today
renowned, retired professors for analytical chemistry, could
not help either, although they were named as original inves-
tigators, but not authors, at the beginning of Geilmann’s
(1956) article.

Despite their missing context, the photos still give a better
impression of what glass corrosion can look like than our
usual stereomicroscopic views of untreated samples today.

Scans of the album are available from the author.

Discussion

It is unclear to what labelling list the subtitle ‘Gldser 15-31
in the photo album refers. For the glasses analysed chemical-
ly, he used the same numbering system as in communication
number III (Geilmann 1955). Samples were divided in five
groups: 1 - Egyptian and Arabic glasses; 2 - Roman glasses
from the Rhine-Main area; 3 - German window glasses 10th
to 16th century; 4 - German vessel glasses 14th to 18th cen-
tury; 5 - French church windows 15th to 17th century.
Sample numbers combined the group number with the
number of the sample in the group, e.g. 4,12 for the twelfth
sample in group 4. However, no group has numbers 15 to
31. It is possible that there was simply not much context
known for the samples used for microscopic study.
Nevertheless, even the album does not tell which picture
belongs to which glass on this numbering list. Places left
free! might mark the start of pictures of the next glass. No
photo has a caption with additional information of any kind.
Three photos in the album (106b, 64b, 110a) could be iden-
tified in the publication (Geilmann 1956, figures 46, 50,
and 54) with slightly varying image sections (here depicted
as figures 10, 2, and 9, respectively). For these, some more
information (e.g. the magnification used) can be extracted
from the captions and the text.

An example is album photo 64b (figure 2), which has been
published as ‘Bild 50’ by Geilmann (1956, p. 165) with the

caption ‘“Weathering on a 17th cent. glass, magn. x200’,
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without giving a sample number. He explicitly noted the
similarity to precipitation in gels in the text and simply
noted without further comment: ‘Enough details arise from
the picture’. So he left further interpretation to the imagina-
tion of the reader.

Despite these severe limitations, the photos might still

today inspire discussions. Here are some examples.

‘Chatter Marks’

A series of shortened ‘horseshoe’ or ‘scale-like’ cracks seen
under the microscope have been interpreted by Lindig
(1999) as resulting from scratches caused by the movement
of tools relative to glass in the hot state. Lierke (1999; 2009,
p. 56/110) sees this as evidence for her theory of the role of
the potter’s wheel in the manufacture of glass in the hot,
plastic state. She assumes that scratches had originally pro-
duced ‘horseshoe’ cracks as has been reported for sliding
spheres (see also Jebsen-Marwedel 1936, figure 438): *...the
shanks of the horseshoes are molten back by the internal
heat, only shortened marks remain.” (Lierke 2009, p. 110).
The literature on glass production flaws (Jebsen-Marwedel
1936, figures 414 and 419) also depicts ‘serial cracks’
(German: Reihenspriinge) resulting from rapid local cooling of

glass by contact, e.g. with metal (no scratches involved).

Fig. 2. Weathering on a specimen of 17th century
glass, magn. 200x (Photo: 64b, Geilmann

1955a). 1955a).
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Fig. 3. Photos showing ‘chatter marks’ heavily
etched by corrosion (Photo: page 12, Geilmann

Nevertheless, Pilosi and Wypyski (2002, pp. 104-105) pre-
sented examples of ‘chatter marks’ from the inside of a
Byzantine bowl whose ‘gather ... would not have come into
contact with any surface during hot working of the vessel’.
Ghering and Turnbull (1940) produced a series of ‘percus-
sion crescents’ (no shanks!) with various softer metal tips on
cold glass, better visible after etching. Lierke’s conclusion
(2009, p. 110) that such cracks must be indeed ‘hot scratch-
es’ is obviously not warranted for all these series of cracks.
A number of photos on the first pages of the album show
this phenomenon and give an impression as to how variable
it may look, including the degree of corrosion (figures 3 and
4. Compare with Lierke 2009, p. 56; Fréchette 1990, figure
4.6; Ghering and Turnbull 1940, figures 1 and 2 and 4-9;
Jebsen-Marwedel 1936, figures 414 and 419).

A closer inspection of details (e.g. Do all cracks start at the
same height or every second? Are they circular segments
[‘crescents’] or ‘horseshoes’? Are they flat or zigzag?) and more
and better micrographs (higher magnification) might lead to
diagnostic criteria and future advances in the distinction
between hot and cold cracks and between quenching and
scratching. Additionally, microfocus X-ray computed tomog-
raphy may be able to visualise the three-dimensional run of
the crack below the glass surface (part of a cone surface?).
Geilmann himself made no comment on this peculiar feature

that he had seen so often.

Fig. 4. Less etched example of ‘chatter marks’
(Photo: 3a, Geilmann 1955a).



Craquelure

A closer look at crack patterns tells us that they do not all
look the same and they may contain hidden information
(Eggert 20006).

Geilmann (1956, p. 146, figure 4) showed that a polygonal
pattern of shrinkage cracks is formed in weathered zones of
glass when slowly heated to 400-500°C, but not in
unweathered glass. Photo 38c (figure 5) shows a similar cel-

lular pattern.

Fig. 5. Cellular shrinkage pattern (Photo: 38c,
Geilmann 1955a).
Geilmann 1955a).

Fig. 8. Negative impression of a glass surface on
a lacquer replica (Photo: 116a, Geilmann
1955a)

Fig. 6. Sequential development of a crack system
— later cracks end at earlier cracks (Photo: 23a,

Fig. 9. Banded spot with a corona developed on
the tip of an elongated bubble, magn. x200
(Photo: 110a, Geilmann 1955a)

Figure 6 shows a crack system in the gel layer where the
sequential development of the cracks can be seen: later
cracks end at earlier cracks.

The ‘stretched’ pattern in photo 21b (figure 7) really looks
peculiar. The angle of bifurcation between cracks depends on
the ratio of the principal stresses in the surface (Fréchette
1990, figures 3—16). However, the pattern looks more like

sequential development of cracks than bifurcation.

Fig. 7. Elongated crack pattern (Photo: 215,
Geilmann 1955a)

Fig. 10. Banded spots with not fully circular
coronas on a Roman 2nd/3rd cent. glass from
Cologne, magn. x350 (Photo: 106b, Geilmann
1955a).
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Why do cracks then end with a low angle instead of 90°
(Eggert 2006, figure 6)? Another elongated, but different
structure is the ‘cicada’s wing’ pattern in Kaifeng Ru ware
glaze (Wood 1999, pp. 126-129).

Only a fracture mechanical approach could help to under-

stand the pattern and its underlying causes.

Surface and/or Spot Weathering?

Surface weathering leads to stacks of parallel, straight lamel-
lae. Near the unweathered glass, they become more and
more wavy. After removal of all weathering layers, the glass
surface is totally covered with round etch pits. They can be
better seen in the negative of lacquer replicas as in photo
116a (figure 8); for comparison, see Geilmann 1956, figure
40 (identical to Geilmann 1960a, figure 6). Viewed directly
through lamellae in the microscope in transmitted light, the
optical effects of the hemispherical or ellipsoid pits led to
the erroneous description of comb-like structures of lamellae
in the literature (Geilmann 1956, p. 162).

Geilmann, Berthold, and Tslg (1960) counted up to 5200
(!) weathering centres per mm?2. Are the flat lamellae really
formed by an even attack on the surface or later when indi-
vidual weathering cones merge into a gel layer and develop

lamellae on drying?

Brown Staining

Many photos in the album show brown staining in circular
banded agate-like spots. According to Geilmann, the spots
are nearly always covered by a transparent top layer of
weathered glass that often shows cracks. Iron and manga-
nese leached out of the glass network are precipitated as
oxyhydroxides (e.g. MnO2-nH>0) when oxygen for oxida-
tion has access. Geilmann explicitly refers to the Liesegang
rings observed in precipitation reactions in gels. The
album has two photos that were also used in the publica-
tion. Figure 9 (Geilmann 1956, figure 54) shows a banded
spot with a corona developed on the tip of an elongated
bubble. Figure 10 (Geilmann 1956, figure 46) illustrates
banded spots with separate not fully circular coronas on a
Roman 2nd/3rd century glass from Cologne.

Weber, Eggert, and Watkinson (2007, p. 39) also found
black-brown concentric rings within the surface layer in
their sample FRAS. SEM-EDX analysis showed that, in this
case, they were not related to manganese oxyhydroxide, but

possibly iron sulphide. It is clear from this study that
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many more samples need to be analysed with modern
instrumental methods. A mathematical model describing

banded precipitates on historical glass is still missing.

Conclusion

Layered weathering structures can now be grown in the lab-
oratory on model glasses (Bellendorf and others 2010,

p- 140; Roemich and others 2003). However, an overall the-
ory (possibly including fractals and fracture mechanics for
the description of banded precipitations and layered struc-
tures) matching the variety of observations on glass finds is
still missing. A fresh view on Geilmann’s pictures might
inspire our search for scientific explanation. As our current
understanding is still limited, the peculiar weathering phe-
nomena documented by Geilmann deserve a re-investigation
using modern analytical tools in order to achieve future

advances.
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Notes

1. The album (Geilmann 1955a) contains 116 pages, each with
4 photos. For identification, these are cited here with the
handwritten page number and their position (a: top left, b:
top right, ¢: bottom left, d: bottom right). From the max. 116
x 4 = 464 positions for photos, the following ten are unoccu-
pied: 20d, 35d, 48d, 52¢, 52d, 64c, 64d, 70c, 70d, 107d.
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Abstract

Archaeological glass may develop a variety of degradation phenomena, including fractures and micro-fissures. An

advanced state of corrosion is known as ‘sugar glass’, which refers to fractures that vesult in the disintegration of the

glass into millimetre-size fragments. The shape of the fragments is similar to granulated sugar. This paper focuses on

investigations into historic glasses and laboratory experiments undertaken in order to determine the main factors

influencing this rype of deterioration. Two model glasses were exposed to artificial weathering tests to explore the

influence of agueous solutions with different pH values, variations in bumidity, as well as the significance of differ-

ent surface properties and thickness of a glass. The results show that the constant presence of water or moisture is the

dominant parameter that influences the development of ‘sugaring’.
& g

Introduction

Several terms are used to describe corrosion phenomena
found on glass artefacts including dulling, crusting, irides-
cence, cracks, and fissures (Davison 2003; Roemich 1999a).
The formation of fine cracks on glass objects in a museum
environment is known as ¢rizz/ing (Brill, Hanson, and Fenn
1998; Richter 1998; Kunicki-Goldfinger 2008; Koob
2012). Crizzling occurs due to imbalances in the glass com-
position and affects a wide spectrum of glasses, colourless
vessel glass from the 17th to the mid-18th century being
the most affected. The cracks are formed initially at the sur-
face of the glass and are a result of the leaching of alkalis
that have reacted with water in the air. If humidity fluctu-
ates, the process is accelerated. Craguelé on stained-glass
windows is caused by outdoor weathering, occurring mainly
on mediaeval glass. The micro-cracks are again limited to
the leached layer, which can reach a thickness of a few hun-
dred micrometres (Roemich 1999a). In contrast, stained-
glass windows from the 18th and 19th century can be affect-
ed by internal fractures, which are not limited to the glass

surface. Some of the fractures penetrate through the glass

bulk, making the glass physically unstable (Sloan 1999;
Wittstadt and Mottner 2009). In Cologne Cathedral, for
example, nearly all the orange and yellow glass pieces from
two windows dating to the 19th century are affected by
internal fractures; the size of fragmentation varies between
0.5 cm (figure 1) and more than 5 cm across one piece. A
similar type of fragmentation is reported on a group of
colourless Roman glass from the excavation in Bochholz, the
Netherlands (Huisman and others 2008). There, an advanced
state of fragmentation has been detected and was described as
sugaring. The affected glass is endangered by micro-fractures
on the surface and/or in the bulk glass leading to various
states of fragmentation; these are classified as follows accord-
ing to the size of the fragments: 0.5 cm to 1 cm across is
referred as strong fragmentation, 0.1 cm to 0.5 cm as very
strong fragmentation, and less than 0.1 ¢m as total disinte-
gration.

Sugaring is known to most archaeologists and conservators
dealing with glass. For example, the LandesMuseum in
Bonn has a collection of vessel glasses including plates,

bowls, and bottles dating to late Roman times.
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Fig. 1. Fragments of a stained glass window from Cologne Cathedral,
Welterfenster, c.1865. Fractured pieces are endangered by numerous inter-
nal fractures (photo: authors).

Around 5% of these objects are affected by internal fractures
or sugaring. Some severely degraded fragments were left in
blocks of soil. Without appropriate treatment, they would
disintegrate and fall into pieces. Before proposing suitable
conservation measures, we need to understand the structure
of the cracks and the reason for their formation.

In general, the formation of crack patterns could be related
to the glass, or rather to specific environmental parameters.
The phenomenon of sugaring seems to be predominant in
glassware manufactured during Roman times, as was indi-
cated by the survey of artefacts in the LandesMuseum Bonn.
Huisman and others (2008) compared the composition of
sugared colourless glass fragments with bluish-green almost
pristine pieces from the same Roman excavation site. The
formation of internal fractures and sugaring was observed to
occur in alkali glasses that had comparatively low levels of
network stabilisers, principally calcium. If the percentage of
calcium (a stabiliser) in the glass composition is too low, this
can also lead to crizzling and internal fracturing on mosaics
and stained-glass windows (Verita 1998; Miiller 2003;
Kunicki-Goldfinger 2008; Wittstadt and Mottner 2009;
Koob 2012).

Apart from the chemical composition, the shape and thick-
ness of the object may also have an influence on the degree
of fragmentation. Thicker parts of bottles such as spouts and
handles are often more fragmented than thin-walled parts
within an object. Also, plates and bowls that are usually
thicker than bottles often suffer more from sugaring than
bottles. A possible explanation is that thick-walled glass

absorbs the stresses arising during contraction and swelling
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of the superficial gel layers less effectively than thin-walled
glass (Huisman and others 2008). It is also thought that the
curvature in handles and the bottom of vessels brings stress
in the glass and accelerates fracturing (Schofer 2012).
Internal fracturing has also been associated with micro-fis-
sures, for example those caused by cold working of the glass
(Pilosi and Wypyski 2002). Since the crack pattern is found
on some objects specifically in the area of the cut decoration,
it is also assumed that cracking is due to heating during
grinding (Lierke 1999, p. 25). Eggert (2006, p. 72) describes
a sugared glass (the outer surface of a bowl) where the crack-
ing was not related to internal fracturing and suggests that
corrosion may have caused this degradation pattern, perhaps
combined with a selective weathering of pre-existing scratch-
es. In spite of these case studies that relate sugaring with
localised stress, there are also affected objects that have not
experienced any mechanical processing.

The development of sugaring is certainly also related to envi-
ronmental impact and appears to be promoted by the presence
of water. Some authors presume that cyclic changes of wet and
dry environment (e.g. purging of soil) might accelerate the
formation and propagation of micro-fractures (Huisman and
others 2008). The role of the pH is not clear but has been
taken into consideration (Huisman and others 2008).

Even though single aspects of sugaring have been described
by the authors mentioned above, the overall degradation
mechanism is not yet understood. The influence of individu-
al parameters on glass degradation can best be explored
through laboratory experiments, where single parameters
can be controlled and modified systematically. Since the his-
tory of archaeological glass fragments always remains an
unknown factor in the overall equation, model glasses can be
used to determine the influence of glass composition and
technology on deterioration. For example, investigations on
model glasses have been performed, to study the phenomena
observed on stained-glass windows (Roemich 1999b).
Furthermore, synthetic glasses were used to examine the
influence of pH and soil components, leading to a better
understanding of the formation of iridescent effects and lam-
inated layers on archaeological glass (Roemich and others
2002; Bellendorf and others 2010). This paper describes the
application of new types of model glasses especially designed
to simulate sugaring. Environmental parameters such as pH,
temperature, and humidity as well as material properties
such as glass composition, surface roughness, and the thick-
ness of samples were modified in laboratory experiments to

explore their role in the formation of this phenomenon.



Experiments and Analytical Techniques

For this project, two types of glasses were used (MDS8-H
and MK1; see table 1).

Samples were prepared by melting pure raw materials into
glass blocks (6 cm x 3 cm x 2.5 ¢cm) and cutting the blocks
into plates with a thickness between 0.3 mm and 6 mm. For
individual experiments, the glass surfaces were left rough to
represent what normally occurs after cutting (saw-cut sur-
face) or samples were polished by briefly heating them with
a gas flame (fire-polishing for 2 minutes) or by mechanical
polishing with grinding paper.

Polarised light microscopy was performed with a Leica DM
RX/E to document surface features with up to 200x magni-
fication. Cross-sections were prepared by embedding the
samples in epoxy resin (EpoFix, Struers), followed by cutting
and polishing. Scanning electron microscopy (SEM) coupled
with energy dispersive X-ray spectroscopy (EDS) was per-
formed by using a Zeiss EVO LS10 coupled with Swift-ED

from Oxford Instruments.

Sample SiO2  Al03

Fe203

For the laboratory exposure, programme samples were sub-
jected to artificial ageing by immersing them in aqueous
solutions of different pH (pH 3—13) in ambient conditions.
In addition to the storage in water (pH 7), the adjustment
of pH values was performed using HCI (pH 3, pH 5) and
NaOH (pH 9, pH 13). The influence of temperature was
investigated with exposure in a neutral solution by heating
the jar to 80°C or cooling to 10°C. Degradation related to
high relative humidity (RH) was explored by exposing the
samples in a climate chamber with 98% RH and tempera-
tures again ranging between 80°C and 10°C. Long-term
exposure in desiccators with RH between 20% to 98% was
realised using conditioned absorber materials (Silicagel E,
PROSorb) or a saturated salt solution (INH4)2SO4 for 80%
RH), as well as a jar filled with water placed next to the
samples (98% RH). The desiccators were stored at 30°C in a
heated cabinet to gain results faster than those that would

be obtained with exposure at ambient temperature.

NazO KO MnO MgO CaO PbO CuO S Cl I

Model glasses

MDS8-H 71.9 0.9

0.7 18.9 29 na na 0.8 na. 3.0 09 na 1000

MK1 70.6 0.6

Fractured archaeological glasses

0.7 18.3 28 na na 3.3 na. 3.0 0.7 na. 100.0

Beaker, late Roman, 1975, 158 (Staatssammlung, 72.9 1.7 n.a. 17.8 04 na na 58 na. na na na 98.6
Munchen)

Plate, 3rd A.D. (OV05 /1023, LVR-Bonn) 75.7 n.a. n.a. 174 na.  na na 583 na na na na 985
Bowl, 4th A.D., (HA 132, 152-15, LVR-Bonn) 71.4 1.6 0.6 148 03 14 06 67 05 na 02 na 9841
Bowl, 4th A.D. (HA 132, 165-29, LVR-Bonn) 65.1 55 0.3 219 03 09 09 41 na na na na 989
Beaker, 1st A.D. (Ni 1996/127, 1014-16, LVR-Bonn) 71.6 1.2 n.a. 20.8 0.2 0.7 0.6 3.6 na. na. na. na. 98.8
Bottle, 4th A.D. (HA 132, 146-9, LVR-Bonn) 69.8 2.0 0.5 169 06 141 08 68 na na na na 985
Plate, 2nd A.D. (RGM 67,807, RGM-KdIn) 70.2 2.3 0.7 205 04 na 00 47 na na na 12 1000
Bottle, late Roman (H 5699, Martin von Wagner, 70.2 1.5 0.8 15.4 0.5 1.5 0.6 76 na na 03 na 984
Wrzburg)

mean value 70.9 2.0 0.4 182 03 07 04 56 01 na 01 02 988

Mean value of Roman glass (Wedepohl 2003)

1th - 5th AD (n=781) 69.1 2.4

0.7 17.5 0.6 0.6 0.5 6.8 na na na na 98.1

Table 1. Glass composition (wt.%) of model glasses and fractured archaeological glass evelantaed by SEM-EDS, as well as the mean composition of Roman

glass.
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Investigation of Deteriorated Glass Artefacts
Several glass artefacts had been investigated by visual inspec-
tion, and selected samples were further examined using light
microscopy and SEM-EDS. The shape and size of the crack
pattern can vary significantly not only between different
objects, but also between different areas within one object.
The fractures run from the surface through the bulk of the
glass, sometimes crosslinking and sometimes ending in the
glass bulk. Mostly the fracture lines have a dynamic shape
(twisting) instead of being straight. Fractures and micro-fis-
sures make the glass physically unstable, especially when frac-
ture lines are straight. The fractures can be different in
appearance: they can appear bright (reflecting light and being
comparable to the typical appearance of mechanically induced
cracks), include some matt sections as ‘dark lines’, or are not
well-defined with a cloudy appearance. In other cases, frac-
tures are coloured (mostly yellow—brown comparable to a yel-
lowed epoxy bond). The glass object in figure 2 shows an
example with bright as well as yellow fractures. The bottle is
mechanically instable but not yet consolidated.

The surface of archaeological glasses with internal fractures
can show additional degradation phenomena, which are
known from other glasses without fractures, such as crusting.
Analytical investigation of cross-sections with light micros-
copy and SEM confirm the initial investigations above. The
cross-section of another sugared fragment (Roman glass,
sample H 5699, Martin von Wagner Museum, Wiirzburg;

figure 3) shows an advanced stage of fragmentation accord-

Fig. 2. Glass bottle with internal fractures; the overview (left) and the
close-up (right) shows the characteristic crack pattern; strong fragmentati-
onlsugaring, especially ar the spout (HA 132_146-9, dated 4th century
A.D. (Photo: LVR-LandesMuseum Bonn).
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ing to Huisman’s classification. Several fractures cross the
bulk glass. These pass straight through the glass, whereas
others crosslink at the surface. The fractures are different in
width; some are completely filled with gel glass, while oth-
ers show gaps and the accumulation of corrosion products.
Published data of fractured ancient glass (e.g. Brill, Hanson,
and Fenn 1998; Schlick-Nolte and Werthmann 2003;
Huisman and others 2008) suggest that the affected glasses can
be classified as soda—lime glasses. Our own analysis using
SEM-EDS confirms that the content of flux is nearly the same
and that the percentage of calcium oxide is somewhat lower
than for average Roman glasses. The silicon content is approxi-
mately 70 wt%. The difference with the mean glass composi-
tion of Roman glass is minor, but does have a tendency to be
paired with lower contents of calcium (table 1). Future investi-
gations on fractured samples will be necessary to confirm this

tendency.

Fig. 3. Cross-section of sugared glass sample (Roman glass, sample H
5699, Martin von Wagner Museum, Wiirzburg, Germany). Top: light
microscopy in transmission light. Bottom: SEM-image (Photo: authors).



Results From Laboratory Experiments With
Model Glasses

Influence of Glass Composition

The chemical composition of the model glasses was chosen
in order to achieve sugaring of the glass. For this reason, for
both model glass types, the content of alkaline earth oxides
is low; this is similar to original archaeological glasses on
which sugaring was observed (see table 1).

Glass MDS8-H is similar to type MDS8, which had been
designed to simulate fractures encountered on blue Baroque
enamels from the Green Vault in Dresden (Wagner, Frischat,
and Hellmold 2005). MK1 was designed explicitly to simu-
late sugaring. The difference between MDS8-H and MKI1 is
the content of CaO: 0.8 wt% CaO in MDS8-H and 3.3 wt%
for MK1. Both model glasses are blue, due to their copper

content (3 wt%).

Fig. 4. Model glass MK1 (top) and MSD8-H (bottom) after artificial
weathering, macroscopic image in transmitting light (Phoros: authors).

Samples of MK1 and MDS8-H (both having a rough surface
and no special polishing) were exposed to the same artificial
ageing conditions at 60°C and 98% RH. Images in trans-
mission light (figure 4) were taken after 4 days for MK1 and
after 1 day for MDS8-H, when the crack patterns became
clearly visible. The crack patterns were sugar-like in both
cases and similar to the ones found on the original glass (fig-
ures 1 and 2). Type MDS8-H reacted faster and showed a

smaller crack pattern compared to model glass MK1.

Influence of Aqueous Solutions With Different pH
Values

It is known that the degradation of glass is primarily related
to the presence of water and is strongly influenced by the pH
of a solution. Burial experiments with model glasses have
showed that the formation of specific corrosion phenomena
depends on the surrounding pH of the soil (Bellendorf and
others 2010; Roemich and others 2002). For the simulation
of sugaring, pH in the range of pH 3—13 was studied.

Visual inspections of the model glasses were carried out after
storage for 10, 35, or 50 days. It was found that the degree
of damage was roughly comparable in the entire range from
pH 3 to pH 13. Contrary to other glass compositions, it can
be stated that the formation of internal fractures on this type

of glass appears to be independent of pH.

Influence of Temperature and Relative Humidity

The speed of chemical processes such as selective leaching
increases with a rise in temperature. Buried objects experi-
ence slow variations in temperature. In Europe, for example,
at a depth of 8 metres or more, the temperature remains
constant at around 9°C all through the year (Scheffer and
Schachtschabel 1998).

To evaluate the influence of the temperature on the forma-
tion of fractures, model glasses of type MDS8-H with a
thickness of 2 mm were exposed to 10°C, 20°C, and 40°C.
One set of samples was immersed in water, while another set
was stored at high RH (atmospheric weathering at 98%
RH). To simulate atmospheric weathering, samples were
exposed to a temperature of 80°C. The samples were
inspected regularly. To obtain an indication of the develop-
ment of the damage, the moment when fractures first
became clearly visible was recorded. The results are sum-

marised in figure 5.
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Fig. 5. Time after first signs of damage became visible after exposure of
model glass MDS8-H at different temperature (blue dots for experiment
with samples immersed in water and red dots for exposure at 98% RH).

At a given temperature, the deterioration process on samples
stored in aqueous solutions begins earlier than samples that
have been exposed to atmospheric weathering. This becomes
more evident at lower temperatures. Model glasses immersed
in water and stored at 40°C showed the first signs of fractur-
ing about 3 days earlier than the samples that had been
exposed to 98% RH. For samples stored at 20°C, the differ-
ence was about 6 days. An increase in temperature leads to
an acceleration in the development of fractures and seemed
to follow an exponential run of the curve/process. For sam-
ples immersed in water at 10°C, fracturing began after 10
weeks. At 20°C, the first signs of fracturing were already
observed after 2 weeks. Where there was an increase in tem-
perature to 30°C, samples started to crack after 1 week and,
at 40°C, after about 2 days.

Influence of Different Relative Humidity/Presence of
Moisture

Archaeological glasses are often exposed to very humid con-
ditions. In areas with high ground-water levels or shorelines,
the pore system of the soil is saturated with water. Apart
from the top soil layer (around 30 cm) where water can easi-
ly evaporate, the degree of saturation with water in lower
ground levels of middle European soils is more than 90%
RH (Knight 1996; Scheffer and Schachtschabel 1998).

To simulate the influence of different amounts of moisture
or cyclic changes of moisture, model glasses were placed in
desiccators with 20% RH, 40% RH, 60% RH, 80% RH,
and 98% RH at 30°C. The samples were investigated using
transmitted light, which allows fractures to be visualised
and photographically documented. In addition, light
microscopy was performed. During the test period of 20

weeks, the samples stored at 20% RH did not change at all.
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Fig. 6. Model glass MK1 after weathering (80°C, 98% RH, 19 b) in
reflecting (top) and transmitting (bottom) light (Photo: authors).

All other samples showed crystallisation at the surface that
could be observed with light microscopy. Sugaring occurred
only on the samples stored at 80% RH and 98% RH; where
there was exposure to very high humidity, the deterioration
began earlier and developed much faster than on samples
stored at 80% RH.

In order to explore the influence of fluctuating versus con-
stant conditions, the following experiment was set up. One
set of model glasses was stored permanently at 98% RH in
an ambient temperature for 96 hours. A second set was
exposed to cyclic conditions with an alternating wet (98%
RH) and dry (30% RH) atmosphere at ambient temperature
(one wet and dry cycle lasted 12 hours and was repeated 16
times). After 192 hours, both sets of samples were exposed
for 96 hours to 98% RH.

Visual examination in transmitted light revealed that the

glass plates stored at constant high humid conditions



Fig. 7. Model glass MDS8-H after weathering (60°C, 98% RH, 24 h):
the extent of sugaring depends on different surface treatments: (a) sand
paper grain size 500, (b) rough surface resulting from the production, (c)
mechanical polishing grain size 2000, (d) smooth surface achieved by fire-
polishing for 6 min (Photo: authors).

showed much more fracturing than the samples exposed to
cyclic conditions. It can therefore be stated that alternating
wet and dry conditions do not promote sugaring, at least
not at the early stages of the deterioration process.

Samples that reached an advanced state of sugaring became
physically unstable and disintegrated during the drying

process.

Influence of Surface Properties
It can be assumed that the condition of the glass surface has
an influence on the development of damage phenomena. To

test this, an experiment was designed to compare the results

from model glasses where the surfaces had been treated dif-
ferently. Some sample surfaces were roughened with single
scratches or sand paper with different grain sizes. Other
samples had a rough surface resulting from the production
process or a smooth surface achieved by fire-polishing. After
accelerated weathering of these samples, the damage phe-
nomena were compared.

On samples that had been mechanically damaged, the frac-
tures followed the pattern of the scratches (figure 6). The
model glass plates with a rough surface developed fractures
significantly earlier than the polished samples (which had
been either mechanically polished or fire-polished). An
example is given in figure 7, which shows model glasses
treated with sand paper of large grain size. Here we see that
the roughest surface has the worst state of sugaring after
accelerated weathering. These samples developed many frac-
tures, leading to a darker, opaque appearance. Samples with
a rough surface resulting from production also had many
fractures, but they did not become opaque. A significantly
lower state of deterioration with limited fracturing was
observed on the polished samples. Model glasses treated by
fire-polishing stayed transparent and showed only some ini-
tial signs of fracturing.

When the accelerated weathering of the samples shown in
figure 7 was prolonged, all model glasses developed the
same crack pattern, except for the samples with a fire-pol-
ished surface. Samples treated by fire-polishing showed a
delayed deterioration and a slightly different form of frag-

mentation producing larger fragments.

Dependence of Fracturing on Sample Thickness

The tendency for thick-walled vessel parts to develop frac-
tures (Huisman and others 2008) was simulated in an exper-
iment. Samples of type MDS8 (with a rough surface) with
thicknesses of 2 mm, 4 mm, and 6 mm were weathered
(exposed to 98% RH at 40°C for 10 days), and the degree of
damage was investigated visually and using SEM cross-sec-
tions. This experiment showed that fracturing was compara-
ble for all test specimens and, therefore, was not related to
the thickness of the material.

When considering the results of this research project, the
comparability of model and original glass samples has to be
discussed. All model glass samples were cut from one glass
block that has undergone the same production-related cool-

ing and had no additional thermal treatment.

27



A Special Kind of Crack Pattern on Historic Glass — Exploring the Causes of ‘Sugaring’

Katrin Wittstadt, Gabriele Maas-Diegeler, Paul Bellendorf, Christiane Dirsch

Complex-shaped historic objects with thicker and thinner
parts may have experienced additional stresses during produc-
tion. This aspect is included in ongoing experiments in order

to simulate more correctly the damage observed on originals.

Summary and Conclusion

The crack pattern of sugaring is known to specialised archae-
ologists and conservators, but the deterioration mechanisms
are not yet fully understood. The aim of this research was to
study the factors influencing the formation of sugaring.
Investigations using SEM on cross-sections of historic glass
objects showed that the micro-fractures are often filled with
gel glass or corrosion products. For conservation purposes,
this is an important observation. The penetration of consoli-
dants into such cracks would have little effect, and other
techniques to bring stabilisation will have to be applied.
The significance of several parameters that may influence the
formation of sugaring was explored in various experiments
that successfully reproduced deterioration phenomena that are
comparable with archaeological glass artefacts.

There are various ways in which the results of the laboratory
tests can be related to historical glass. The two model glasses
created were of similar composition but differed in the per-
centage of calcium oxide. The model glass with a lower CaO
content (type MDS8-H) proved to be more sensitive to deteri-
oration, since the sugaring effect developed eatlier during
artificial ageing. Further, this type of model glass showed a
crack pattern smaller than that of type MKI1. It is evident
that a low percentage content of stabilising network modifiers
plays an important role in the development of sugaring.

The most important parameter for the development of the
fractures is the presence of water — the more humid the
environment, the earlier fracturing occurs and the faster the
damage proceeds. Fluctuating humidity seems to result in
better preservation conditions as compared with a perma-
nently very humid environment. A dry environment will
provide the best conditions. The sugaring that developed on
model glasses proved to be unaffected by fluctuations in pH
values in the range of pH 3—13. This is a surprising result,
since glass degradation in aqueous media is highly depen-
dent on pH values.

The simulation experiments in this study successfully repro-
duced sugaring as observed on archaeological glass. An even
more accurate analysis of the progress of fracturing may be

achieved when more samples are applied in each experiment,
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by the use of more advanced analytical techniques, and the
testing of glass samples with various compositions.

The use of model glasses is essential for laboratory testing.
Samples with defined damage phenomena could prove
helpful for further experiments, such as for the evaluation of
the influence of cooling rates on crack pattern as well as for
testing conservation treatments and storage conditions for

sugared historic glass objects.
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Abstract

The published data on analysis of gold-leaf glass tesserae are limited and usually focus on the composition of the

glass. In this study, altered gold-leaf glass tesserae from the Daphni monastery (dated to the 11th century) were

examined macroscopically and microscopically. Degradation phenomena were studied on the surface and near the

interface with the gold leaf. The paper highlights the non-destructive investigation of the micro-morphology of corro-

sion layers using optical and scanning electron microscopy and provides some preliminary compositional data from

investigation with micro-proton induced X-ray emission spectrometry.

Introduction

Glass mosaic tesserae with metal leaf (gold/silver or their
alloys) are a unique type of tesserae due to their manufacture
technique: a metal leaf is enclosed between two layers of
transparent glass, the support glass and a second thin layer,
the top glass (often described by the Italian term cartellina).
Gold tesserae were used in abundance in Byzantine wall
mosaics. So far, studies have focused mostly on technological
issues (Fiori and others 1989; Verita 1991; Verita 1996;
Brill 1999; Carbonara, Muscolino, and Tedeschi 2000;
Verita and others 2000; Moropoulou and others 2002;
Verita, Renier, and Zecchin 2002; Verita, Profito, and
Valloto 2002; Verita 2006; Arletti, Fiori, and Vandini 2010;
Verita and Santopadre 2010; Silvestri, Tonietto, and Molin
2011; Conventi, Neri, and Verita 2012).

Research on glass tesserae in general (coloured and metal-
leaf tesserae) has shown that their preservation is influenced
by the composition of the glass, the conditions at the monu-
ment and previous conservation treatments applied to the
mosaics (Verita 1996; Verita 2000). The degradation mecha-
nism proposed (Verita 2000; Verita and others 2000) was

based mainly on weathering, i.e. the leaching of glass due to
condensation phenomena, as localised corrosion was rarely
detected. With low durable glasses, micro-cracks form over
time in the leached layer creating further leached layers
around them, while water evaporation facilitates the crystal-
lisation of salts inside the micro-cracks promoting their
propagation into the glass. However, the influence of water
infiltration through the mortar was not excluded, and altera-
tions on the side of the tesserae embedded in the mortar
have been reported (Verita and others 2000).

The detachment of the top glass, a phenomenon that occurs
only on metal-leaf glass tesserae, has been studied and
attributed to the alteration of the glass in contact with the
metal leaf due to poor adhesion between the three layers.
The only published condition assessment (Verita and others
2000) concerned all categories of glass tesserae. As a result,
this project was conceived with the aim to specifically study
gold-leaf tesserae non-destructively in order to evaluate the
surface condition and link the macroscopic and microscopic
morphology of decayed tesserae.

Optical microscopy and scanning electron microscopy (SEM)
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are appropriate tools to document the morphology of altered
tesserae. In addition, micro-proton induced X-ray and 7y-ray
emission spectrometry (p-PIXE/PIGE) was available to
explore the chemical composition of glass. This publication
is presenting part of a PhD research project (Loukopoulou
and Moropoulou 2012a; Loukopoulou and Moropoulou
2012b; Loukopoulou and Moropoulou 2013).

Experimental Work

The Monastery of Daphni (dated to the 11th century) in
Athens, Greece is an important monument of the Byzantine
period; it is included in the UNESCO World Heritage List,
because of its architecture and wall mosaics decoration.
Tesserae from its Katholikon (church), which had been
detached at different periods mainly due to natural disasters
that caused severe damage to the monument, were available
for this study. The selection of samples was based on the
classification established viz optical examination. The select-
ed altered tesserae exhibited variations in surface condition
along with different corrosion phenomena. Investigation was
focused on the top surface, as decay alters tesserae appear-
ance considerably.

Photographic documentation during macroscopic examina-
tion was carried out using a digital camera (Olympus,
SP-560UZ). For microscopic examination, a digital portable
microscope (Dino-Lite, AM211, with adjustable focus and
magnification from 10x to 200 x) and a stereo microscope
(Olympus SZ61 with digital camera Olympus C-7070, wide
zoom, 7.1 megapixels) was used.

Analysis was performed by a FEI Quanta 200 scanning elec-
tron microscope using a large field detector. The samples
were documented with secondary (SE), backscattered (BSE)
and mixed (Mix) images (an overlay of backscattered and
secondary electron image). The simultaneous viewing of a
given area in the three observation modes facilitated the
detection of compositional differences and enabled a better
understanding of areas with complicated topography.
Tesserae were analysed as entire pieces without applying a
conductive coating. In order to facilitate analysis, a conduc-
tive custom-made holder of the samples was used, made of a
cushioned piece of polyethylene foam covered with
aluminium foil.

p-PIXE/PIGE was carried out using the scanning nuclear
microprobe installed at the 5 MV Van de Graaff electrostatic

accelerator of the Institute of Nuclear Research of the
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Hungarian Academy of Sciences (ATOMKI-HAS) in
Debrecen, Hungary. The tesserae were analysed as-received
and were folded in aluminium foil before being fixed onto

the sample holder.

Results

The transparent glass used to create the gold-leaf tesserae
facilitates the optical examination of the gold leaf, and con-
sequently any alteration that occurs at the interface is appar-
ent if it produces a visual change. In addition, the stratifica-
tion of the altered areas due to losses near the edges and at
the top surface of the tesserae was revealed. Altered areas
will be described by using the terms stratum, zone, layer or
lamina. However, as glass corrodes in a multilayered fashion,

we do not generally refer to only one layer/lamina, etc.

Optical Examination of the Surface

The tesserae showed physical and chemical deterioration
along with the detachment of the top glass and the partial
or complete loss of gold leaf. Physical damage usually
included fissures and fractures of the top glass—along with
losses around the edges but rarely involved the total break of
the tessera. Macroscopically, the top surface of the tesserae
exhibited the phenomena of decayed glass commonly
described as a dull or iridescent surface, a whitish surface
(milky) with opalescence, as well as dark discolourations in
brown areas or layers (Newton and Davison 1989, pp. 154—
159; Cronyn 1990, pp. 130—134; Davison 2003, pp. 183—
186).

The most distinctive phenomenon observed was the greyish
alteration of the gold tesserae surface, shown in figure 1. It
is noteworthy that the phenomenon is limited to areas with
gold leaf in the middle. The corrosion front in the case of
the greyish or the pearly (whitish with opalescence) surface
appeared to proceed from the perimeter of the tessera.
Microscopically, the corrosion layers of the glass were not
always visible on the top surface but rather on the sides of
the tesserae. The top glass often exhibited a dull surface
with fine depressions or a thin translucent external layer
with occasional fine granular products and/or light irides-
cence. Moderately or heavily decayed tesserae demonstrated
a more uneven texture with depressions isolated or in abun-
dance and a surface that was either slightly rough with light

iridescence or quite even with haziness and indication of



exfoliation. In other tesserae, surfaces with fairly unaltered
areas (based on the undisturbed view of the gold) combined
with more decayed ones, which exhibited different corrosion
phenomena, were detected.

Occasionally a thick opaque layer, with strong discoloura-
tion (dark brown colour) was observed on heavily decayed
tesserae (figure 2). The microscopic examination of the
external thick brown layer revealed the presence of darker
spots and less discoloured areas with banded semicircular
zones and circular features similar to pitting. In addition,
similar darkened areas were observed on tesserae with differ-
ently preserved sections, possibly indicating an initial stage
of the layer’s formation. On the same tesserae, along with
the dark discoloured areas, the surface exhibited hazed
regions with iridescence or opalescence as well as areas of
detached external planes where sporadic well formed pits
were detected. Moreover, rough areas with opalescence and
occasional micro-pits were observed. The unevenness of the
surface was created by closely packed small crevices that
were partly crusted with whitish products. Depending on
the angle of light, these areas also exhibited some irides-
cence with a metallic shine, probably due to the remains of a
thin corrosion layer.

On tesserae with a greyish surface appearance, the top glass
exhibited a transparent to translucent external zone that
transformed near the gold layer to an opaque greyish layer

with a strong shine (figure 3). The greyish zone exhibited an

Fig. 1. General view of the top surface of a gold-
leaf tessera with greyish alteration. Glass areas
with no gold in the middle appear transparent
with an aqua hue (stereo-micrograph 20x mag-
nification) (Photo: Polytimi Loukopoulon).

Fig. 2. Remains of a dark brown layer on the rop
surface of a tessera (stereo-micrograph 50 x mag-
nification) (Phoro: Polytimi Loukopoulon).

uneven, undulated surface with lumps that cast a shadow on
the glass layer during inspection under raking light. A dark-
ened layer was detected beneath the gold leaf (on the sup-
port glass) and, occasionally, on top. The dark layer on the
support glass was usually almost black, while on top of the

gold leaf it showed a more brownish colour.

Gold/glass Interface

Microscopic examination of the sides of the tesserae facilitat-
ed the study of the glass/gold interface in section. In many
cases, this was possible due to the incomplete preservation of
the altered areas. On tesserae with light corrosion, a thin
whitish layer was detected at the gold interface, while on
more decayed examples the altered zones were broader with
wavy layers and occasional voids between the corroded glass
and the gold leaf. A dark discolouration of the layers was
detected frequently near the gold leaf or throughout the
whole thickness of the altered zone, although there were also
tesserae that exhibited only a light brownish hue. Sometimes
the quality of bonding between the two glass layers varied
among the different sides of the same tessera. This influ-
enced the condition of the glass at the gold/glass interface,
causing advanced decay that was also visible on the top sur-
face. In general, the bonding of the two glass layers was
pristine in areas where the gold leaf was absent, and only in

some cases limited corrosion was detected.

Fig. 3. Exposed stratigraphy of a tessera with
greyish alteration as seen on a broken edge near

the corner; transparent external zone, opaque
greyish internal zone with undulated surface and
[ractions of the gold layer near the edge (stereo-
micrograph 90 x magnification) (Phoro:
Polytimi Loukopoulon).
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Optical examination demonstrated that the appearance and
condition of the altered gold tesserae is the combined effect
of corrosion at the external surface of the glass and at the

interface with the gold leaf.

Micro-morphology of Altered Glass Areas

SEM revealed different corrosion phenomena on the external
surface of the tesserae. The morphology of the top glass was
classified in three general groups: (a) tesserae with an uneven
surface with depressions isolated or connected in a polygonal
fashion and the occasional preservation of a thin external
layer; (b) tesserae with most of the surface covered by a thick
stratum with multilayer sub-structure; and (c) tesserae with
a surface that exhibited fairly unaltered glass, along with
local decayed areas.

On the contrary, the top glass showed the same morphology
in all the samples near the interface with the gold leaf. At the
broken edges, the glass layer presented a smooth, sometimes
conchoidal fracture near the external surface and a multilayer
structure of corrosion close to the gold leaf. These layers
exhibited an undulated surface with globular augmentations
resembling the appearance of minerals with a botryoidal habit
(figure 4). On lightly to moderately decayed tesserae, a thin

zone of alteration was revealed; however, on heavily corroded

Fig. 4. SEM-BSE image of the same area illustrared in figure 3. (A) Top
surface (not original due to local detachment of external stratum), (B)
botryoidal altered layers, (C) fractions of the gold leaf and (D) exposed
surface of the support glass (Photo: Polytimi Loukoponlon).

34

tesserae, most of the edges were occupied by the botryoidal
layers. The differences observed by optical microscopy based
on colour and shine vanished on SEM images. Tesserae with
greyish appearance usually demonstrated an external surface
with depressions and laminated alteration with botryoidal
layers close to the gold leaf.

The support glass typically exhibited advanced corrosion
where it was in contact with the gold leaf and a multilayer
structure with smoother morphology deeper in the glass. The
deeper layers of the support glass demonstrated an uneven
surface with depressions at the place where the top glass
exhibited globular augmentations. Here it showed an inverted
or mirror image of the botryoidal morphology.

When in contact with the gold leaf, the support glass dis-
played either a layer of inverted botryoidal surface or more often
a rough surface of a honeycomb structure with open cells. The
morphology of the surface, as shown in figure 5, also incorpo-
rated areas with banded zones of multiple parallel laminas that
developed vertically towards the surface. The surrounding areas
of the banded zones had a smooth or uneven surface along with
‘islands’ of better-preserved glass. The uneven surfaces were
created by large crevices, probably due to the collapse of the
smaller open cells of the structure. Moreover, the surface of the
glass was frequently rough near the edges, and on many areas

an abundance of granular impurities was detected.

Fig. 5. SEM-BSE image. (A) external surface of the top glass; (B) inter-
nal zone of the rop glass with botryoidal altered layers; (C) exposed surface
of the support glass with a honeycomb structure and banded zones of multi-
ple parallel laminas along with an abundance of impurities (Photo:
Polytimi Loukopoulon).



Examination of the Exposed Interface on a Tessera
With Detached Top Glass

One of the most challenging cases was a tessera with light
decay on which the top glass was detached during initial sort-
ing, making it possible to retain the two glasses for further
investigation. The uncovered surface of the support glass
exhibited iridescence and localised small bands with a yellow-
ish-brown discolouration, gold leaf remnants with coloured
spots, residuals of the top glass layers and few areas where the
surface was detached. SEM of this surface revealed the most
complex images due to the presence of the various features
and the altered areas of the top and the support glass.

The top glass remnants exhibited a botryoidal texture (figure
6), while the support glass showed decay in the form of an
incipient honeycomb structure. The support glass in contact
with the gold leaf also showed zones of parallel laminas with a
semicircular shape along with ‘islands’ of pristine glass.
Moreover, on the uncovered surface of the support, small areas
of pristine glass surrounded by banded zones were frequently
detected. These ‘islands’ of unaltered glass, usually with a dia-
mond shape, followed a pattern in the form of the gold-leaf
cracking network (figure 7). These areas were quite small and
possibly indicated that the gold leaf was fissured; as a conse-
quence, the two glass layers were directly joined. This is con-
sidered to provide additional evidence that better preservation

of the glass is achieved in areas without gold in the middle.

Fig. 6. SEM-BSE image. (A) fraction of the corroded top glass with botry-
vidal texture and (B) the exposed gold leaf (Photo: Polytimi Loukopoulon).

Micro-PIXE/PIGE Analysis

The micro-PIXE/PIGE analysis was used mainly to deter-
mine non-destructively the composition of the glass on the
well-preserved gold-leaf tesserae. However, a few altered tes-
serae were also analysed. In the context of this paper, the
results of micro-PIXE from tesserae with a greyish surface
are discussed. The sample exhibited a broad altered zone
with discoloured (blackened) corrosion layers at the interface
with the gold. Figures 8—10 show the elemental distribution
maps (relative colour maps) of gold, manganese and iron,
respectively, from the edge of the sample. At the interface
with the gold, a higher concentration of manganese and iron
can be seen; this indicates that the dark discolouration of the
corroded layers could be attributed to the presence of those

last two elements.

Discussion

The phenomena of micro-cracks on the surface (similar to
crizzling) and the collapse into small fragments under light
pressure as reported for deteriorated tesserae from indoor
mosaics (Verita 2000; Verita and others 2000) were not
detected on the detached gold-leaf tesserae of the Daphni

mosaics.

Fig. 7. SEM-BSE image. The surface of the support glass exhibiting
‘islands’ of unaltered glass (a few indicated by arrows) following a pattern
(Photo: Polytimi Loukoponlon).
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Fig. 8. yu-PIXE element distribution maps from
the edge of an altered glass tessera. Relative colour
maps ranging from low concentration (dark blue)
to high concentration (bright red). u-PIXE ele-
ment distribution map of gold (Photo: Polytimi
Lonkoponlon).

Some of the gold-leaf tesserae exhibited degradation similar
to archaeological glass, indicating perhaps that, prior to the
detachment from the wall, they had undergone alteration
not only due to weathering but also due to a more direct
contact with water.

Generally, glass corrosion has been studied using SEM cou-
pled with X-ray fluorescence spectroscopy of polished sec-
tions and rarely the surface. Further, during analysis, empha-
sis is usually given to the chemical composition rather than
the morphology. In an attempt to describe the micro-mor-
phology of the layers, the term botryoidal has been borrowed
from mineralogy, where it is used for crystalline materials
and describes a pattern that is visually similar to what we
observe on tesserae. The term botryoidal has also been used
by Morgenstein, Wicket and Barkattet in 1999 (p. 1197 and
1198) in order to describe the textural features of the layers
detected on altered glass samples from Egypt.

Geilmann (1956, figs. 39-41; see Eggert 2013, this volume,
for details on Geilmann’s work) documented microscopically
such surfaces below the weathering zone of archaeological
glass. According to his observations, the layers near the
unweathered glass become more and more wavy, and after
their removal the exposed glass surface was covered with
round etch pits. It is interesting to notice that his negative
impression of the glass surface as presented on a lacquer repli-
ca has an undulated surface similar to the botryoidal layers.
Moreover, surfaces with comparable micro-morphologies have
been revealed in recent studies of excavated glass finds

although they have not always been similarly described (figure
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Fig. 9. u-PIXE element distribution maps from
the edge of an altered glass tessera. Relative colonr

maps ranging from low concentration (dark blue)
to high concentration (bright red). u-PIXE
element distribution map of manganese (Photo:
Polytimi Loukoponlon).

Fig. 10. u-PIXE element distribution maps from
the edge of an altered glass tessera. Relative colonr
maps ranging from low concentration (dark blue)
to high concentration (bright red). u-PIXE
element distribution map of iron (Photo: Polytimi
Loukopoulon).

7 in Garcfa-Heras and others 2005; figure 2 in Gulmini and
others 2009; figure 7 in Barbera and others 2012).
Preliminary analysis of the darkened corrosion layers of glass
in contact with the gold leaf attributes the discolouration to
the presence of manganese and iron. This is in accordance
with the phenomenon of browning or manganese staining of
excavated glass objects and stained-glass windows.
Manganese-rich areas were described by Geilmann as early as
1956 and subsequently by many researchers (e.g. Shaw 1965;
Newton 1971; Alten 1988; Cox and Ford 1989; Cox and
Khooli 1992; Macquet and Thomassin 1992; Cooper, Fox,
and Perutz 1993; Cox and Ford 1993; Libourel, Barbey and
Chaussidon 1994; Schvoerer and others 1995; Knight 1996;
Romich 1999; Sterpenich and Libourel 2001; Silvestri, Molin,
and Salviulo 2005; Doménéch-Carbé and others 20006;
Gulmini and others 2009) and investigated further by several
others (Doménéch-Carbé, Doménech-Carbd, and Osete-
Cortina 2001; Watkinson, Weber, and Anheuser 2005; Farges
and others 2007; Weber, Eggert, and Watkinson 2007,
Schalm and others 2011). The discolouration of glass is attrib-
uted to the formation of iron and manganese oxyhydroxides in

the altered glass areas.

Conclusion
The corrosion of gold-leaf glass tesserae occurs both on the
external surface and at the interface with the gold.

Examination indicated that the presence of gold leaf influ-



ences the condition of glass at the interface. The combined
effect of the glass corrosion at the exterior and at the inter-
face is the key factor explaining the current appearance and
condition of the gold-leaf glass tesserae.

Microscopic examination has demonstrated its potential as
an initial tool for the systematic research of the gold-leaf tes-
serae decay. Analysis with SEM verified the finds of micro-
scopic examination and provided details of the micro-mor-
phology of corroded glass. The multi-layered morphology of
corroded areas was revealed, and layers or surfaces with
different characteristics were detected and described.

The most distinguishing phenomenon producing radical
changes in the appearance of the gold-leaf glass tesserae was
the modification into a greyish surface resembling a silver-
leaf glass tessera. This was attributed to the corrosion of the
glass at the interface with the gold: preliminary results of
p-PIXE analysis of the altered glass layers indicated an
enrichment of manganese and iron.

This research is still in progress. Compositional differences
of the altered areas will be studied. In addition, analysis of
cross-sections will be carried out in order to evaluate the
results of non-destructive investigation and obtain addition-

al information.
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Abstract
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Dalle de verre windows, created from 1930—1940 onwards, consist of glass pieces with a thickness of approximartely

2 to 5 cm, set in a matrix of (veinforced) concrete. Besides the degradation of the concrete, the windows suffer mainly

[from a complex three-dimensional form of cracking of the glass elements. The cracks need to be consolidated in order to

ensure stability and improve transparency. A selection of possible adbesives was evaluated: Araldite® 2020, Hxtal
NYL-1™, Fynebhond, Paraloid® B-72, LV740, A18 and OR-G®. An attempt has been made to objectively

compare these adbesives using a bench-marking system. None of the adbesives appears to be suitable for in situ appli-

cation; sufficient penetration of the adbesives can only be realised with the help of vacuum techniques.

Introduction

The introduction of the dalle de verre technique in 1929 can
be credited to Jean Gaudin (1879-1954) (2006). Until

1940, several prototypes and patents were filed inter alia by
Auguste Labouret (1871-1964). In Belgium, the first dalle de
verre creations can be seen in the Mine Churches of Zwartberg
(1939) and Beringen (1942) (De Vis and others 2011). In
both cases, the ravages of time become very evident and con-
servation treatments will be needed in the years to come. A
common problem is the presence of complex three-dimen-
sional cracks in the glass elements. These cracks result in a
loss of stability and transparency (figure 1). Unfortunately,
there is a lack of practical experience in the treatment of the
glass elements present in dalle de verre windows.

This investigation aimed to evaluate the possibilities avail-
able to consolidate these cracks using materials that are
commonly accepted or are currently under development for
the conservation of window and vessel glass. The major dif-
ference with other glass consolidation problems is that the

ideal consolidant for dalle de verre should penetrate several

centimetres into the glass, while for window glass and vessel
glass this penetration is restricted to several millimetres.
Furthermore, the consolidants for dalle de verre need to be
applied in situ, which distinguishes this treatment from

usual workshop applications.

Experiments and Methodology of Evaluation
The mechanism of penetration of an adhesive into a crack can
partially be declared by physical laws such as capillary forces
(h = ZyI)(,;’;B)’ where h is the height of the capillary tube, v is

the adhesive—air surface tension, © is the contact angle, p is

the density of the adhesive, g is the gravitational field

strength and R is the internal radius of the crack, and
R AP
oL
rate, R is the internal radius of the tube, 1) is the (dynamic

Poiseuille’s law (@ = ), where @ is the volumetric flow
fluid) viscosity of the adhesive, L is the length of the crack
and AP is the pressure difference between the two ends of the

crack.
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Different experiments were undertaken to explore the effect
of these properties on the penetration of a selection of adhe-
sives:

¢ Experiment 1: Wetting and spreading properties (y and 0)
e Experiment 2: Differences in viscosity (1))

e Experiment 3: Capillary penetration potentials (h)

e Experiment 4: Influence of gravitational force (Q).

Only the penetration ability was used as an evaluation crite-
rion. The resistance of the adhesive to ageing (yellowing,
loss in strength) and the reversibility of the adhesive were
not incorporated into this study; these properties have
already been studied by others (Jigers, Romich and Mueller-
Weinitschke 2000, p. 137; Coutinho and others 2009, pp.
127-133). The result of each experiment was evaluated by
means of a bench-marking system, based on the strategic
‘balanced scoreboard’ approach used in economic studies
(Baima and Berrada, 2005; Caen, De Vis and Tennent 2010,
p- 137). This method of ranking provides an unbiased proce-

dure by which the various parameters (to be defined individ-
ually for each project) can be weighted in accordance with
their importance. As a result, an objective evaluation can be
made. For each experiment, the goals and requirements were
defined as listed in table 1. To give an example: an adhesive
that penetrates more than 50 mm in the gravity experiment
(4) achieves 5 points, when it penetrates less (20-50 mm)
only 3 points or even only 1 point in case of very superficial
penetration (> 10 mm). This quantification of the results
makes it possible to compare the adhesive more objectively,
even though the choices made in the scoring system do not
eliminate all bias. Based on the four above-mentioned exper-
iments (each contributing with a maximum of 5 points to
the overall score of an adhesive), a maximum of 20 points
can be achieved. In order to have a reliable and qualitative
consolidation, a minimum of 15 points (75%) should be

obtained.!

Fig. 1. Detail of the dalle de verre Jacobus window, St Albert church, Zwartberg (Belginm), 1939. The originally yellow glasses lost their transparency and
brightness due to the formation of cracks and fissures (Photo: K. De Vis).
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Total results except epoxy: max. 15

9.3

7.8

9.3 5.2

7.8

Total results all adhesives, max. 20

10.0

12.4

Table 1: Summary of scorves from the benchmark system; higher points reflect better results of the adbesive.
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Selection of Conservation Materials

For the experiments, the following seven adhesives were cho-
sen: (1) Araldite® 2020, (2) Hxtal NYL-1™ and (3)
Fynebond (all three are epoxy resins), (4) Paraloid® B-72

(5 and 10 wt% in a mixture of solvents consisting of di-ace-
tone-alcohol (70 wt%) and in acetone (30 wt%)) and the (5)
UV-curing LV740 (Bohle) (two acrylates) as well as two con-
solidants (6) A18 and (7) OR-G®. During the experiments,
the adhesives were applied once and used as delivered by the
supplier or producer without changing any parameter or addi-
tion of solvents, in order to keep as much control as possible
on the products and to control their natural ageing behaviour.

Product specifications are listed at the end of this article.

Results of the Individual Experiments
Experiment 1: Wetting and Spreading Properties
(Influence of y and 0)

The contact angle measurements of the selected adhesives
were performed using the Contact Angle Measurement
instrument EasyDrop of Kriiss GmbH (range: between

1 and 180°, angle resolution: = 0.1°, drop volume: 2 pl con-
trolled by means of a liquid dispenser). After depositing a
drop of the adhesive on a (microscope) glass substrate, the
image of the drop is captured through a CCD camera. The
form of the drop on the glass substrate is analysed with
appropriate software using a Laplace—Young curve fit of the
captured image (Goossens 2012).

The EasyDrop could not be used to test the low viscosity
adhesives (A18, Paraloid® B-72 (5 and 10 wt%) and
LV740). The contact angles were beyond the detection limit
of 20-25°. This means that the adhesive spreads out easily
over the glass surface and eventually into cracks in the glass.
The results for these adhesives are depicted in figure 2,
which shows four successive steps in the experiment. The
first image shows the drop of adhesive on the needle (a), fol-
lowed by the first contact (b) and the proceeding spreading
of the fluid (two steps: ¢ and d) on the glass substrate. The
other adhesives (Araldite® 2020, Hxtal NYL-1™, Fynebond
and OR-G®) had measurable contact angles between

27.1 and 43.4°, respectively:

e Araldite® 2020: 43.4 +1.0°
e Hxtal NYL-1TM: 33.0 = 1.4°
* OR-G®: 29.7 + 2.4°
¢ Fynebond: 27.1 = 1.1°.
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Fig. 2. The spreading of four adhesives (A18, Paraloid® B-72 (5 and 10
wt%) and LV740 viewed with a Contact Angle Measurement instrument
called ‘EasyDrop’ (Kriiss GmbH): (a) drop on a needle, (b) first contact
with the surface, (c) first spreading and (d) liquid on the glass

(Photo: K. De Vis).

It was concluded that two groups can be distinguished
among the adhesives. The wetting properties of acrylates
and A18 can be considered to be very good (contact angle

< 25°), whereas the other adhesives show inferior, but still
good results. A remarkable outlier is Araldite® 2020 with a
contact angle of 43.4 = 1.0°.

Experiment 2: Viscosity and Penetration Measurements
of Epoxy Resins (Influence of 1)

The viscosity of an adhesive or consolidant can be influenced
by various factors such as the type of polymer, its concentra-
tion in solution, its molecular weight, the polarity and the
viscosity of the applied solvent as well as the ambient temper-
ature (Kucerova and Drncova 2009, p. 151).

In conservation practice, an epoxy resin and hardener are
mixed in a fixed ratio depending on the type of epoxy.
Conservators often stir the epoxy mix for a variable amount of
time and use the epoxy until it loses its fluidity. In an attempt
to define and quantify this, the viscosity and penetration
depth of Fynebond, Araldite® 2020 and Hxtal NYL-1™ were
measured as a function of time. The other adhesives were
excluded from this test, as their setting begins immediately
with evaporation of their solvents. This is different for epoxy
resins which set by chemical reaction (Horie 2000, p. 5). All
viscosity measurements were executed by means of an
MCR301 Rheometer (rotational modus; 20°C; spindle speed:
5 RPM; gap width: 1 mm; adhesive volume: 1 mL; time:

400 min).



In figure 3, the results are presented for each of the three
epoxy resins. Generally, they were obtained immediately
after mixing epoxy resin and hardener. Araldite® 2020 can
be considered to be the adhesive with the lowest viscosity,
followed by Fynebond and Hxtal NYL-1™. After four
hours, the viscosity of the latter increased by 48% (from
around 1.5 to around 2.2 Pa s), whereas the viscosity of the
other epoxies increases respectively by 22% (Fynebond) and
28% (Hxtal NYL-1™) and reached levels of, respectively,
1.6 and 0.65 Pa s. Although this limited increase in viscosi-
ty suggests a good penetration as a function of time, in real-
ity the opposite was observed. The penetration depth
between two microscope glasses decreased by 41% (Hxtal
NYL-1™), 45% (Fynebond) and even 61% for
Araldite®2020! As a conclusion for this experiment, it can be
stated that the penetration of Araldite®2020 is acceptable,

but it loses this capacity as a function of time.

Experiment 3: Capillarity Penetration Potentials (h)
The experimental determination of the penetration depth of
the adhesives into cracks in original dalle de verre glass ele-
ments was rendered impossible by the irregularly shaped and
heterogeneous glass. A more simple experimental system was
therefore employed. Glass capillaries with a diameter of 600
pm, 1000 pm and 1400 pm and a length of

15 cm were used to simulate (simplified) cracks. These com-
mercial capillaries do not completely fulfil the conditions of
dalle de verre windows containing a complex three-dimensional
network of cracks with variation widths between about 5 nm
and 2 mm, but they do permit comparison of the capillarity
of different conservation materials, thus providing an indica-
tion of their expected properties in situ.

The capillary tubes were dipped into the same amount of
adhesive and, in a single measurement, the achieved penetra-
tion depth and the time required to achieve this depth were

recorded. The results are depicted in figures 4 and 5.

Fig. 3. Plor of viscosity (Pa s} versus the maximum penetration depth {(mm) for three epoxy adhesives (Figure: K. De Vis).
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Fig. 4. Penetration depth of selected adbesives in three different types of capillaries (single measurements) (Figure: K. De Vis)

Fig. 5. Penetration velocity of selected adbesives in capillary tubes with different widths (single measurements) (Figure: K. De Vis).
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The best penetration in the capillary tube of 600 pm was
achieved by the UV-curing acrylic LV740 (2.1 c¢m) followed
by Paraloid® B-72 (5 wt% — 2 cm), Paraloid® B-72

(10 wt% — 1.85 cm) and A18 (1.8 cm).

Generally, a specific consolidant shows the best penetration
in the smallest capillary tube. For example, Paraloid® B-72
(5 wt%) penetrates only 0.9 cm in a capillary with a diame-
ter of 1400 pm, while, in a tube with a radius of 600 pm, a
penetration of 2 ¢cm is achieved.

In the previous experiment, the increase of viscosity due to
the polymerisation of the epoxy resins and the evaporation of
the solvent in case of the other adhesives had an effect on the
penetration ability of the adhesive. The quicker the adhesive
reaches and covers the crack surface, the better the result of
the treatment will be. Therefore, also the penetration velocity
was measured.

The time to fill the capillaries was recorded during different
intervals, namely 1, 3, 5, 7, 9, 20, 40, 60, 90 and 120 seconds
after dipping the capillary in the adhesive and until equilibri-
um was attained (see figure 5). Paraloid® B-72 and A18 belong
to the group of quickly penetrating adhesives: they penetrate
into a tube within 20 seconds after dipping the capillary into
the adhesive. This contrasts to Fynebond, which creeps slowly
into the capillary tube and needs about 150 seconds to achieve
its maximum penetration height. Some adhesives can be cate-
gorised as slowly penetrating adhesives in small capillary tubes,
but they move more quickly into the tube once the capillary
widens. This is the case for Hxtal NYL-1T™,

Experiment 4: Influence of Gravity (g)

Again in this experiment, the complex three-dimensional
shape of cracks in slab glasses were approximated in simpli-
fied form; here, two microscope glasses pressed together in a
frame and positioned under different angles, 0° corresponding
to a horizontal orientation of the microscope slides, 90° to a
vertical orientation where the adhesive runs down and is
pulled along by gravity; in the —90° orientation, the adhesive
penetrates upwards, defying gravity. At —45° and +45°, the
slides were oriented diagonally upwards and downwards,
respectively. A constant amount of adhesive was introduced
between the microscope glasses. The maximum penetration
depth was measured (in mm), irrespective of the fact that the
adhesives covered the complete internal surfaces of the micro-
scope glasses or not. All tests were executed three times with
all selected adhesives. The obtained averages (in mm) were fit-

ted using the statistical measure of central tendency, called

‘trimmed mean’. The major advantage of the use of a trimmed
mean is that it is less sensitive to outliers than a simple
numerical average (De Vis and others 2011, pp. 59-61).

In general, the impact of gravity is clearly visible as depict-
ed in figure 6. The lower the angle of orientation (-90° a
+90°), the less adhesive will penetrate into the crack.
Although dalle de verre are often treated in situ, these pene-
tration depth results are also useful in the context of conser-
vation treatments in a workshop environment of other types

of thicker pieces of glass.

Summary after Four Experiments

Based on these four experiments, the scores as listed in table
1 were attributed to the different adhesives.

Considering that the maximum score that each adhesive could
obtain is 20 points, it is clear that nore of the adhesives
achieves a very high overall mark. Paraloid® B-72 (5 wt%)
and LV740 demonstrated the best results (around 12—13 out
of 20) based on this bench-marking system.

All parameters influencing the penetration behaviour were
studied under atmospheric conditions, i.e. without pressure
difference AP between the two ends of a crack. To investigate
how, in view of Poisseuille’s law, this parameter may exert an
influence, a final experiment was set up. It involved glass
cubes with a more realistic pattern of cracks. They were con-
solidated under vacuum conditions. The only impregnation
system based on a pressure difference that is described in the
literature thus far was employed for consolidation of mural
paintings (Mitronatsios and others 2010). The glass cube con-
solidation experiment was performed by means of a vacuum

chamber and could therefore not be executed in situ.

Experiment 5: Infiltration into Glass Cubes with a
Complex Crack Morphology
In this experiment, glass cubes (2.7 x 2.7 x 2.7 ¢m) with a
complex fracture pattern were employed. These glass cubes
were artificially fractured by means of a thermal shock that
is automatically produced after rapid cooling of the glass
sample to simulate fractured architectural glass following
the system of Audrey Ougier-Simonin (2011), which
involves the following steps:
1. Heating (Gobi furnace) to a maximum temperature of
300°C (the cubes were left for 1 hour at this tempera-

ture).
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Fig. 6. Maximum penetration depth of the adbesives between two microscope glasses under different angles (Figure: K. De Vis).

2. Quenching of the cubes into distilled water at room
temperature in less than 5 seconds. The thermal shock
generated a differential stress field and stress relaxation,
inducing crack creation and propagation.

3. Reheating up to 100°C (during 1 h) to eliminate the

presence of water in the cracks of the cube.

The cracks produced by means of this protocol are very narrow,
segmented and do not always reach the glass surface as the sur-
face was cooled down extremely quickly. This cooled down
layer of glass forms a seal whereas, in the cube, fractures and
cracks are visible. After sealing the four faces of the cube with
adhesive tape and a slight impact with a hammer, the cracks
could be traced up to the surface of the glass cube.

For each selected adhesive, two cubes were consolidated by
means of a different application method. Non-treated faces of
the cubes were covered with tape to simulate glass embedded
in concrete. In the first case, a drop of adhesive was applied on
to the crack; in the second case, the glass cube was impregnat-

ed under vacuum conditions (80 kPa). In both cases, the adhe-
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sive was applied during 5 minutes on one face only of the glass
cube. The time limit was selected as the amount of penetrating
adhesive could not be controlled in the vacuum device.

The penetration of adhesive into the transparent glass cubes
was estimated by means of a binocular microscope (ZEISS
Axioskop 2 light microscope equipped with an AxioCam RC5
digital camera and Axiovision v.4.6 software).

Generally, when bonded under vacuum conditions, the
amount of ‘mirrors’ (reflecting internal surfaces) on the crack
surfaces could be reduced and the glass cubes also regained
more transparency. The improvement in aesthetic appreciation
of the glass cubes suggests a better penetration of the adhe-

sives into the cracks when working under reduced pressure.

Conclusions
Dalle de verre represents a challenge for conservation research.
It involves answering questions such as ‘how far can the cracks

be filled?’ and ‘how can the consolidant cure in the cracks?’



The evaluation of the efficacy of different consolidants is lim-
ited by the currently available analytical techniques. The
methodology applied for this study was based on a selection of
seven adhesives and consolidants with different chemical com-
positions. Measurements enabling a comparison of the viscosi-
ty and wetting properties of these adhesives were performed.
All experiments were executed in laboratory conditions with a
fixed temperature and relative humidity. In all cases, rinsed
glass samples, free from contaminating materials were used, as
may or may not be the case in situ.

By means of the balanced scoreboard, it became clear that
only Paraloid® B-72 (5 wt%) and LV740 to some extent ful-
fil the requirements to consolidate this type of glass fracture.
While the first tentative experiments involving vacuum-
assisted consolidation showed promising results, it must be
kept in mind that dalle de verre windows can never be treated
under complete vacuum conditions when located in situ. In
this respect, it may be interesting — in the frame of future
research — to cooperate with colleagues responsible for the
consolidation of mural wall paintings.

The conclusion is that, among the selected adhesives, no can-
didates were found to be adequate up until now. Neither the
type of adhesive nor the technique of application is sufficient
and further research is required. Furthermore, the benchmark
system, as explained in this article, discussed only the physical
parameters of the adhesive or consolidant. Further parameters
such as reversibility, ageing properties (yellowing, brittleness),
ease of treatment methodology (one or multiple layers), the
probability of the consolidant to neutralise the effect of
reflecting internal surfaces (called ‘mirrors’) to improve aes-
thetical issues or the need for a trained operator (conservator
or technician) etc. should be added to constitute a more bal-

anced scoreboard.
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Materials and Suppliers

o Araldite® 2020: 2-component epoxy resin (adhesive),
Huntsman GmbH, Ch-Basel, technical data at http://
www.farnell.com/datasheets/1640467.pdf (accessed
28 February 2013).

e Hxtal NYL-1™: 2-component epoxy resin
(adhesive),Vosschemie, B-Brugge, technical data at
http://www.hxtal.com (accessed 1 March 2013)

¢ Fynebond: 2-component epoxy resin (adhesive), Fyne
Conservation Services, Schotland-Loch Fyne Argyll PA25
8BA; http://www.fyne-conservation.com (accessed
S March 2013).

¢ Paraloid® B-72: thermoplastic acrylic resin (solvent: 70
wt% di-acetone-alcohol and (30 wt%) acetone), Dow
Benelux, B-Terneuzen, technical data available at http://
www.dow.com (accessed 5 March 2013).

e OR-G®: ORMOCER® is the protected name for a class
of materials developed at Fraunhofer ISC. ORMOCER®s
are inorganic—organic hybrid polymers synthesised by
chemical nanotechnology, with property profiles that can
be varied depending on the type of application. The
ORMOCER® used in this study is an inorganic organic
hybrid polymer, a heteropolysiloxane mixed with an
acrylate (Paraloid® B-72). This formula (also called
OR-G®; applied in this study in a solvent mixture
(Ethyl acetate:Butoxyethanol 2:1)) has been optimised
for good adhesion to glass and for reversibility. It was
applied as part of a multilayer protective system on
medieval stained glass, for example in Cologne (see
htep://www.constglass.eu/, accessed on 18 February
2013). Supplier: Fraunhofer-Institut fiir Silicatforschung
ISC, Bronnbach Branch, Bronnbach 28, D-97877
Wertheim, Germany.

e A18: The functionalised basic components used for the
sol—gel process include Aluminium-sec-butylat and
Triethanolamine. A18 has been developed as a consoli-
dant for internal fractured glasses and was tested in the
laboratory at Fraunhofer ISC (solvent: ethanol). So far, no
case studies have been published. Supplier: Fraunhofer-
Institut fiir Silicatforschung ISC, Bronnbach Branch,
Bronnbach 28, D-97877 Wertheim, Germany.

e LV740: UV-curing acrylic resin, Bohle Benelux,
Veenendaal, the Netherlands http://www.bohle-group.
com (accessed 5 March 2013).
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Notes

1. The viscosity tests were carried out only for epoxy resins.
Therefore, the maximum achievable point for all other adhe-
sives is 15. In table 1, the end quotation will be equated to 20
points.
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Abstract

Conservators at The Corning Museum of Glass have developed a technique for casting Paraloid B-72 to compensate
for losses in glass. By slowing down the evaporation of the solvent, it is possible to obtain films of bubble-free B-72
that can be used to make fills of losses in glass. Since the original research was published in 2011, there have been

new experiments and case studies exploring the possibilities and expanding the applications of this technique, which
are described in this paper. These include casting thick films of B-72, manipulating films to fill losses with complex
curvatures, creating intentional bubbles and other methods to mimic textures of the glass, and using more complex

moulds to create fills for cut and moulded glasses.

Introduction

Losses in glass can be very difficult to fill, particularly with
very thin glass that is structurally unsound (Davison 2008;
Koob 2000). For these types of glasses, the synthetic resins
and casting techniques traditionally used in glass repairs can
cause further damage (Down 1996; Koob 2006; Tennent
and Koob 2010). For this reason, an alternative technique
using cast Paraloid™ B-72 (B-72) sheets or films was devel-
oped at The Corning Museum of Glass and was first present-
ed in 2011 at CCI's Adhesives and Consolidants for
Conservation conference in Ottawa (Koob and others 2011).
Epoxies and polyester resins are commonly used for fills in
glass and their characteristics are well documented (Jackson
1983; Bradley and Wilthew 1984; Bradley 1990; Down
1996; Nunes de Silva 1998; Shashoua and Ling 1998; Down
2001). Despite having many properties well suited for mak-
ing fills for glass, most epoxies and polyesters are known to
yellow and degrade over time (Down 1984; Down 1986).
Unlike epoxies, B-72 remains reversible and does not yellow
over time (Feller 1984).

As was shown in the initial research, it is possible to cast
bubble-free sheets or films of B-72. The films can be made

transparent, translucent, or opaque and can be coloured with
dyes and pigments to match a wide variety of glasses.
Casting B-72 into sheets allows the fill to be inserted into or
removed from the loss without disassembling the object,
thus posing less risk of further damage. Since B-72 is such a
stable material and since this technique is much safer for the
object than many other loss compensation methods, the
authors intend to adapt the technique for use in many differ-
ent treatment applications. However, a basic cast B-72 film
is bubble free, relatively thin, and flat, which is not appro-
priate for all glasses. The following new developments have
addressed some of the more complicated ways to cast B-72
for filling losses in glass. These include fills for thicker
glasses and glasses with more complex shapes and surface

textures.

Casting Paraloid™ B-72 Into Sheets or Films

Paraloid B-72 can be successfully cast in sheets or films,
without air bubbles, for use as fills in glass. When used as

an adhesive for joins, excess B-72 develops bubbles along
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join lines because of the rapid evaporation of solvent. By
controlling the solvent evaporation rate, a bubble-free sheet
of B-72 can be cast. B-72 is dissolved in acetone with the
addition of a small amount of ethanol. Xylene can also be

used, but is more toxic. The basic recipe is as follows:

30 g of B-72
100 ml of acetone

20 ml of ethanol (or 1-2 ml of xylene).

The ethanol is added only after the B-72 has dissolved com-
pletely. Additions such as fumed silica, pigments, or dyes
used to change the translucency or colour of the film should
be mixed into the ethanol before it is added to the mixture.
The solution is then poured out into an open silicone mould
or onto polyethylene sheeting or silicone release paper and
covered or placed in an enclosed chamber. Covering the
B-72 restricts, but does not stop, the evaporation of solvents.
The very slow evaporation of the solvent allows the film to
form uniformly, and prevents air bubbles from forming. The
B-72 can be covered with a watch glass, Petri dish, or placed
in one or two sealed plastic bags and should remain covered
for 1-6 days depending on the size and thickness of the film
and the exact solvent mixture. Very thick films or many
films in the same chamber need to remain covered for even
longer, up to several weeks. The film needs to be removed
when it is still flexible enough to take on a curvature, but
not so flexible that it collapses in on itself.

Once the film has been cast, it can be shaped to take on the
desired curvature and cut to size. The fill can then be glued
into the loss area with B-72 adhesive (Koob 1986) or sim-
ply with some acetone applied to the edge. The remaining
solvent will take a few days to fully evaporate. The duration
of this process can be reduced by placing the fill in a low-
temperature oven either before or after joining to the

object.

Manipulating the Appearance of B-72 Films

A basic B-72 film is cast flat and transparent without bub-
bles and is relatively thin. This is a good match for many
glasses, but not for all. Some glasses are much thicker, or
have bubbles or different textures; others have strong curva-
tures or moulded or cut decorations. Fortunately, B-72 can
be cast in different ways to manipulate the appearance of the

resulting film.
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Fig. 1. B-72 casting with plaster inclusions (Photo: The Corning Museum
of Glass).

Fig. 2. Making silicone moulds of pressed and cut glass (Photo: The
Corning Museum of Glass).

Fig. 3. B-72 castings and moulds from pressed and cut glass (Photo: The
Corning Museum of Glass).



Thick Films

It is possible to cast thick films of bubble-free B-72. First, a
deeper mould is required, keeping in mind that the initial
amount of B-72 poured into the mould will lose approxi-
mately 70% of its thickness (if one starts with a 30% solu-
tion). Second, more than one application of B-72 solution is
usually required. The first application should fill the mould
only halfway and be allowed to dry for 2—3 days, and then a
new application of the 30% solution can be applied directly
on top of the first application. It should also be allowed to
dry partially for 2—3 days before a third layer is applied. The
number of applications depends on the desired thickness of
the B-72 film (and the depth of the mould). Thicknesses of
3—4 mm have easily been accomplished in this way. Tinted

coloured films are made in the usual manner.

Curved Films

The curvature of the films can be manipulated either during
or after the casting process. Casting the B-72 in a curved
mould is possible, but it can be difficult to achieve an even
thickness. It is much easier to cast a flat film and shape it by
slumping over a curved surface while it is still flexible. If
the film is already set, it is possible to soften it with a hot-
air gun and give it the desired curvature. The use of heat to
shape the B-72 film should be done away from the object.
For strongly curved objects, such as the one described below,

a silicone mould with the correct curvature can be made.

Textured and Bubbled Films

B-72 films can be textured to match a badly weathered or
bubbly glass. The film can be textured by disrupting the sur-
face while it is still slightly sticky with a finger or with a tex-
tured tool or piece of fabric that will not stick to the resin. If
the film is no longer sticky, the surface can be made tacky
with a tiny amount of acetone. Inclusions, such as small bits
of plaster, can also be added (figure 1). This is best done after
the B-72 solution has been poured into a mould.

Another way to texture the film is to allow bubbles to form.
Case Study 1 describes how many tiny bubbles were created
by removing the cast film early and driving off the rest of
the solvent. Bubbles can also be allowed to form more slow-
ly by uncovering the casting early, but leaving it in the
mould or by not covering the casting until the desired
amount of bubbles have formed. By allowing the bubbles to

form more slowly, one has more control over their size and

number. Slowly-formed bubbles tend to be larger than those
described in Case Study 1. Bubbles in the film can be
stretched to imitate how bubbles in glass are stretched dur-
ing production. Stretching the film can be done while the
casting is still flexible, but the film may contract again,
leaving the bubbles less elongated. It is more effective to
soften the film with heat after it has set and then stretch it,

because it will stiffen faster and retain the stretched bubbles.

Moulded and Cut Glasses

B-72 films can also be used to imitate moulded or cut glass.
One pressed-glass pitcher and one cut-glass decanter were
chosen to mould and cast B-72 films. Moulds were made
with a fast-setting silicone rubber in multiple applications
(figure 2). Because the moulds were curved, they were built
up with more silicone rubber on the sides to create a deeper
‘reservoir’ for the B-72 solution. Five applications of 30%
clear B-72 were applied to each mould, every other day, thus
building up the thickness of the film (as described above, in
Thick Films). The resulting thick films were removed after
another 2 days and looked very much like the original glass
(figure 3). They could be cut and fitted in to a loss area in
the same manner as thinner flat or shaped films.

Some initial experimentation with casting B-72 into a
mould of a figurative bead has also been successful. The
bead is three-dimensional, but because it is flat on one side
it was possible to use an open mould. As with the moulds of
moulded and cut glass, multiple layers of B-72 were applied
to the mould over a number of days until the desired thick-

ness was achieved.

Case Study 1: Intentional Bubbles to Create
Texture

Although it is possible to cast B-72 films without bubbles,
sometimes bubbles are desired to better match the fill to the
glass. This was the case with an Islamic beaker (The Corning
Museum of Glass 74.1.18; H: 12.05 cm; D: 8.82 cm) with a
severely weathered surface. Much of the weathering had been
lost, leaving the glass heavily pitted and very thin, down to
0.2 mm in the body adjacent to the losses. The beaker was
broken into more than 35 fragments with about 5-10% of
the body missing. The loss of the weathering had left many
rough break edges that did not join well. The poor joins, the

thinness and the losses led to the decision to fill the major
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losses to provide additional support during handling. The fra-
gility of the surface and the thinness of the glass made this
beaker a good candidate for a cast B-72 fill.

A B-72 mixture was made according to the recipe described
above. Fumed silica and some dry pigments were mixed with
the ethanol. The B-72 mixture was then poured into pre-
made silicone moulds, which were put into a plastic bag and

sealed with tape.

Initially the intent was to use a bubble-free, slightly tinted
B-72 film. However, the first casting was removed from its
vapour chamber while there was still too much solvent in the
film for it to remain bubble free. It was covered for 6 days
(with two other large castings in the same bag). After 6 days,
it was removed from its mould, placed on a paper cup and

put in a low temperature oven (about 40—50°C) for about 36

hours to drive off the remaining solvent.

Fig. 4. Making a bubbled film: (a) the B-72 film is placed on a paper
cup while still quite flexible and placed in a low temperature oven (40—
50°C); (b) the B-72 film with many tiny bubbles (Photo: The Corning
Museum of Glass).

Fig. 5. Islamic beaker (74.1.18) during treatment: (a) beaker showing losses;
(b) the bubble B-72 film is placed over the loss; (c) after the shape of the loss
was traced onto the film, it is cut out with scissors; (d) the fill is placed in the
loss waiting to be adbered with acetone applied to the edges (Photo: The
Corning Museum of Glass).
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Fig. 6. Detail of the large fill after joining. The fill was done in two sec-
tions (Photo: The Corning Museum of Glass).

Fig. 7. Islamic beaker after treatment showing four of the B-72 fills
(Photo: The Corning Museum of Glass).



Within a couple of hours, numerous tiny bubbles had formed
on the film (figure 4). The texture created by the bubbles was
actually very complementary to the surface of the object.
Although the bubbles in the initial casting were accidental,
the effect was easily re-created for additional fills using a simi-
lar process.

The B-72 films were placed over the losses while still flexi-
ble and the outline of the required fill was traced onto it
with a permanent marker. The fills were cut out with scis-
sors. In some cases the film had to be re-heated with a hot-
air gun to soften it to make cutting easier. This sequence of
steps can be seen in figures 5 and 6. The fills were placed in
the areas of loss and tacked in by applying a tiny amount of
acetone to the break with a soft brush. The eight largest

losses were filled (figure 7).

Case Study 2: Strong Curvatures

Creating strong curvatures in B-72 fills can be challenging.
For this case study, a silicone mould was made from an
intact area of the object. The cast B-72 sheet was then heat-
ed with a hot-air gun while in the mould until it had the
desired curvature.

The ancient Roman blown glass jar (The Corning Museum
of Glass 69.1.22; H: 8.43 cm; D: 8.00 cm) has a wide shoul-
der near the base and tapers up to a restricted rim. The jar
had been previously broken and repaired. The jar is made up
of eight fragments that were joined with B-72 in acetone.
There is one acute-angled loss, approximately 3 x 3.5 cm,
along the shoulder (figure 8). The thickness of the jar wall
varies over the profile; however, in the area of loss, it ranges
from 1 mm to 2 mm. There is some iridescence on the sur-
face of the glass, but the weathering layers seem to be fairly
compact and mostly located on the interior.

The fragile nature, the presence of weathering layers, and the
thinness of the glass, combined with the difficulty encoun-
tered when trying to reverse the previous fill, strongly
favoured the use of a detachable fill for this object. The
options available for making detachable fills included
manipulating a cast epoxy or B-72 sheet or casting a plaster
fill in place and using the plaster piece to cast an epoxy piece
separate from the object. Cutting and shaping a cast epoxy
sheet to fit in an irregularly edged loss is difficult to do.
Casting a plaster piece in place would have been almost
impossible due to the thinness of the glass and the complex

shape of the loss. Therefore, cast B-72 film was chosen as the

fill material because of the thinness of the glass walls and
the potential to manipulate the B-72 to fit the complex loss.
The cast B-72 sheet was made using the method described
above. A small amount of raw umber pigment, fumed silica,
and ethanol was mixed with the B-72 before pouring it into
an open rectangular silicone mould. The mould was tilted
slightly while the B-72 set to mimic the variation in wall
thickness of the area of loss. The mould was double bagged
in polyethylene and a Zip-Lock bag to slow down evapora-
tion. After five days, the film was removed from the mould
and cut to a shape approximately 1-2 cm larger on all sides
than the area of loss.

In order to conform the cast B-72 sheet to the curvature of
the loss while minimising handling of the object, a silicone
mould was made. The silicone was applied within a plasti-
cine dam to a section of the shoulder near the area of loss
that had a similar curvature. After the silicone had set, it
was placed in an oven to cure for 24 hours.

A section of the cast B-72 sheet with a thickness that
matched the profile of the area of loss was placed in the
mould in a low-temperature oven to try to sag or slump it
to adjust it to the correct shape. The cast sheet had become
too stiff to slump into the acute angle required by the shoul-
der. Therefore the cast B-72 sheet was heated with a hot-air
gun while in the mould. It could then be pressed with fin-
gers and stretched slightly until it had attained the desired
curvature without wrinkling around the edges.

The cast B-72 sheet was then allowed to cool slightly before
removing it and placing it in the area of loss. The outline of

the loss area was traced onto the cast sheet (figure 9).

Fig. 8. Roman jar (69.1.22) with loss on shoulder (Phoro: The Corning
Museum of Glass).
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The piece was cut out of the cast sheet with scissors away
from the object, as opposed to using a scalpel on the object, in
order to avoid possible damage to the glass. The piece was
then slightly re-shaped by heating in the mould again due to
some distortion that occurred during cutting. The cast B-72

sheet responded well to the re-shaping. The curved piece was

Fig. 9. Roman jar during treatment showing loss on shoulder, deeply
curved silicone mould, and B-72 film with an outline of the fill (Photo:
The Corning Museum of Glass).

S

Fig. 10. Roman jar after treatment. The B-72 fill was adhered with ace-
tone applied to the edges and has been in-painted (Photo: The Corning
Museum of Glass)
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adhered with a solution of ~70% Paraloid B-72 in acetone.
After adhering the fill in place, it was in-painted with Golden
Matte Fluid Acrylics and Polymer Varnish with UVLS
(Matte) to add the appearance of weathering layers (figure 10).

Further Experimentation

As discussed in this paper, B-72 sheets can be manipulated in
a number of ways. Research into techniques for adapting the
sheets to match various types of losses and glass is an ongoing
process. Casting directly onto an object is possible, but so far
has only been done for small fills. More experimentation is
needed to improve how the fill areas are covered in order to
slow solvent evaporation during casting and to see if it is pos-
sible to cast larger fills of B-72 directly onto an object.

It may be possible to mimic layered or ‘sandwich’ glasses
either by casting a layered film or by joining layers of differ-
ent coloured films with heat or solvents. It may also be pos-
sible to create B-72 films with colour gradations in which
one colour blends into another colour. Additional research
could also be done on whether cast B-72 films could be used

as fills for losses to other materials, such as ceramics.

Conclusion

Casting B-72 films may not be an effective method for fill-
ing losses in all types of glass, but it has been shown to be a
very successful technique for loss compensation in some
glasses, especially fragile archaeological glasses of various
shapes and surface textures; further, there is much potential
for developing additional techniques and applications. B-72
has all the characteristics required for a filling material,
notably reversibility, stability, health safety, ease of applica-
tion, as well as the possibility of manipulating the appear-
ance to match the glass including colouring, adding texture,
and retouching. Gap filling with B-72 allows minimum
intervention on the glass while limiting excessive handling,
which makes it especially useful for very fragile glasses that
would not tolerate the more invasive gap-filling methods
traditionally used for glass. As the research described in this
paper demonstrates, the basic technique for casting sheets of
B-72 can be adapted to create thicker films and films with
strong curvatures and some three-dimensionality. The sur-
face of the films can also be manipulated to more closely

resemble the glass it is imitating.



These new developments allow the technique to be applied
to a larger variety of glasses. Future developments may allow
even more applications for casting B-72 in the conservation

of glass as well as other materials.
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Paraloid™ B-44: Studio Tests for the Reconstruction
of a Tang Dynasty Model of a Horse
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Abstract

The request to display a damaged Tang Dynasty model of a horse (weighing 20.5 kg) gave rise to this study. The

standard adhesive at the Victoria and Albert Museum for bonding porous earthenware is Paraloid™ B-72 (merhyl

acrylatelethyl methacrylate copolymer); however, the gallery temperature had previously approached the glass transi-

tion temperature of this adbesive. Paraloid™

be a potential alternative; however, a literature search did not reveal the extent of solubility after ageing. Experiments

B-44 (methyl methacrylatelethyl acrylate copolymer) was considered to

were designed to ascertain the reversibiliry of joins on low-fired earthenware samples bonded with Paraloid B-44.

The joins were no less reversible after heat-ageing than they were after one month of ageing at room temperature when

compared to joins bonded with Paraloid B-72.

Introduction

The aim of the project was to compare the degree of revers-
ibility of Paraloid™ B-44 (methyl methacrylate/ethyl acry-
late copolymer) to Paraloid™ B-72 (methyl acrylate/ethyl
methacrylate copolymer) when used as an adhesive for low-
fired wares. The proposed display of a model of a horse
(figure 1) gave reason to investigate suitable adhesives for a
gallery with temperature peaks recorded between 35°C and
40°C. The earthenware model (Northern China, Tang dynas-
ty, A.D. 700-800) weighs 20.5 kg and has extensive old
repairs. Joins across the legs had failed as a result of impact
damage during transit, requiring it to be dismantled into 37
fragments (figure 2). Treatment required the fragments to be
bonded with an adhesive of sufficient strength to support the
weight of the horse without the visual distraction of a stand.
The standard adhesive for bonding porous earthenware in
use at the Victoria and Albert Museum is Paraloid B-72
(methyl acrylate/ethyl methacrylate copolymer). The mixing
and application method is described in Koob 1986 and
Koob 2009. The glass transition temperatute (Tg) is a cru-

cial property for all adhesives used in conservation.

Fig. 1. Tang Dynasty model of a horse after treatment, H 76 x W 84 x
D 28 cm, VEA C.50-1964, Mrs Robert Solomon Gift (Photo: ©
Victoria and Albert Museum, London).
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Fig. 2. The 37 fragments of the model of a horse (Photo: Hanneke Ramakers © Victoria and Albert Museum, London).

It is defined as ‘the temperature at which a material changes
from a solid, “glassy” state to a softer, “rubbery” state’
(Schilling 1989, p.110). In this study, the T is used as an
indication of when an adhesive may start to flow, assuming
that the higher the T, the less likely the adhesive is to flow
at a given temperature. According to the manufacturer’s
information, the T for Paraloid B-72 is 40°C (Rohm and
Haas 2007); this may pose the risk of joins softening and
slumping at high temperatures (Nel and others 2011,
p-132). In addition, Horie (2010, p. 24) points out that
most Ty measurements are made over a timescale of around
1 minute; when measured over a longer period of time, the
value of the Ty measurement can be lower (i.e. if the mea-
surement time is increased to 10 minutes, the Ty can drop
by 3°C). A lower value of the T; over time would increase
the risk of adhesive failure when the ambient temperature
rises.

Paraloid B-44 with a Ty of 60°C offers an alternative. It is a
slightly harder thermoplastic resin than Paraloid B-72. Both
have similar solubility in acetone and are supplied as solid
grade pellets (Rohm and Haas 2007).

A literature search did not reveal the extent of solubility of
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Paraloid B-44 after ageing. In this study, the ease of disman-
tling joins bonded with Paraloid B-44, before and after
heat-ageing, is compared to joins bonded with Paraloid
B-72 using simple tests that can be carried out in a conser-

vation studio.

Adhesives Used for Elevated Ambient
Temperatures

A number of adhesives with a Tz higher than that of
Paraloid B-72 were considered for use on the Tang horse.
Epoxy resins are not recommended to bond low-fired earth-
enware. Their cross-linking reaction can make them difficult
to remove and the bond can be too strong, risking breaks to
previously undamaged areas in the event of impact.
However, there may be occasion to use them on earthenware
objects, in combination with a Paraloid B-72 barrier layer
(Oakley and Jain 2002, p. 70).

Conservators have used cellulose nitrate adhesives when a
higher Ty is needed. The stability of cellulose nitrate adhesives

in conservation applications, however, has been questioned for



several decades, with differences in opinion remaining (Koob
1982; Selwitz 1988; Shashoua, Bradley, and Daniels 1992; Nel
2007, p. 194; Nel and others 2011, p. 131).

Paraloid™ B-48N (methyl methacrylate/butyl methacrylate
copolymer) and Paraloid™ B-66 (methyl methacrylate/butyl
methacrylate copolymer) have a T;; of 50°C. A safety margin
of 10°C was considered insufficient for use on the model of a
horse. This was due mainly to the risk of damage to the
object and nearby objects in the case of adhesive failure. A
further disadvantage of Paraloid B-66 is that it has a consid-
erably lower tensile strength than Paraloid B-44 (Down and
others 1996, p. 34; Nisole 1997, p. 115).

Paraloid B-44 has a T of 60°C and has been used success-
fully on earthenware as an adhesive (Nisole 1997, p. 146;
Marques 2007; Botha 2012; Tissier 2012). It has also been
mixed with Paraloid B-72 to achieve an adhesive with a
higher T;; (Vingotte 2012). Paraloid B-44 has been mixed
with glass microspheres and used in a filling material
(Vétillard 2011, p. 17; Botha 2012) and applied as a
retouching glaze (Vignier-Dupin 2012; Botha 2012).

Paraloid B-44: Comparison to Paraloid B-72
Adhesive testing published in 1996 by the Canadian
Conservation Institute compared Paraloid B-44 with Paraloid
B-72 in the laboratory and reported their flexibility after
ageing to be similar (Down and others 1996, pp. 33-35).
Cohesive tensile strength testing showed Paraloid B-44 and
Paraloid B-72 were both medium to strong adhesives (Down
and others 1996, pp. 33-34), the pH of the two adhesives
remains similarly neutral after ageing (Down and others
1996, pp. 25-27), and they both displayed fair resistance to
yellowing (Down and others 1996, p. 38). However, the
elongation at break of Paraloid B-44 after ageing was signifi-
cantly reduced compared to that of Paraloid B-72 (Down and
others 1996, pp. 33—34), which could mean a join bonded
with Paraloid B-44 would not stretch as far as Paraloid B-72.
Unfortunately, in the research update of Down (2009),
mechanical properties were not re-investigated.

Health and safety requirements, preparation, and bonding
techniques for Paraloid B-44 are all comparable to Paraloid
B-72. The main difference in application is a somewhat
higher viscosity, which corresponds with a higher molecular
weight and a higher Ty (Horie 2010, p. 109).

Koob (2009, p. 117) warns that Paraloid B-72 will not set

well in high humidity environments and may develop a

white bloom as a result of moisture being absorbed by the
solvent. This issue may also affect Paraloid B-44. This does
not generally present a problem in a museum environment
in moderate climates, but it is a factor to consider in highly
humid climates or working conditions.

No solvent-based adhesive should be used if temperatures in
the workplace exceed 38°C, because it will prove difficult to
apply without bubbling and stringiness (Koob 2006, p. 54).
Paraloid B-44 appears in many ways similar to Paraloid
B-72 and, as such, could be a suitable alternative as an adhe-
sive with a higher Ty for ceramic conservation applications.
However, Down and others (1996) did not examine revers-
ibility, and a literature search did not reveal previous testing

on the extent of solubility of Paraloid B-44 after ageing.

Paraloid B-44: Potential Loss of Solubility

Paraloid B-44 is a main ingredient in Incralac, a commer-
cially available lacquer formulated for the protection against
corrosion of copper and copper alloys including bronze.
Incralac also contains benzotriazole (BTA) as an ultraviolet
stabiliser, epoxidised soybean oil as a levelling agent, tolu-
ene, and ethanol. BTA functions as a corrosion inhibitor for
the copper in bronze (Bierwagen, Shedlosky, and Stanek
2003, p. 290). Erhardt and others (1984) found that Incralac
applied to gold-plated bronze had cross-linked (and was dif-
ficult to remove) after 10 years of outdoor exposure. The
composition of Incralac, the substrate, and the ageing condi-
tions are different to those in this study. Nevertheless, it
raises concern over the use of Paraloid B-44 as an adhesive
on earthenware.

The use of a thin Paraloid B-72 barrier layer between the
ceramic and the Paraloid B-44 adhesive was investigated as a
suitable option to increase the reversibility of a bond with-
out reducing its strength (Podany and others 2001). The
thin Paraloid B-72 barrier layer between the earthenware
and the Paraloid B-44 adhesive might lower the temperature
at which the join can fail. This concern was raised with
Peter Eastman (2008), Senior Scientist at Rohm and Haas
Company, and his opinion was that this seemed unlikely.

An adverse reaction between the Paraloid B-72 barrier layer
and the Paraloid B-44 adhesive as a potential treatment for
the horse seemed unlikely: Paraloid B-44 can be blended
with Paraloid B-72 to adjust the resin to the balance of
properties required for a particular application (Eastman
2008). Such a blend has been used by Vingotte (2012) in
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France for approximately 20 years. Blends were used by
Vétillard (2011) in filling materials and by Vignier-Dupin
(2012) in glazes for retouching.

Experiments Comparing the Reversibility of
Joins: Paraloid B-44 and Paraloid B-72

Background

The study was carried out in a conservation studio by a con-
servator using a simple methodology that could easily be
repeated by other ceramics conservators. Basic preliminary
tests using a 50% weight/volume (w/v) solution of Paraloid
B-44 in acetone were completed on broken plaster samples
to assess the use of the adhesive on porous wares. The empir-
ical information obtained from these tests was satisfactory,
both in terms of workability and strength; however, doubts
remained about the long-term reversibility of the joins.
Further experiments were set up to test the solubility of the
adhesive after ageing.

Sets of six replicates (identical samples) were made to give
statistically significant results. Nine sets were prepared,
including three sets that combine a Paraloid B-72 consolida-
tion layer with a Paraloid B-44 adhesive in order to assess
the effect of ageing on the solubility of this combination.
Samples consolidated and bonded with Paraloid B-72 were

prepared as a control for comparison (see table 1).

Sample Tile Preparation

A bulff stoneware clay and firing temperature of 900°C were
chosen to replicate the body of a Tang Dynasty model horse
(Erickson 2012). After firing, sample tiles measuring H 103 x
W 23 x D 14 mm were broken in half, before applying a con-
solidant and adhesive to the break edges in the combinations
shown in table 1. Consolidation involved brushing two thin
coats of a 12.5% wi/v solution in acetone onto both break
edges, which were left to cure for two days. The adhesive was
prepared as a 50% w/v solution in acetone without fumed sil-
ica according to the method described by Koob (1986, p. 10).
It was applied from an aluminium tube to one break edge of a
sample, after which both break edges were pressed together.
The bonded samples were then left to cure upright in a sand
tray for two weeks. Adhesive residues on the surface were

removed mechanically with a scalpel blade after curing.
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Heat-ageing

The 54 sample tiles were divided in three batches. The first
batch was left to age at room temperature for one month.
The second batch was submitted to heat-ageing in an oven
to a temperature of 75°C for 28 days. A rough estimation of
what the heat-ageing may represent in years of natural age-
ing was calculated using the Arrhenius equation. Since the
exact activation energy of Paraloid B-44 was not known at
the time of testing, 100 kJ was used as an estimate. An acti-
vation energy of 100 kJ, which is average for organic materi-
als in museum collections, equated to approximately 50
years of ageing at 20°C. It must be stressed that this
assumption should be considered with caution since the
equation has not always shown to represent natural ageing.
Regardless of its limitations, the Arrhenius equation is fre-
quently used in studies to estimate ageing behaviour. The
third batch was kept for dismantling after longterm natural

ageing at room temperature.

Dismantling

Podany and others (2001, p. 25) tested the reversibility of
adhesive joins by suspending marble samples in a closed ves-
sel containing a saturated acetone vapour environment. The
method was adapted for this study in order to simulate a
common practice in the V&A conservation studio using ace-
tone as the most relevant solvent on cotton wool to disman-
tle the adhesive join.

On each sample, the join was wrapped in (0.5 g) of cotton

wool and covered with aluminium foil to slow down the

Fig. 3. Sample preparation; the join is wrapped in cotton wool and covered
with aluminium foil (Photo: Hanneke Ramakers © Victoria and Albert
Museum, London).



Fig. 4. The bonded sample is suspended from a retort stand with a weight
attached (Photo: Hanneke Ramakers © Victoria and Albert Museum,
London).

Dismantling time (min:sec)

Consolidant (c) Sample Sample Sample
Adhesive (a) 1 2 3
B-72 (c) 08:45 08:02 08:00
. B-72 (a)
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< SE B-72 (c) 08:04 09:40 08:18

885 B4

ELC

< 5 B-44 (c) 09:09 09:15 07:10
B-44 (a)
B-72 (c) 10:52 08:38 09:27

L O B-72 (a)

LS b

o™~ . . .

D % B-72 (c) 08:55 09:10 08:44

F o B-44 ()

5 ®

o O

T ®Q B-44 (c) 08:02 07:21 07:52
B-44 (a)

evaporation of the solvent (figure 3). To indicate a clear mea-
surable point of separation (and solely for the purpose of the
experiments), each sample was suspended vertically from a
clamp in a retort stand. A small weight (302.7 g) was
attached to the bottom of the samples to provide a tensile
force on the adhesive join. Acetone (5 cm?) was injected
with a syringe through the aluminium foil into the cotton
wool surrounding the join. The time taken for the join to
separate under vertical load was measured (figure 4).

The use of weights or force in dismantling is not recom-
mended as part of an object treatment because it can cause

damage to the substrate.

Results

All joins separated easily even after ageing, with greater
variation between the replicates than systematic differences
between the adhesives (see table 1). The joins bonded with
Paraloid B-44, regardless of the barrier layer, dismantled as

easily as the Paraloid B-72 controls.

Sample Sample Sample Average time
4 5 6 with SD*
10:02 08:37 09:08 08:50 +00:50
09:35 10:34 09:19 09:20 +01:00
09:02 08:32 10:11 08:50 +01:00
09:45 09:23 08:49 09:30 +00:50
08:57 10:48 09:48 09:20 +00:50
12:13 08:30 11:40 09:20 +02:10

* SD = standard deviation. ** The first three batches of samples (shaded grey) were aged at room temperature for 1 month, while the last three batches were

heat-aged for 28 days at 75°C.

Table 1. The time needed for the samples to separate before and after heat-ageing.
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Discussion

The results suggest that joins on earthenware bonded with
Paraloid B-44 remain reversible. The solubility of the adhe-
sive after ageing is similar to that of Paraloid B-72 under
the testing conditions applied in this study. It should be
noted that the ageing conditions applied focused on thermal
ageing, and many other parameters (including humidity
fluctuations and light) were not taken into account, since
they play a minor role in the museum environment foreseen
for the Tang horse. Longer natural ageing periods at room
temperature should give a clearer result on the long term
solubility.

It should be noted that the heat-ageing of the samples was
conducted at a temperature above the T of the adhesives.
Ageing above the glass transition temperature may have an
influence on the rates of deterioration reactions (Horie 2010,
p- 4), which makes it more complicated to equate the results
to room-temperature ageing. If more time had been avail-
able, it would have been worthwhile to repeat the heat-age-
ing at multiple temperatures above and below the T’.

It must be stressed that adhesive joins on an object may not
instantly fail when exposed to an ambient temperature close
to the Ty of the adhesive. Failure depends on the load
applied to the adhesive and the duration of that load. One
should also take into account that the value given for the T
can vary depending on how it is measured (Schilling 1989).
The study by Down and others (1996) used Paraloid B-44S,
which is a 40% w/v solution of Paraloid B-44 in toluene.
The results may have differed with a solution of Paraloid
B-44 in acetone. There is some evidence that the tensile
properties (and the T) of thermoplastic polymers can be
affected by the type of solvent (Hansen and others 1991) and
the extent to which it has evaporated from the set polymer
(Schilling 1989, p. 111). Therefore, results obtained by
Down and others (1996) may not be comparable to those
obtained in this study.

Areas remaining for further work include assessing the
extent and effect of embrittlement over time, the relevance
of increased hardness compared to Paraloid B-72, and the
exact point of failure in joins as a function of temperature
and load. The use of Paraloid B-48N and mixtures of
Paraloid B-72 and Paraloid B-44 would also be interesting
to examine further. Other areas to be covered consist of
adhesion to substrate, shrinkage, bond strength, and adhe-

sive substrate interactions.
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Conclusion

Paraloid B-44 appears to be a promising alternative to
Paraloid B-72 in conservation applications for bonding low-
fired earthenware objects exposed to environments with risk
of high temperatures.

Paraloid B-44 has several benefits. First, it has a Tg higher
than that of Paraloid B-72, which reduces concerns with
bonding heavy objects exposed to high ambient tempera-
tures. Second, it has many properties that are comparable to
Paraloid B-72. This includes the benefit of it having similar
preparation and bonding techniques to Paraloid B-72. This
familiarity is an advantage because it offers the conservator
more control in its application (Pretzel 1997, p. 56).

The horse is currently on display in the World Ceramics gal-
lery at the V&A. The time frame available meant that age-
ing tests were completed after the reconstruction of the
horse. Whereas a reduction in solubility of Paraloid B-44
due to cross-linking behaviour was unknown, the reversibili-
ty of the joins was ensured with the use of a Paraloid B-72
barrier layer (12.5% wi/v solution in acetone) on the break
edges, before using Paraloid B-44 (50% w/v solution in ace-

tone) as a primary bonding adhesive.
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This paper introduces a new method for casting epoxy vesin fills in glass objects using vacuum-formed transparent
polyvinyl chloride (PVC) foil for the mould walls. A review of the method of hand-forming PVC foil — from which

this method evolved, including its advantages and limitations — is followed by a discussion of the process and advan-

tages of vacuum-forming, as well as suitable equipment for its employ.

Introduction

Flawless transparent epoxy fills for glass objects can be diffi-
cult to achieve. They call for a level of finish surpassing that
required for opaque fills, since the entire cross-section —
both the interior and exterior surfaces as well as the body of
the fill — remains visible in the finished product. Internal
flaws that may have occurred during casting cannot be hid-
den by a layer of paint, and alterations to the fill, such as
cutting or filing to re-shape it, may require hours of careful
polishing to recreate a glass-like finish.

Materials that have typically been used for moulding epoxy
fills are dental waxes, modelling clays, and silicone rubbers,
each of which has limitations (Koob 2006). Dental wax
sheets and modelling clays result in matte finishes. Silicone
rubbers reproduce the surface of the glass faithfully, but they
also pick up fine details from the area used to cast off that
might not be appropriate for the fill. Silicone rubbers can
also be too flexible and are therefore prone to distortion dur-
ing the casting of larger fills due to the weight of the epoxy
resin they must contain. Almost all of the materials with the

exception of a few specialty silicone rubbers are opaque, or

at best translucent, so it is difficult to see flaws that may
occur during the filling process until after the fill material is
set and the mould walls are removed.

Gorazd Lemaji€ of the National Museum of Slovenia intro-
duced a novel material to glass conservation in 1997 when he
began to use transparent polyvinyl chloride (PVC) foil as the
mould walls for in situ fills (Lemaji¢ 2006). This innovative
moulding technique was inspired by commercial packaging
often referred to as blister or clamshell packaging. As a
mould material, PVC foil — with its thermoplastic, rigid, and
transparent properties (European Council of Vinyl
Manufacturers 2012) — offers a number of advantages over
the more commonly used materials. The thermoplasticity of
PVC allows it to assume the required contour through heat-
ing and placement over a positive plaster form with the same
profile as the object. This precise shaping of the mould, cou-
pled with the transparency, rigidity, and smoothness of the
mould material, allows for the creation of colour-matched
resin fills requiring little to no finishing after setting.
Shaping the PVC over the plaster form was initially done by
hand. Lemaji€ spent several weeks in 2005 and 2009 at The
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Metropolitan Museum of Art to introduce the PVC moulding
method to conservators there and to explore its further evolu-
tion. This paper discusses the advantages of the PVC mould-

ing method as initially practiced by hand-forming and subse-
quently using vacuum formers, the latter technique developed
through the on-going collaboration between Lemaji¢ and con-

servators at the Metropolitan Museum.

The PVC Hand-Forming Technique
The filling of a loss in a glass vessel using a hand-formed PVC

mould begins with the creation of a plaster form with the
same profile as the vessel in the area of the loss. This is gener-
ally accomplished by casting plaster in a silicone rubber
mould taken from the object in an intact area with the same
shape and surface decoration as the missing area. The PVC foil
is heated with a hot air gun and then stretched by hand over
the plaster form. The glass transition temperature of rigid
PVC is approximately 80°C and the working temperature for
forming is approximately 120-140°C (Reding, Walter, and
Welch 1962; Perspex Distribution 2012). The foil must be
continually and uniformly moved over the stream of hot air to
ensure even heating. Once malleable, the foil is pulled tightly
over the plaster form. The PVC cools and hardens almost
immediately on contact with the plaster, resulting in a rigid
and transparent mould wall in the shape of the vessel. The foil
is cut so its outline extends just beyond the edges of the loss
and is attached to the vessel with silicone rubber temporarily
secured with custom-made wire clamps until set. The PVC
foil can be used for one mould wall (usually the outer) in con-
junction with a silicone rubber inner wall, or for both walls, in
which case a second plaster form must be made. Epoxy resin is
introduced by injection through a small hole in the PVC
mould wall while the air escapes through a second exit hole.
The key characteristics of PVC foil — thermoplasticity, rigidi-
ty, and transparency — make it an excellent choice for mould
walls for epoxy fills.

The thermoplasticity of PVC foil allows for the formation of
mould walls that fit tightly to the glass surface, thereby
reducing irregularities in the fill. The foil takes the exact
shape of the plaster form, which was cast in the silicone rub-
ber mould taken directly from the object. Any flaws present
in the silicone mould as a result of chips in the glass or join-
lines in a repaired object can be removed from the plaster
form by the addition of more plaster and/or smoothing with

fine abrasives to create a perfect form on which the PVC foil
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can be stretched. The silicone rubber mould for the plaster
form is usually taken from the object in an intact area with
the same shape and surface decoration as the missing area,
however, an even more efficacious fitting PVC mould wall can
be created by taking the silicone rubber mould directly from
the area of loss. In this case, the loss can be temporarily filled
with modelling clay before moulding with the silicone; the
plaster cast taken from the silicone mould also can be built up
by hand with additional plaster in the area of loss. Either way,
the resulting PVC mould wall will conform perfectly to the
vessel around the loss since the initial silicone mould was
taken directly from the area to be filled.

When the PVC mould wall is affixed in place over the loss
using silicone rubber as an adhesive, a series of custom clamps
hand-made of low-carbon steel welding wire keep the PVC
pressed tightly to the glass. The close fit of the mould wall to
the glass reduces the likelihood of leakage of the epoxy or of
producing a step in the final cast. In addition, the rigidity and
hardness of the PVC foil in contrast to the relative flexibility of
sheet wax or silicone rubber makes it less likely to bulge out or
become misshapen due to the weight of the resin in a large fill.
Furthermore, the transparency and lack of colour of PVC foil
allow for close visual control of the filling process. PVC
mould walls provide a window through which the conservator
has a clear view of the entire casting process, allowing for
adjustments and corrections before the resin sets. Leakage can
be avoided by checking for a continuous seal of silicone
around the perimeter of the mould wall by viewing through
the foil. Excess silicone in the fill area, which would affect the
final shape of the fill, can also be seen through the foil. If
excess silicone is present, the foil can be removed, the vessel
cleaned, and the foil re-attached before introducing the resin.
Once the resin has been introduced into the mould, any bub-
bles that form due to mixing or because of an acute angle in
the outline of the loss can be seen and corrected by either of
two methods: tapping the mould wall with a metal tool or
introducing a small ball bearing through the air exit hole and
manipulating it from outside with a strong magnet to push
the bubble out through the hole (Mertik and Lemaji¢ 2007).
In addition, the inevitable shrinkage of the resin can be seen
and corrected by topping up the fill with more resin before
the previously added resin has fully set and the mould walls
have been removed. Finally, the colour match of a tinted resin
fill can be checked before setting.

If made correctly, the resulting epoxy resin fill has a glassy
finish with no bubbles and is flush with the surrounding

glass.



It requires little to no further finishing, which is significant
since carving and sanding is not only labour intensive but

can also put unnecessary stress on historic glass.

Limitations of Hand-Forming PVC

For simply curved shapes of modest size with shallow surface
decoration, stretching the heated PVC by hand over the plas-
ter form works well as long as the foil is heated uniformly and
then quickly manipulated over the form at the proper angle.
The technique can be mastered with experience, but difficul-
ties can still arise with complexly curved fills or fills with
pronounced relief. In these instances, additional strategies
must be employed.

When heated, PVC foil is stretched by hand over a plaster
form; the downward force is concentrated on the two opposite
sides of the form. The foil can be easily stretched to achieve a
strong curve in one direction with a more subtle curve in the
crosswise direction. However, when the form curves strongly
in two directions, it is very difficult to stretch the foil uni-
formly with only two hands. The foil will not conform closely

in all areas and stretch marks can occur. This problem can be

Fig. 1. Diagram showing the distribution of force (shown by black arrows)
acting upon the PVC foil in the hand-forming method (Diagram: The
Sherman Fairchild Center for Objects Conservation, The Metropolitan
Museum of Art. Image © The Metropolitan Museum of Art).

overcome by using a frame to which the PVC foil is attached
around all four edges, resulting in a more uniform pressure
when the frame is pulled over the form.

Plaster forms with concavities or deeply raised or recessed sur-
face decoration pose an additional challenge, since the heated
foil will catch on the raised areas without reaching into the
recesses (figure 1). This problem can sometimes be addressed
by using a second plaster form — a negative to slot into the
positive — and a second conservator to manipulate it (figure 2;
Mertik and Lemaji¢ 2007). Besides the additional work to
create the second form, this solution is also limited by the
short time frame during which the heated PVC foil remains
soft and malleable.

If these methods fail, the PVC mould can be made in discrete
sections that can more easily pick up the curves; the mould
then can be cut and fit together with tape (figure 3). In many
cases, good results can be achieved with this approach.
However, the process is labour intensive and leads to less than
perfect fills since the seams allow some resin to leak through,
resulting in raised ridges in the final cast. The fills must then
be sanded and polished, instead of emerging from the mould
with a glass-like surface that requires little or no finishing —

which is the main advantage of the PVC moulding process.

Fig. 2. Diagram showing the distribution of force acting upon the PVC
Jfoil in the hand-forming method using positive and negative plaster forms
(Diagram: The Sherman Fairchild Center for Objects Conservation, The
Metropolitan Museum of Art. Image © The Metropolitan Museum of
Art).
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For all these reasons, sole reliance on the hand-forming of
PVC film for mould-making limits its potential.
Commercial applications of thermoplastic PVC film, such as
those used in packaging, employ vacuum-forming machines

that can be adapted for use in the conservation laboratory.

Vacuum-Forming of PVC Foil

Vacuum-forming is the process by which vacuum suction
pulls heated and softened plastic sheet onto a mould.
Vacuums have been used since the early days of plastic-sheet
manufacture, but, beginning in the 1950s, industrial
machines combining a heating element with a vacuum plat-
form began to be used in the manufacture of a wide range of
products, from toys to car parts (Butzko 1958). Applications
in dentistry were widely adopted in the 1960s (Escoe 1965).

Today, several types of machines targeted for dentistry use

Fig. 3. Pieces of formed PVC cut and pieced together to make a conforming
mould wall on a plaster cast (Height: 18.6 cm, Width: 13.1 cm, Depth:
6.5 cm) of a glass vessel (Photo: The Sherman Fairchild Center for Objects
Conservation, The Metropolitan Museum of Art. Images © The
Metropolitan Museum of Art).
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are available at reasonable cost. In 2010, one of these
machines was purchased for use by the Metropolitan

Museum to shape rigid PVC foil for glass fills.

Using a Dental Vacuum Former

Since the vacuum formers used in dentistry serve a specific
purpose, they are standard in size. They are designed to facili-
tate appliances for the human mouth; a five inch square (12.7
cm) of sheet plastic can create mouth guards and retainers,
among other items (Pro-form 1992). This size is also suitable
for the formation of moulds for a wide variety of small to

medium fills for glass objects.

Fig. 4. The Pro-form Dual Chamber Dental Vacuum Former, shown with
a plaster form and heated PVC foil in the frame above (Photo: The
Sherman Fairchild Center for Objects Conservation, The Metropolitan
Museum of Art. Image © The Metropolitan Museum of Art).



Accordingly, a Pro-Form Dual Chamber Dental Vacuum
Former (figure 4) was adopted for use in mould-making at the
Metropolitan Museum.

The operation of the vacuum former is straightforward. The
three most important parts of the machine are a heating ele-
ment at the top, a perforated metal vacuum platform at the
bottom, and a frame to hold a thermoplastic sheet that moves
in between the two. Although other thermoplastic sheet
materials can be used for the purposes of mould-making for
glass objects, Metropolitan Museum conservators chose the
same PVC foil used for hand-forming. A sheet of PVC cut to
the appropriate size is placed in the frame, which is positioned
just under the heating element. The plaster form is placed on

the perforated platform. The heating element is switched on;

Fig. 5. Plaster form (Height: 7.1 cm, Width: 9.8 cm, Depth: 4.5 cm)
with suctioned and cooled PVC foil (Photo: The Sherman Fairchild Center
for Objects Conservation, The Metropolitan Museum of Art. Image © The
Metropolitan Museum of Art).

Fig. 7. Plaster form (Height: 7.1 cm, Width: 9.8 cm, Depth: 4.5 cm)
next 1o formed PVC mould wall showing good conformity (Photo: The
Sherman Fairchild Center for Objects Conservation, The Metropolitan
Museum of Art. Image © The Metropolitan Museum of Art).

when the PVC foil begins to sag enough to indicate that it is
thoroughly and evenly heated, the vacuum is turned on and
the frame is lowered. At that point the PVC foil is rapidly
suctioned onto the form (figure 5). Following the vacuum
process, the moulded PVC foil is removed and trimmed in the
same manner as with the hand-forming method.

Since the suction pulls both through and around the semi-
porous plaster form (figure 6), the resulting PVC mould

wall conforms more closely to the form (figure 7)

Fig. 6. Diagram showing the distribution of force acting upon the PVC
Joil in the vacuum-forming method (Diagram: The Sherman Fairchild
Center for Objects Conservation, The Metropolitan Museum of Art. Image
© The Metropolitan Museum of Art).

Fig. 8. Glass bottle (Height: 7.1 cm, Diameter: 10.0 cm) with epoxy fills
made with vacunm-formed PVC technique. The Metropolitan Museum of
Art, New York, Rogers Fund, 1940 (40.170.129) (Photo: The Sherman
Fairchild Center for Objects Conservation, The Metropolitan Museum of
Art. Image © The Metropolitan Museum of Art).
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and, therefore, to the glass surface than one created by hand-
forming with the same clarity and smoothness (figure 8).
The machine is easy to use, leading to few failed attempts.
The only limitation to mould-making using a dental vacu-
um former is one of size. The five inch square platform can
be used with plaster forms no more than 3.5 inches (9.0 cm)
in any direction and 2 inches (5 cm) in height. While this
suffices for mould-making for fills in many glass objects,
some types of fills exceed the capacity of these small

machines, requiring a larger vacuum former.

Using a Table Top Vacuum Former

Most commercial vacuum formers designed for packaging
are intended for large-scale production and are, therefore,
too big and expensive for the typical conservation laboratory.
The modest selection of smaller machines used for limited
production can also be too expensive when the vacuums are
built into the system. Machines designed to be used with an
external household or shop vacuum and/or a vacuum pump
are considerably less expensive and, consequently, more suit-
able for use in conservation. The household vacuum rapidly
reduces the initial volume of air and the pump increases the
power of the suction. One such machine, an EZFORM SV
1217 (Centroform 2009), was acquired for mould-making at
the Metropolitan Museum. An existing household vacuum
and vacuum pump were easily adapted for use with this vac-
uum former. Since these vacuum devices can be detached
when not needed for use with the vacuum former, they
remain available for other purposes in the laboratory.

The plastic sheet used in the larger vacuum former measures
12 inches (30.5 cm) by 17 inches (43.0 cm), which is suit-
able for the production of moulds for relatively large fills.
Apart from the size difference and the necessity of an exter-
nal vacuum, the operation of the machine is similar to that
of the dental vacuum former. Having both machines avail-
able in the conservation laboratory ensures that moulds for
epoxy resin fills in glass objects of all shapes and sizes can be
made relatively easily and with the same degree of perfection
as with the hand-forming process. Conservators faced with
the task of restoring a large quantity of glass objects would
find the expense of these machines reasonable, considering

the many advantages they bring to the process.
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Making a Custom Vacuum Former

Conservators with only an occasional need to make PVC
moulds and who might not want to invest in a commercial
machine can create a custom vacuum suction table for this
purpose. This technique requires an otherwise sealed box with
a perforated metal platform on which to place the plaster form
and an attachment for a vacuum. A variety of materials can be
used for the perforated platform, including a dismantled
shower head (Escoe 1965). The volume of the box should be as
small as possible to minimise the quantity of air that has to be
evacuated during suctioning. A frame of the same dimension
as or larger than the perforated platform is needed to hold the
PVC foil. A simple picture frame to which the foil can be
taped will suffice. The foil can be heated by hand with a hot
air gun or by placing the frame in an oven. Once the PVC has
softened, the vacuum can be turned on and the frame contain-
ing the PVC quickly placed over the form on the perforated
platform; the suction will pull the foil tightly to create the
mould wall. Although the preparation of the custom vacuum
apparatus takes time and the suction process is somewhat less
elegant than that achieved with a commercial machine, this
technique will yield good results. Many instructional videos

on making vacuum formers can be found on the internet.

Conclusion

The use of transparent thermoplastic PVC film for the cast-
ing of epoxy resin fills in glass objects represents a signifi-
cant addition to the repertoire of glass-conservation tech-
niques. Vacuum-forming machines streamline the process of
shaping the foil, allowing for the creation of a wide range of
complexly shaped PVC moulds more easily than can be
achieved by hand. This expanded capability makes PVC
moulding an even more attractive choice for the conservator.
It is hoped that continued development of the method will

reveal additional uses.
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This research addyesses the difficulty of bonding broken plaster-cast sculptures. The cobesive and adbesive strength of

different bonding systems is investigated using solvent-based adbesives (acrylic, polyvinyl acetate, and cellulose nitrate

polymers) and epoxies applied to broken plaster samples. Bonding methods included a pre-consolidation of break sur-

Jaces. Tests were carried out on the bonded samples using a load-testing instrument with a three-point bend. The

results of the mechanical load tests and visual assessment of the break edges after ve-breaking gave important informa-
tion about the bonding capacity of different adbesives for plaster. The strength of bonds with solvent-based adbesives
came closer to the strength of the plaster itself, and those adbesives have the added advantage of possible reversibility
compared to epoxy adbesives. Pre-consolidation of the break surface appears to influence the strength of the bond and

the appearance after breaking.

Introduction

After a period of decline and disinterest, there has been a
re-evaluation of collections of plaster casts of historical and
antique sculptures in recent years. These plaster copies of
original stone or bronze sculptures are now receiving grow-
ing attention because of their aesthetic, historical, and cul-
tural value (Frederiksen and Marchand 2010). These collec-
tions and objects are now considered to have a value of their
own, while at the same time providing information about
the original stone or bronze sculptures the casts were taken
from.

Changes in ideas on education and aesthetics in the first
quarter of the twentieth century resulted in a growing
disregard for plaster-cast sculptures. Copies were no longer
deemed acceptable, and the casts were thrown away or
became neglected. Poor storage and incorrect handling of
the casts resulted in soiling and mechanical damage, plaster
being fragile, porous, and hygroscopic.

Conservation of these objects has become a great challenge.
Only limited research has been undertaken into the cleaning
of plaster casts (Schulz 1992; Dooijes 2005; Anzani and

others 2008; Badde 2009; Coon 2009), and there remains a
lot to be learned about the problems of bonding heavy sec-
tions of broken plaster casts. This latter issue is the focus of
this paper, contributing to a research project on plaster casts
in the Netherlands by the Cultural Heritage Agency in
cooperation with The National Museum of Antiquities in
Leiden and the University of Amsterdam. Some of the
results of this research relating to the composition and con-
servation techniques for plaster were presented during the
16th Triennial ICOM-CC Conference in Lisbon in 2011
(Megens and others 2011).

The aim of the investigation presented in this paper was to
study the suitability of bonding methods for large broken
plaster casts. Key issues are the fragility and porosity of the
plaster and the difficulty of bonding heavy broken parts
positioned at an angle, such as arms. The cohesive and adhe-
sive strength of different materials and bonding systems
were assessed, including their behaviour when placed under
sufficient pressure to cause new fractures. Tests were carried
out in order to simulate the sort of stresses encountered by

restored plaster-cast sculptures.
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The Making of Plaster-cast Sculptures

Plaster-cast sculptures are made by copying an original
object by means of a plaster mould or, in the case of large
sculptures with a complicated form, with multiple moulds.
The surface of the plaster mould has to be treated with a
releasing agent of gelatine or soap before a replica can be
cast from plaster. Once the plaster has set, the separate sec-
tions of the mould are removed, and a copy of the original is
obtained. To simulate the appearance of the original piece,
the surface is often painted or patinated using oil paint or
other materials.

Large plaster sculptures were occasionally made in several
pieces, because of the weight of the casts. The pieces were
fitted together using dowels, thereby reducing the stress of
the weight at the point of contact. Often dowels or arma-
tures, mostly made of wood or metal, were placed in the
mould before casting in order to provide structural strength

to the plaster cast.

Properties of Plaster Objects

Plaster is made by heating and grinding the mineral gyp-
sum also known as hydrated calcium sulphate
(CaSO4-2H>0). By heating gypsum (120-150°C), water is
driven off producing calcium sulphate hemihydrate
(CaSO4-2H20), known as ‘plaster’. By mixing this powder
with water, a chemical reaction then begins, resulting in
hydrated calcium sulphate. The water molecules that do not
bond to the calcium sulphate evaporate, leaving a gap or
pore behind, which enables capillary movement of water
into the plaster. Plaster is hygroscopic and attracts water. It
is slightly soluble and will dissolve by 2.05 gram per litre at
a temperature of 20°C. Plaster has a density of 2.31 g/cm?
and a hardness of 2 on the Mohs scale. The working proper-
ties of plaster can be modified by adding other materials in
order to obtain a longer working time or greater structural
strength (Dubbers 20006).

Conservation of Plaster

The conservation of plaster casts is challenging, because of
the specific properties of plaster, notably its vulnerability for
physical damage and its high porosity. Plaster is affected by
moisture and changes in humidity. Its hydroscopic nature
results in the attraction of moisture and dust, which often

leads to soiling of the pores at the surface.
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Little is known about the effect of the different bonding
methods used on plaster, and literature on the subject of
bonding broken plaster sculptures is scarce, which is not
surprising considering the lack of interest in these objects
until recently. Interviewing conservators with experience in
plaster conservation gave some insight into the bonding
methods that have been used in recent years. Since plaster
has comparable properties to low-fired ceramics, notably
density and porosity, the same or similar conservation mate-
rials and techniques are often used in plaster conservation.
Nevertheless, plaster has characteristics different to those of
ceramics and, therefore, requires a different conservation
approach.

In contrast with fired ceramics, plaster is slightly soluble in
water. Aqueous cleaning can cause dissolution of the outer
surface layer and transportation of water into the pore struc-
ture of the plaster by capillary action. This can lead to the
corrosion of metal armatures near the surface. This corrosion
can result in physical damage because of the expansion of
corrosion products or staining at the surface of the object.
These properties also influence the suitability of a bonding
system.

Conservation ethics require that the bond between the adhe-
sive (bonding material) and the object being bonded should
be reversible and/or re-treatable (Bradley 1984). Because of
the size, weight, and form of plaster-cast sculptures (often
with extending parts), breaks in these sculptures generally
require a strong bond. While a strong adhesive bond is
desired, the adhesive strength of the bonding material used
at the surface should not exceed the cohesive strength of the
plaster. If this is the case, there is a risk that any new frac-
tures that may occur will do so at a new point of weakness
in the plaster instead of along the original bonded joint. The
bonding method must be strong enough to hold the load,
but should not be so strong that it carries the risk of further
damage to the object in the future. The attempt to ensure
sufficient strength can, therefore, be in conflict with ethical
issues.

The use of dowels in the conservation of plaster-cast sculp-
tures is currently considered to be acceptable, even though
loss of original material will occur when holes are made for
the dowels. The aim of this research was to provide greater
insight into the effectiveness of bonding methods used on

plaster to avoid having to resort to reinforcement with dowels.



Experimental work

Selection and Preparation of Plaster Blocks

To test the selection of bonding systems, plaster blocks were
cast and then broken. The plaster brand chosen for casting the
plaster test blocks was Molda 3 Normal™, which is used by
renowned plaster casters in Brussels, Paris, and Berlin (Plaster
Cast Workshop 2011). All test blocks were made from the
same quantity of plaster and water (65:100 w/w). The test
blocks were cast using a rectangular open-face mould 160 x
40 x 40 mm, constructed from wood strips that had been
screwed together.

After casting, the blocks were placed in a warm environ-
ment at approximately 45°C (Clérin 1990; Dubbers 2006)
for a period of two months to ensure that they were fully
dried. The resulting plaster test blocks were then broken by
means of a load-testing apparatus (Instron 8872 Fatigue
Testing System) with a three-point bend to make them suit-
able for applying the selected bonding methods. The posi-
tion and form of the breaks were made as uniform as possi-
ble, while still creating a naturally broken sample. All the
breaks were perpendicular and without loss of material along
the break edge. The breaks of the plaster test blocks were

fairly uniform, with a few exceptions.

Selection and Application of the Bonding Materials and
Methods

The selection of the bonding techniques to be tested was
based on literature research, information gained from inter-
views with conservators, past conservation reports, and a
study of the methods currently used in ceramic conservation.
The bonding methods selected involved six different adhe-
sives, divided into two groups: one group of solvent-based
adhesives (acrylic, polyvinyl acetate, and nitrate polymers)
and one group of epoxy adhesives. These were combined to
produce ten different variants (table 1).

One of the adhesive used by many conservators is Paraloid
B-72™  an ethyl methacrylate/methyl acrylate copolymer that
is commonly used in the conservation of archaeological glass
and ceramics (Buys and Oakley 1993; Koob 2009).
Conservators generally use Paraloid B-72™ to conserve small-
er plaster objects. Another material used in the conservation
of plaster objects is Weldbond Universal™, a water emulsion
of polyvinyl acetate (MacKay 1997). Another cellulose-
nitrate-based adhesive, Mecosan L-TR™™, is used by Belgian
conservators at the Flemish Institute for Immovable Cultural

Heritage (Vlaams Instituut voor het Onroerend Erfgoed).

Conservators commonly use epoxy adhesives in the conserva-
tion of glass and high-fired ceramics. However, these adhe-
sives are also used in plaster conservation, as occurred during
a restoration project of large plaster-cast sculptures for an
exhibition at the National Museum of Antiquities in Leiden
in 2008. In this case, Araldite 2020™ with the addition of
fumed silica (Poly-service Aerosil thixotropic powder) was
used. Other epoxy adhesive tested were Araldite 2012™

(a fast-curing epoxy that hardens in several minutes) and
Araldite 2011™ (a viscous epoxy with a longer working
time of 7 hours).

All the bonding methods involved pre-consolidation of the
plaster surface in order to seal the break edges. This was
done in an attempt to prevent the strong adhesives being
absorbed into the plaster surface and to improve the revers-
ibility of the bond (the ability to dismantle the bond with-
out damage). Horie states that ‘a two-stage process of a per-
manently soluble primer with a cross-linking adhesive may
ensure reversibility for the process’ (Horie 1987). In most
cases, the consolidant used was Paraloid B-72™ diluted in
acetone and ethanol (70:30 v/v). This material was chosen
because of its known long-term stability, which is important
since consolidation treatment itself is not reversible (Horie
1987). Ethanol was used in the Paraloid B-72™ solution to
slow down the evaporation process and increase penetration
into the pores in order to obtain deeper surface consolidation
and therefore deeper structural strength through the surface
layer of the plaster. Paraloid B-72™™ is often used as a pre-
consolidant in the conservation of porous ceramics to increase
the reversibility of fills, as it is easy dissolved in acetone.
With other bonding systems researched, the consolidant used
was a solution of the adhesive itself. This was tested to see if
there was a difference in bond strength where one or two
materials were used in the bonding system. When two differ-
ent materials are used, the consolidant could reduce the bond
strength as it creates an extra ‘adhesive’ interface between the
adhesive and consolidant, which may be weaker than that
between the consolidant and plaster.

The method of application used for the epoxy adhesives
Araldite 2012™ and Araldite 2020™ differed. On some
samples, they were partially applied on sections of the break
surface as separate drops, while on others they were applied
along on the entire break surface. The partial application of
the epoxies was done in an attempt to improve reversibility,
as it would enable better solvent penetration.

During application of the adhesives, a distance of approxi-

mately 5 mm was left between the adhesive and the edge of
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Bonding methods

Damage to break
Adhesive Consolidant Load (kN) surface Appearance after breaking

Solvent-based adhesives

50 % Paraloid B-72™in  Three layers of Paraloid B-72 0.6 + 0.2; - Few plaster pieces remain on break surface
acetone in acetone/ethanol (70:30): 1.4 £ 0.4 on plaster test (1 = 8 mm thick)
5,10, and 15% blocks added borax
Mecosan L-TR™ 10% Mecosan L-TR diluted in 0.8 = 0.2; + Few flakes pulled away from surface spots
Kiwosolv L72™ (commercial ~0.6 on plaster test blocks
solvent based on ethyl added borax

acetate) (v/v)

Weldbond Universal™ 10% Weldbond diluted in 1.5+03 - Plaster remains on entire break surface
demiwater (v/v) (ca. 1.5 mm thick)

Epoxy adhesives

Araldite 2011™, entire Three times with Paraloid B-72 2.1 £ 0,1 -- Plaster remains on entire break surface
surface (pipette) in acetone/ethanol (70:30): (1-10 mm thick)
5,10, and 15%

Araldite 2011™ entire Three layers of Paraloid B-72 1.1+0.6 - Plaster remains on entire break surface
surface (brush) in acetone/ethanol (70:30): (1-56 mm thick)
5,10, and 15%

Araldite 2012™, entire Three layers of Paraloid B-72 0.8 + 0.1 - Plaster remains on entire break surface
surface in acetone/ethanol (70:30): (< 2 mm thick)
5,10, and 15%

Araldite 2012™, drops on  Three layers of Paraloid B-72 0.8 + 0.1 - Plaster remains on places where adhesive was
surface in acetone/ethanol (70:30): applied (< 2 mm thick)
5,10, and 15%

Araldite 2020™ Paraloid B-72 in acetone/ Joints broken before testing, ++ No damage
ethanol (70:30) due to insufficient strength

Araldite 2020™, drops on  Three layers of Paraloid B-72  0.02 ++ No damage

surface in acetone/ethanol (70:30):

5, 10, and 15%

Araldite 2020™ with Diluted Araldite 2020 in 1.4 +£0.2; -- Plaster remains on entire break surface
fumed silica (entire acetone 1.2 0.1 (< 2 mm thick)
surface) on plaster test blocks added
borax
Plaster blocks alone 1.8+£0.3;

1.6 £ 0.5 on plaster test
blocks added borax

Table 1. Test results of load testing on broken plaster test blocks bonded with different bonding methods. The load necessary (EN) to break the bonded plaster
test blocks is listed and noted with a standard deviation of the three results from for each tested bonding method. The appearance of the break surface after
breaking is described using heavy damage (--), medium (-), hardly (+) to no damage (++).



Fig. 1. Test procedure: preparation of broken samples and testing of adbe-
sive in the three-point-bend test: 1. Plaster test blocks inside load-testing
apparatus with a three point bend; 2. Plaster test block broken by means of
vertical load; 3. Plaster test block after bonding in test machine; 4. Bonded
Plaster test block is placed under stress of a vertical load to induce a new
[racture.

the break surface in order to prevent the adhesive squeezing
out of the joint at the surface and becoming visible and/or
staining the plaster surface when bringing the sections
together.

Each bonding method was applied using the same technique
on three plaster test blocks to obtain representative results.
After the adhesives had set, the samples were inserted into
the load-testing apparatus to measure the strength of the
bond (figure 1).

Load Tests of the Bonds

The same load-testing instrument was used to test the bonds
as had been used for breaking the plaster samples. This
apparatus simulated the specific load that can occur on
bonded plaster pieces (for example an extended arm). The
instrument measured the load (expressed in kIN) that was
necessary to break a bonded plaster block and therefore pro-
vided information on the adhesive strength of the bond.
These measurements were obtained through a connected
computer system that regulates the speed (0.002 mm per
second) and the vertical load that was placed on the blocks.
After breaking, the blocks were examined visually to assess

whether they broke at the original bond or elsewhere in the
block.

Results and Discussion

There was a variation in the results regarding to both the
force necessary to break the bond and the nature of the frac-
ture. Some breaks occurred at the original bonded fracture,
while others occurred next to the original bond within the
plaster body (table 1).

The load (expressed in k) necessary to break a bonded plas-
ter block gives information on the adhesive strength of the
bond. To break the plaster samples, an average load of 1.8 +
0.3 kN was needed. This gives an indication of the strength
of the plaster and could be compared to the strength neces-
sary to break the bonded plaster.

The bonding system that supported the highest load was
Araldite 2011™ with a Paraloid B-72™ pre-consolidation
that had been applied with a pipette. This needed an average
of 2.1 kN to break the bond, which was comparable to the
intact plaster. With the same bonding method in which the
consolidant was applied with a brush, 1.1 kN was needed to
break the bond. The damage caused at the break edge when
re-breaking these blocks was greater on the plaster blocks
consolidated by means of a pipette than those where the con-
solidant was applied with a brush. An explanation for this
could be that, when Paraloid B-72 is applied with a brush, a
thicker layer is deposited at the surface; this creates an inter-
face between the Paraloid B-72 and epoxy that is more sus-
ceptible to mechanical failure. In addition, application with a
pipette ‘flows’ the consolidant over the surface, resulting in
deeper penetration and deeper strengthening of the plaster
surface

One method tested was with Araldite 2020™ mixed with
fumed silica (mixed to a thin spreading consistency) that was
pre-consolidated with Araldite 2020™ dissolved in acetone
(70% v/v). This system proved to support a high load (1.4
kN) before breaking. However, when Araldite 2020™ was
used without an additive and with a pre-consolidation of
Paraloid B-72™, it had no bonding strength at all. The addi-
tion of fumed silica to Araldite 2020™ increased the bonding
strength substantially because it reduces viscosity; therefore, it
prevents the epoxy running out of the break or migrating into
the porous surface (Byrne 1984). In addition, there was possi-
bly poor adhesion between the two materials at the surface.
The consolidation of the plaster with Araldite 2020™ diluted
in acetone would also have resulted in more adhesive and
strength, since this method produces a pure epoxy bond (the
epoxy bonding well with itself). Test blocks bonded with
Araldite 2011™ and Araldite 2020™ with fumed silica

showed strong bonds but further damage to the plaster.
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To break the bond of Araldite 2012™ (either covering the
entire surface or with drops of adhesive), a lower load (0.8
kN) was needed. The resulting damage at the surface of the
break edges was focused on the points where the adhesive
had been applied. This was clearly visible on the break edges
of the plaster test blocks where drops of adhesive had been
applied. In this case, flakes of plaster had been pulled away
from the surface spots (figure 2).

The test results from plaster test blocks bonded with solvent-
based adhesives varied. Plaster blocks bonded with
Weldbond™ needed a greater load (1.5 kN) to break the
bond compared with Mecosan L-TR™, which broke at 0.8
kN, or Paraloid B-72™ at 0.6 kN. The plaster test blocks
that had been bonded with Mecosan L-TR™ broke again
very cleanly at the original break, with very few flakes of
plaster attached to the break edges. Weldbond™ proved to
have a high strength, but this did not necessarily result in
more detachments of plaster at the break edges than seen in
the test blocks bonded with Paraloid B-72T™. With these
adhesives, the plaster detached mostly at the areas of the

break surface where the adhesive had been applied and did

not break off the break edge up to a depth of 2 mm in depth.
The angle of the breaks may also have been a factor influenc-
ing when flakes of plaster are detached from the break
edges. Most breaks in the test blocks were not at a perfect
90° angle, possibly resulting in a slight variation of stress at
the break surface.

Weldbond™ showed the highest bonding strength of the
three solvent-based adhesives. That it is water based can be
considered a problem. The application of water or water-
based materials to plaster is considered undesirable, as this
can (temporarily) weaken the strength of the plaster.
Absorption of 2% volume of water can result in 50% reduc-
tion in structural strength (Coquard and Boistelle 1994). It
could also possibly result in the corrosion of metal armatures
(if close to the plaster surface). Although the test blocks
bonded with Mecosan L-TR™ resulted in less new damage
when re-broken, more research needs to be carried out on
this adhesive. Cellulose-nitrate-based adhesives have been
shown to be unstable, depending on the plasticisers used
(Koob 1982; Shashoua, Bradley, and Daniels 1992). Mecosan

L-TR™ contains camphor which, when used as a plasticiser,

Fig. 2. Application method of adbesive on broken plaster test blocks (1, 2) and appearance of bonded test blocks after breakage: 1. Application with drops of
adhesive 2. Application on entire surface with distance between adhesive and edge of break surface 3. Bonded plaster test block using Paraloid B-72 — after
breakage 4. Bonded plaster test block using Araldite 2012 — after breakage S. Bonded plaster test block using Araldite 2020 with fumed silica added —
after breakage 6. Bonded plaster test block using Araldite 2011 (applied with brush) — after breakage.
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is known to make an adhesive unstable over time.

Three bonding methods, using Araldite 2020™ with fumed
silica, Mecosan L-TR™, and Paraloid B-72™, were also
tested on plaster test blocks with added borax. There was no
notable difference in the results of the load tests with blocks
without borax added in the case of Araldite 2020™ and
Mecosan L-TR™, However, such a difference was observed
when Paraloid B-72™ was used, where a far greater load
was needed to break the bond on the plaster test blocks with
added borax compared to ordinary plaster (respectively 1.4
kN and 0.6 kN). The authors have as yet found no explana-
tion for this difference.

Ethical codes in conservation (E.C.C.O. 2010) that state that
the strength of an adhesive should not exceed the strength of
the material to be bonded are in conflict with the reality of
bonding large plaster pieces, since a strong bond is required
to hold a heavy vertical load. The use of dowels allows the use
of weaker bonding techniques, as the dowels absorb some of
the stress at the join bit. This method has been rejected
because of the loss of original material. However, stronger
bonding methods can result in new damage when the break is
put under enough pressure that it breaks.

Although conservators aim for reversibility, this is not likely
to be achievable in plaster conservation. Because the break
edges are broad and the plaster itself is very porous, it is
assumed that solvents are not able to penetrate far enough
into bonded fractures to dissolve or weaken the old adhesive
without weakening the plaster itself or the finishes on the sur-
face layer. This problem still needs testing. As a result of this
concern, old restorations are generally removed mechanically.
When one considers the known properties of the selected
adhesive materials, one can find evidence that some adhe-
sives are known to have good aging properties. Some are not
well tested, while others have been proven to become unsta-
ble over time. Yellowing of an adhesive is not a problem in
plaster conservation if the adhesive otherwise remains stable.
The Araldite epoxies are known to yellow but retain their
adhesive strength. Mecosan L-TR™ contains cellulose
nitrate, which is known not only to yellow over time, but
also, depending on the plasticiser used, to become brittle
(Koob 1982). Weldbond™ is a water-based adhesive that
may temporarily weaken the plaster surface and also migrate
into the pores of the plaster, causing possible corrosion of
metal armatures near the surface. Further testing is needed
to evaluate these concerns. Also, tests need to be made on
actual plaster sculptures in order to see how far these results

can be obtained in a real situation.

Conclusions

There was much variation in the results of load testing on
broken plaster test blocks bonded with the chosen bonding
methods. Broken plaster blocks that have been pre-consoli-
dated with Paraloid B-72™ and bonded with Weldbond™,
Araldite 2011™  and Araldite 2020™ with fumed silica
had strong bonds that need a load to break the bond similar
to that needed to break the plaster block itself.

Test blocks that had been consolidated and bonded with
Paraloid B-72™, Mecosan L-TR™, and Araldite 2012™
broke when a lower load was applied. The strength of bonds
with solvent-based adhesives, therefore, came closer to the
strength of the plaster itself, and these adhesives have the
added advantage of possible reversibility compared with
epoxy adhesives.

Damage to the plaster break edges after re-breakage of the
plaster test blocks varied depending on the bonding meth-
od. The degree of damage seems to be connected to the
strength of the adhesives together with the amount and pen-
etration of the consolidant, which reduces the ability of the
adhesive to flow into the surface pores of the plaster. It
appears that the strength of a bond can be related directly to
the depth of consolidation, as the load can be spread further
into the plaster and not just be concentrated at a thinly con-
solidated surface. This conclusion, however, raises ethical
questions: is it more important to obtain a weaker bond that
is likely to result in less damage by new breakage but may
risk failure under stress, causing even more structural dam-
age, or is it better to have a stronger bond that will not
break until the load is very high, but is then likely to break
in a new place?

The decision-making process relating to the conservation of
plaster-cast sculptures has to take into consideration varia-
tions in the sculptures, such as the surface finish or the pres-
ence of armatures. No bonding technique is without risk,
and the use of dowels, which was not tested in this study,
could also be considered. Research into, and the monitoring
of, plaster-cast sculptures that have been bonded with
diverse bonding materials and techniques needs to be con-

tinued in order to provide more insight into these issues.
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Abstract

A number of environmental monitoring projects were performed on historic stained-glass windows in Germany from
1994 10 2012. The quality of the protective glazing was assessed by recording environmental parameters in the inter-
space between the original and the protective glazing and on the inside of the original window. For this purpose, tem-
perature, humidity and air velocity were measured. Particles were sampled with different methods and analysed by
scanning electron microscopy combined with energy dispersive X-ray spectroscopy to determine their chemical composi-
tion. The effect of particles on model glass samples was investigated in climate chambers under accelerated weathering
conditions. The vesults from in situ measurements and laboratory tests were combined to evaluate the potential effect of
particulate matter on bistoric stained-glass windows.

Introduction

Stained-glass windows are nowadays frequently protected
with glazing systems, involving the installation of a modern
flat glass to shelter the stained-glass window from the outdoor
environment. The interspace between the original and the
protective glass is ventilated with air from the indoor or exte-
rior environment. Protective glazings are generally recognised
as being an effective preventive method in most countries, but
the details of constructions vary considerably. The effective-
ness of different types of protective glazing has been studied
in many places in Europe, such as in the Cathedral of Cologne
(Kontozova-Deutsch and others 2011), the Sainte-Chapelle in
Paris (Godoi, Kontozova, and Van Grieken 2006), the Saint-
Urban Basilica of Troyes (Bernadi and others 2013), as well as
the St Lorenz and St Sebald churches in Niirnberg (Hor
2012). The basic technical and design requirements such as
ventilation (with indoor or exterior air), size and location of
openings, and sealing materials have been adjusted according
to the results of scientific investigations (Oidtmann 1994).
Climate measurements and levels of urban gaseous and partic-

ulate pollutants were investigated in the European VIDRIO

project (Bernadi 2005). New installations of protective glaz-
ings have subsequently been frequently accompanied by mon-
itoring campaigns such as in Frankfurt/Oder Marienkirche
(Hahn 2008), in the Divi Blasii Church in Miihlhausen
(Garrecht and others 2010, 2011) or in Erfurt Cathedral
(Hahn 2011).

All studies evaluating the protective effect of glazings compare
the potential corrosive impact of environmental conditions on
three positions: outdoors, in the interspace, and indoors.

The most dangerous gaseous air pollutants for stained-glass
windows are sulphur dioxide (SO2), nitrogen dioxide (NO>)
and ozone (O3), derived mostly from anthropogenic sources.
Outdoor concentrations of SO2 are generally higher than gas-
eous pollution levels inside the building. Indoor concentra-
tions for NO2, SO2 and O3 were found to be similar to the
concentration in the interspace at the cathedrals of Troyes,
Paris and Cologne (Bernadi and others 2013). The relative
humidity (RH) inside a building and in the interspace is a
key factor influencing the preservation of the original glazing.
Studies on particle deposition on glass surfaces became avail-

able only in the last decade.
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The types of particles collected on samples from outdoors,
indoors and from the interspace at protective glazings in the
Cathedral of Cologne seemed to be rather similar (Kontozova-
Deutsch and others 2011). In the Basilica Saint-Urbain in
Troyes, the composition of single particles was considered to
be more aggressive inside the church than outside
(Kontozova-Deutsch and others 2008). The fine fraction con-
sisted mostly of soil dust, organic particles, ammonium
nitrate and particles rich in calcium and carbon. The abun-
dance of Ca compounds (CaCO3 and CaSOy4) in Sainte-
Chapelle in Paris in the interspace was reported as the high-
est, followed by the inside and outside levels (Godoi,
Kontozova, and Van Grieken 2006). Scientists expressed their
concern about the presence of particles deposited on the glass
surface, since this significantly changes the dew point, i.e. the
temperature at which water vapour condenses on the glass.
Protective glazings are installed primarily to protect the
stained glass from water and high humidity. Protection from
rain is easily achieved. Condensation of water on the inside
of the glazing, however, may still occur, as was observed for
example in Niirnberg (Hor 2012). Ongoing corrosion of
paint layers and of the mediaeval glass was recorded there on
stained-glass windows during a long-term project running
for more than 10 years. The results were questioning the
protective effect of the glazing.

The most effective way to avoid condensation on the glass is
to provide sufficient ventilation. The distance between the
original and exterior protective glazing (5 to 10 cm in gen-
eral) as well as openings on top and bottom of the window
are optimised to cause sufficient air movement in the gap.
The air flow in the interspace determines the RH but also
the particle transport and deposition in the gap between
original and protective glazing. Individual particles can be
removed from the glass surface when the air velocity is high
or deposited on the glass surfaces at low air flows.

Previous studies indicated that particles deposited on sensi-
tive glass surfaces have the potential to damage the glass.
Atmospheric constituents such as gases and particulate pol-
lutants have been identified as one of the main causes for
weathering of mediaeval glass (Gysels and others 2004).
Water-soluble salts and carbon-containing particles may
accelerate glass weathering, because the former can maintain
a high degree of humidity on the glass surface also during
relatively dry periods and because the latter is a potential
source of food for many biological species. In the VIDRIO-
project (Bernardi 2005), the results of particle measurements

show that the concentration of water-soluble salts was com-
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parable in the interspace and inside, both in Troyes and in
Cologne. The total carbon content was higher inside church-
es than in the interspace. In spite of the potential for dam-
age by particles reported in the VIDRIO project, the general
environmental impact measured on glass sensors indicated
non-critical environmental conditions (see glass sensor values
reported by Bernadi and others 2013). However, there is a
considerable lack of information about the effect of particle
deposition on the surface of different materials. This may be
due to the complexity of the problem and the great variety
of materials involved (Grau-Bové and Strli¢ 2013).

A goal of this project was to estimate the effect of particle
deposition on glass surfaces. In our study, the effect of parti-
cles was investigated by experiments on model glasses of
mediaeval composition in climate chambers. Testing was
adjusted to conditions recorded at selected sites in Germany.
Whereas laboratory experiments and monitoring campaigns
are necessary research tools, the long-term effect of glazing
systems can be studied best by analysing the corrosion rate
on the historic glass as such. A unique occasion for such a
study presented itself during the project described here. For
more than 20 years, our laboratory was involved in conserva-
tion and monitoring projects on stained-glass windows in
Germany which accompanied the installation of protective
glazings in churches, for example, in Halberstadt,
Havelberg, Stendal and Quedlinburg (in 1993-1999) and at
Marienstern in Panschwitz-Kuckau (in 1986) (Drachenberg
1999; Miiller 2002).

Appropriate documentation of individual glass segments has
been produced when the protective glazing was installed and
was available now for this project. The same samples could
be removed in 2009/10 from the panels to be investigated in
precisely the same places by light microscopy and by envi-
ronmental scanning electron microsopy (ESEM).

Combining long-term studies on original glass with labora-
tory experiments offers a unique chance to explore further
how to rate the protective effect of glazing systems, especial-

ly considering particle deposition on glass.

Experimental Methods

Climate measurements were performed to characterise the
current environmental condition of selected windows by
using an ALMEMO® -2590-4S system with an FHAD 462
temperature and humidity sensor. Air velocity was measured
with an ALMEMO® anemometer.'



Particles were collected using three methods: Inside the inter-
space, the particles were sampled on aluminium foil using 13
stages of a Dekati DLPI impactor,? with aerodynamic cut-off
diameters between 0.03 and 10 pm, ata 10 L min™! air flow.
The sampling time was 240 minutes. Additionally, Si wafers
of 25 x 20 mm exposed for 1 year were used as particle collec-
tors. For comparison with the dust collected in the interspace,
samples were taken from the reverse side of the stained-glass
window by use of adhesive carbon tapes.

The combination of different methods of dust collection and
energy dispersive X-ray spectroscopy (EDX) for elemental
analysis of particles in our project provided a promising
approach to characterise the major chemical compounds that
can accumulate in the gap between the original stained glass
and the protective glazing.

Chemical analysis of particles was performed with SEM/EDX
on an FEI ESEM-X130, EDX-EDAX. The EDX analysis was
conducted within the high-vacuum setting of the microscope,
for which samples needed to be coated with carbon. The
images of the glass samples were acquired in the low-vacuum
mode (purging with water vapour in the sample chamber).
For simulation experiments, a climate chamber (Weiss WK
11-180) was used. Based on the results of climate measure-
ments in Panschwitz-Kuckau and Stendal Cathedral, the con-
ditions in the climate chamber were chosen as follows: 50°C,
40% RH and 10°C, 90% RH for 2 hours (repeated four times
between those two sets of parameters), followed by 4 hours at
—10°C to simulate winter (RH was not defined at low tem-
perature). The time between every change of parameters was
60 minutes. The total testing period ran for 4 weeks and rep-
resented an accelerated weathering regime.

Model glasses with chemical compositions similar to mediae-
val glass (rich in potassium) were produced in slices and pol-
ished (Torge and others 2003; see also table 1). Glass samples
were partially covered with particles, leaving reference areas
for comparison. Seven compositions of dust were tested on
three different model glass types. After weathering, the vari-
ous surface areas of all glass samples were investigated by
ESEM, and EDX spectra of characteristic elements were

recorded in typical locations.

Climate Measurements

Climate measurements were carried out over a 12-month
period from 2009 to 2010. Temperature and humidity have
been measured on the inside (MS1) and the outside (MS2) of

the original stained glass and the inside of the protective
glazing (MS3). The results presented here as a typical exam-
ple were recorded at the window in Panschwitz-Kuckau
(information about the window: size: 2.00 x 8.00 m, gap
size 8.0 cm, orientation in the building: east). Large temper-
ature and humidity fluctuations are generated by both the
seasonal cycle and the circadian rhythm (figure 1). The tem-
perature and RH at the protective glazing (red) are always
higher than at the original glass (blue). In the winter
months, RH at the original glazing is between 80 and 90%
for more than two-thirds of the measurement period.

Often, condensation has been observed on the inside of the
exterior protective glazing. When comparing the measure-
ments from five different sites (figure 2), it can be concluded
that glass installed in Panschwitz-Kuckau is exposed to the
highest risk of corrosion (Torge, Biicker, and Feldmann
2011).

Investigations of Glass Segments After Long-
term Exposure

According to Garrecht (Garrecht and others 2010), a high
RH above 80% may have led to irreversible changes on the
surface of mediaeval glass in Miihlhausen. To investigate
whether this assumption also applies to churches in our study,
samples were removed from selected panels to compare the
surface conditions after decades of exposure. Surface changes
have been observed locally only on the glass samples from
Stendal and Havelberg. Due to their composition and dating
(Miiller 1999), those samples belong to the most corrosion-
sensitive glasses included in this study. The climate condi-
tions (characterised by about 2000 hours of RH at or above
80%) have caused corrosion progress within a period of

15 years that can be documented using light microscopy and
SEM.

An example is shown in figure 3 (image taken in 1994) and
figure 4 (image taken in 2009). Here it can be seen that
cracks on the glass surface are more pronounced in the post-
status analysis. Evidence of proceeding manganese browning
and loss of paint layers has been found on other samples.
Information from the surface is valuable, but even more
important is the thickness of corrosion layers (and any growth
in thickness), this being the best indicator for proceeding cor-
rosion. However, examination of original glass segments in
cross-section is challenging. It should be noted that the imag-

es shown below are not cross-sections as commonly found in
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Fig. 1. Environmental monitoring (temperature, relative humidity, dew point and air velocity) in May 2010 in the Church of Panschwitz-Kuckau.

glass studies. The preparation of the samples was performed
without embedding them in resin but by abrading and pol-
ishing a small area on the edge of the sample. Sputtering with
carbon was done locally in order to enable conductivity for
ESEM investigation. After analysis, the glass sample can be
re-integrated in the stained-glass window and re-investigated
after natural weathering.

Figures 5 and 6 provide a comparison of SEM and ESEM
images of a sample from Havelberg. The old SEM image
(taken in 1994, figure 5) indicates that the degradation layer
(depicted in a darker shade of grey as compared to the bulk
glass) varies in thickness and can reach up to 30 pm. The
image of the same sample taken by ESEM in 2010 (figure 6)
shows more detailed features of the degradation layer (due to
higher resolution of the equipment). Exactly the same struc-
ture of the gel layer could not be found on this sample using
ESEM. Therefore, we can conclude that some changes must
have occurred. It can be assumed that, due to the weathering,
the gel layer has altered and additional microcracks have
formed, making the same spot non-recognisable. Ion-

exchange processes between hydronium ions and alkali ions
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Fig. 2. Calculation of time in hours per year with velative humidity at or
above 80% for the five objects.

from the glass due to high humidity can lead to variations in
the gel layer and are a sign of progressive glass corrosion in
the 16 years behind a protective glazing.

On other examples (such as Panschwitz-Kuckau), the same
spot on samples could be found in new ESEM images, and it
can be concluded that no changes have occurred. Previous

investigations indicated that the glasses from Panschwitz-



Fig. 3. Microphotograph of the surface of a glass sample of Havelberg
Cathedral (window sX1, panel 4c); condition in 1994 (Image: the ant-
hors).

Fig. 5. SEM picture of the cross-section of a glass sample of Havelberg
Cathedral (window nXI, panel 3a); condition in 1994 (Image: the aut-
hors).

Kuckau were heavily corroded, having built up a gel layer of
up to 100 pm thickness during the centuries (Miiller 2002).
This may have provided protection from further weathering,
even under particularly humid conditions behind the protec-

tive glazing in the church.

Dust Analysis

Light and scanning electron microscopic images were record-
ed to characterise the size and frequency of particles. The
chemical compositions of particle deposits were analysed by
SEM/EDX.

Fig. 4. Microphotograph of the surface of a glass sample of Havelberg
Cathedral (window sXI, panel 4c, same sample as in figure 3); condition
in 2009 (Image: the anthors).

Fig. 6. ESEM picture of the cross-section of a glass sample of Havelberg
Cathedral (window nXI, panel 3a, same sample as figure 5); condition in
2010 (Image: the authors).

Dust particles were collected on all stages of the Dekati DLPI
cascade impactor. The ESEM pictures show that the number
of particles on each stage is object-specific and was, for exam-
ple, higher at Stendal Cathedral than at Havelberg Cathedral.
The recorded particle diameters were in both cases between
10 pm and 0.03 pm. Elements that were detected at all stages
of the cascade impactor were calcium (Ca), potassium (K), sul-
phur (S), iron (Fe), lead (Pb) and aluminium (Al). Also, the
elements silicon (Si), barium (Ba), sodium (Na) and magne-
sium (Mg) were frequently detected in these dust samples.

Surprisingly, dust sampling in Stendal Cathedral and in

93



The Effect of Climate and Particle Deposition on the Preservation of Historic Stained-glass Windows — In Situ Measurements and Laboratory Experiments

Manfred Torge, Michael Biicker, and Ines Feldmann

Havelberg produced crystals on stages 4, 5 and 6 of the cas-
cade impactor that were much bigger than the permissible
aerodynamic particle diameter of the corresponding stage.
They must have been formed from the collected aerosol after
the deposition on these stages. The size of the crystals was
between 20 pm and 100 pm. EDX analysis of these crystals
has indicated nitrogen (N) and oxygen (O), often in combi-
nation with sulphur (S) and potassium (K). Studies of air
quality in churches in Denmark (Rasmussen and Skytte
2010) suggest that ammonium nitrate (NH4NO3) may be
formed from ammonia (NH3) released from agriculture and
factory farming and nitrogen oxides (NOx) resulting from
car traffic. The formation of ammonium nitrate from com-
ponents of the collected aerosol (NOx, NH3) in the cascade
impactor is conceivable on stages 4—6, considering that both
Stendal and Havelberg Cathedrals are situated in areas with
intensive agriculture and animal husbandry. If, as a result of
climatic conditions, corresponding chemical reactions are
possible inside the churches, nitric acid may be produced
that may react with walls and glass surfaces.

In the long-term tests, dust accumulated on all Si wafers
exposed in the interspace. The particle size ranged between
5 and 100 pm, or even up to about 400 pm at Quedlinburg,
Nikolai Church. Differences in the composition of particles
on the Si samplers compared to the impactor particles have
not been ascertained, although the sample times differ

(1 year as compared to 4 hours). The results of EDX analysis

Fig. 7. Air velocity (Vmax) in the interspace between original and protective
glazing.

of the Si wafers can be divided into three groups, depending
on their potential origin. In the first group, the elements
potassium (K), calcium (Ca) and sulphur (S) have been found
on all exposed silicon wafers. These are probably particles
that were removed from corrosion layers on the back of the
panels due to the air flow in the interspace. Metallic parti-
cles such as iron (Fe), lead (Pb), copper (Cu), aluminium (Al)
and zinc (Zn) are probably corrosion products from the adja-
cent construction. The third group comprises the elements
magnesium (Mg) and chlorine (Cl), which were only rarely
found. Nitrogen (N) has been detected only on the Si wafers
in Stendal, Havelberg and in Halberstadt, it may have origi-
nated from local agriculture or car traffic fumes.

Sampling of the back of the stained-glass windows using
adhesive tapes suggests that dust particles may have come
from both the surface of the corroded glass and from the
adjacent construction and paint, thus being similar to the

other two particle collection methods.

Dust Sampling and Air Velocity

The air flow in the interspace between original and protec-
tive glazing depends on the construction of the protective
glazing, the height of the window and its orientation (north,
south, east or west). Air velocity values for all five churches
are compared in figure 7.

The window sV in Stendal Cathedral is a south window with
a height of 14 m (vmax =1.2 m/s) and thus much larger than
the north window nXI in Havelberg Cathedral with only
4.20 m height (vimax =0. 28 m/s). For comparison, air veloci-
ties measured in different other churches ranged between
0.11 m/s and 0.96 m/s (Oidtmann 1994). This indicates that
the air velocity in Stendal is well above average.

Sampling using the cascade impactor in Stendal Cathedral
recorded a larger number of particles at each stage than in
Havelberg Cathedral. Thus, the higher air velocity in the
larger window in Stendal Cathedral can be connected to a

larger particle deposition,

SiO2 Na20 K20 CaO MgO Al203 P20s Fe203 MnO
Pk1a 45.0 0.5 31.0 16.0 4.0 1.0 1.5 0.5 0.5
Pk2 46.0 - 23.5 23.5 4.0 1.0 1.5 - 0.5
KS1 45.0 2.0 17.0 23.5 5.4 1.8 3.8 - 1.5

Table 1. Chemical composition of model glasses in wt% (synthesis)
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Simulation of Particle Exposure

From the combination of different dust collection methods
and the EDX elemental analysis of fine particles, conclusions
can be drawn about the chemical compounds to be used as
dust for simulation experiments. The effect of such deposits
on model glass was tested in a climate chamber. The model
glasses, with a chemical composition similar to mediaeval
glass, were prepared at a laboratory scale. Like most mediae-
val glasses, PK1a, PK2 and KS1 (see table 1) are very sensi-
tive to corrosion due to their high content in potassium and
low content in SiO2. However, because of differences in their
K>0/CaO ratio, they exhibit different levels of sensitivity to
environmental conditions in the following order Pkla>
Pk2> KS1 (Torge and others 1998).

Prior to the weathering tests in a climate chamber, the model
glasses were cleaned with alcohol in an ultrasonic bath and
approximately one-quarter of the surface area was taped with
adhesive tape, leaving about 1 cm? of the surface unexposed
to weathering. For simulating particle deposits on the glass
surface, the following chemical compounds were used:
CaSO4-¥2H0, K>CO3, CaCOs3, PbCOs3, Fe;O3 (samples
named ‘dust 1’ to ‘dust 5’, respectively). About half of the
total surface of each model glass was covered with 0.02-0.04 g
of the pure chemicals in powder form. An additional sample
of each model glass type was coated with a mixture of all
chemicals (dust 6), and one sample for each type was brought
in contact with dust from Stendal Cathedral (dust 7) that
originated from the cascade impactor experiments.
Approximately one-quarter of total model glass surfaces were
neither covered with adhesive tape nor exposed to dust. The
taped surfaces represent references for the subsequent tests.
All of these samples were weathered in the climate chamber.
Even to the naked eye, it was clearly visible that the simulat-
ed dust behaved differently after exposure in the climatic
chamber. Particularly noticeable changes were visible on all
samples with potassium carbonate. After weathering, this
compound was no longer a powder on the surface but was
firmly bonded to it and distributed over a larger area. The
same effect was observed on surfaces with a mixture of all the
chemicals. Apparently, in high humidity, potassium carbonate
reacts with water to form potassium hydroxide and potassium
hydrogen carbonate. At room temperature, it crystallises from
the solution as a hydrate of potassium. A chemical attack on
the glass surface is very likely as a follow-up reaction. The
original dust from the cascade impactor experiment that had
been placed on the glass surface with aluminium foil at the

beginning of the experiment induced a dust pattern on the

glass surface after removal of the foil. On all other glass sur-
faces, the dust deposit remained inert and did not change dur-

ing the course of the experiment.

Results From Laboratory Exposure of Model
Glasses

The various surface areas of the glass samples were imaged
in the ESEM, and EDX spectra were recorded in typical
locations. The experiment showed that areas with dust
deposits behave differently under changes of humidity and
temperature, compared with the reference area. The damage
potential of different dust compositions was determined by
looking at different areas of the model glass with SEM/EDX
after removal of the dust. The damage is manifested in the
leaching of the surface that was covered with dust. Changes
in the glass composition could be determined by EDX. The
following rating is based on a comparison with the reference
area that had been protected from dust. Potassium carbonate
deposits, both by themselves (dust 2) as well as in combina-
tion with the other compounds (dust 6), have the highest
damage potential. Severe damage was also observed on glass-
es covered with calcium sulphate (dust 1). This compound is
normally found in corrosion crusts on historical glasses. Its
damage potential may be related to the ability to absorb and
store water so that extra moisture comes into direct contact
with the glass surface, setting leaching processes in motion.
Calcium carbonate (dust 3) appears to have a slightly lower
damage potential. Leached areas were found directly beneath
the dust (demonstrated by SEM surface pictures). A possible
reason for this could be the formation of calcium hydrogen
carbonate as a result of the reaction of calcium carbonate
with water and carbon dioxide from the air. In contrast, lead
carbonate (dust 4) and iron oxide particles (dust 5) showed
no significant damage on the glass surface. On glass sample
PK1, the most sensitive type of glass, surface damage from
the original dust (dust 7) was detected in areas where dust
crystals were in direct contact with the glass surface. On the

more corrosion-resistant KS1 glass, no damage was visible.
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Summary

Both the climatic measurements as well as the analysis of
glass segments from five objects (Halberstadt, Havelberg and
Stendal Cathedrals, Quedlinburg and Panschwitz-Kuckau)
show that immediate steps to improve the protection of the
stained-glass windows are not necessary. The examination of
identical glass segments after about two decades of exposure
in situ offered a unique chance to evaluate the progress of
weathering. SEM images indicate that the corrosion progress
is rather slow, although some progress in weathering was
observed for the sensitive mediaeval glass from Havelberg.
The original glass at Stendal, Halberstadt and Panschwitz-
Kuckau was already heavily weathered and has formed a gel
layer that protects it against further weathering. The gel layer
acts as a diffusion barrier and must be conserved during resto-
ration work. Glass from Panschwitz-Kuckau, for which the
highest risk was expected based on environmental data, seems
well protected by its thick gel layers, since no corrosion prog-
ress was detected. At the 19th century windows in
Quedlinburg, no signs of damage could be observed because
of the more resistant glass used in that period.

The investigation of particles suggests that the dust samples
collected by both cascade impactor and by Si wafers yield
practically the same composition. Aggressive particles, such as
potassium hydroxide, potassium hydrogen carbonate or gyp-
sum, can be expected to form, catalysing the reaction of
humidity with mediaeval glass. This process has been shown
in simulation tests on model glasses in the climatic chamber.
The tests have also shown that loose corrosion products and
particle deposits should always be carefully removed from
mediaeval glass surfaces to avoid chemical reactions of the
deposits with water from atmospheric humidity as well as to

prevent damage to the glass.
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Abstract

Heating a historic church is expensive. To improve the energy efficiency of such churches, their windows are increasing-

ly fitted with protective glazing using a double-glazed unit. This applies particularly to the grear number of parish

churches in Switzerland with post-mediaeval stained-glass windows. The added glazing is intended to protect the

stained glass from weathering and to provide thermal insulation. In a collaborative research project, we are exploring

whether, or 10 what extent, protective-glazing systems that are primarily fitted for insulation purposes fulfil energy-

saving and conservation requirements. Among other issues, we are investigating the thermal efficiency and condensa-

tion behavionr of various protective-glazing systems. The aim of this study is to assist church authorities, architects,

and monument conservators to evaluate energy-saving options.

Context and Aims of the Project

Switzerland has approximately 5,000 parish churches. About
80% of these churches were built before 1850 and have his-
toric stained-glass windows that, with the exception of a
comparatively small number of mediaeval windows, date
mostly from the nineteenth and twentieth century. However,
these churches also feature some restored Renaissance and
Baroque glazing. Although originally constructed without
heating systems, today the great majority of these buildings
are heated (Giezendanner 2009, p. 24). Heating such large
and mostly non-insulated buildings is usually very costly.
The annual heating costs for a parish church in Switzerland
lie between 5,000 and 40,000 CHE, depending on the heat-
ing system and the energy source used (Bickel and others
2009, p. 9). The average cost is 9,600 CHF (€ 8,000) per
year. Two-thirds of the churches are heated electrically, with
average annual heating costs of 7,200 CHF (€ 6,000)
(Aufdereggen 2012). Because of rising energy costs, and
encouraged by the current energy debate, church authorities
are trying to lower the energy consumption of their

buildings.

Numerous guidelines have been published that provide
advice on how to improve the energy efficiency of churches
(for example Dahm 2010). Measures to improve the win-
dows are usually outlined among options to reduce heat loss
in buildings and lower heating costs (Bickel and others
2009, p. 19). When considering energy-saving options, there
is a tendency to assume that windows represent a determin-
ing factor in reducing energy consumption. This has already
led church authorities to install protective glazing on a large
scale. In the canton of Zurich alone, an estimated 50% of its
nearly 300 churches have been fitted with protective glazing
in the past 30 years, and the trend to install protective glaz-
ing for ‘energy-saving’ reasons continues. However, protec-
tive-glazing systems not only are intended to improve the
thermal properties of churches, but also have to fulfil a num-
ber of other requirements: to protect the stained glass from
environmental impact and vandalism, to reduce condensa-
tion on the historic windows and surrounding structures, to
be aesthetically in keeping with the rest of the building, and
to reduce the number of interventions (restoration, conserva-

tion, maintenance) on the stained glass.
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The question as to whether thermally efficient protective
glazing (e.g. protective-glazing systems glazed with a dou-
ble-glazed unit) also represent an effective solution in terms
of conservation has become fundamental to the preservation
of the large body of post-mediaeval stained glass in
Switzerland. The question becomes even more critical in the
long-term if one considers the high cost of fitting protective
glazing, the low durability of polymer materials often used
in such glazing (e.g. silicone sealants), and the risk of subse-
quent damage to the stained glass and building structures
adjacent to the windows (see, for example, Baumann,
Zehnder, and Riiegg 1998).

In the process of planning for the renovation and thermal

retrofitting of churches, architects and building owners in

Switzerland are advised to follow the guidelines of the Swiss

Federal Office of Energy and the Federal Commission of

Monument Preservation, according to which the effects of

measures to improve the thermal properties of a historic

building have to be quantified (Furrer and others 2009).

However, appropriate methods and techniques to quantify

measures and evaluate requirements (conservation, aesthetic

considerations, energy saving, comfort, etc.) have yet to be
defined. There is a general lack of experience when it comes
to understanding the effects of certain types of protective
glazing on stained-glass windows; further, there is an inade-
quate understanding of the thermal losses and climatic
impacts (condensation on the stained glass in particular). In
order to close this gap, the Vitrocentre Romont initiated an
interdisciplinary research project in 2012. The aims of the
project are twofold:

1. To determine the overall heat transfer coefficient of his-
toric windows fitted with protective glazing based on
calculations and measurements in a climate chamber,
the so-called ‘hot box’.

2. To investigate the climatic effects of protective glazing,
particularly condensation, on stained-glass windows, by
initiating a survey in situ of post-mediaeval stained-
glass windows with protective glazing, and by record-
ing measurements in a weathering chamber.

The project has focused on two particular protective-glazing

systems: (1) protective glazing fitted in a metal frame and

glazed with a single glass sheet, and (2) protective glazing
fitted in a metal frame and glazed with a double-glazed
unit. Both systems have been evaluated with and without
external ventilation. Despite being widespread in Swiss par-
ish churches with stained glass from the nineteenth and

twentieth century, these protective-glazing systems have
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hitherto received insufficient attention. Isothermal glazing,
a system more commonly used in the preservation of medi-
aeval stained glass, has been excluded from this study.

The results of this investigation should enable the following
questions to be answered. To what extent do the above-men-
tioned glazing systems improve the thermal efficiency of
historic windows? Do they meet preservation requirements
(by, for example, preventing condensation on the stained
glass)? It is also hoped, that this study goes some way
towards identifying appropriate solutions for the compre-
hensive, long-term preservation of post-mediaeval stained-

glass windows in Switzerland.

Efficiency of Protective Glazing: Current State
of Research

Condensation problems related to protective glazing have
been reported from various places all over Europe (see, for
example, Bacher 1988; Triimpler 1988; Berkenkopf 2005).
The observations prompted research on the effectiveness of
protective-glazing systems (see the overview in Oidtmann,
Leissner, and Romich 2000; Rémich 2004; Hor and Seele
2005). Among the first researchers to study systematically
the effects of internally and externally ventilated as well as
unventilated protective-glazing systems under variable cli-
matic conditions was Stefan Oidtman, who carried out sim-
ulations in a hot box and compared them to in situ measure-
ments (Oidtmann 1994). Many studies have followed since,
including the European research project VIDRIO, which
aimed to monitor the climatic conditions of stained-glass
windows with internally ventilated protective-glazing sys-
tems, and to develop methods to detect condensation in the
interspace between the historic window and the protective
glazing (Bernardi and others 2012). Researchers from the
Federal Institute for Materials Research and Testing in
Berlin have looked at, among other things, the problem of
dust deposition in the interspace in isothermal glazing
(Torge and Miiller 2011; Torge, Biicker, and Feldmann,
2013). To date, however, research has concentrated mostly
on the conservation aspects of protective-glazing systems in
general, and isothermal glazing in particular. To our knowl-
edge, the only investigation focussing on the thermal effec-
tiveness of protective glazing was published by researchers
from Eindhoven Technical University (Neilen, Schellen, and
van Aarle 2003).



Fig. 1. Unventilated protective glazing fitted in a metal or wood frame: ‘Eglise des Capucins’ in Romont, installed around 1950 (left); Parish church of
Frauenfeld-Oberkirch, installed probably before or around 1900 (right). Photos: authors.

Those authors provide interesting insights into the energy
efficiency of various insulation measures (including double
glazing) in churches. They also point out that, among the
various options to improve energy efficiency, the thermal
insulation of a church’s roof and floors, as well as well the
replacement of old heating systems, usually provides much
more potential for energy saving than the installation of pro-
tective glazing. Their conclusions draw on the evaluation
(from a conservation as well as an energy perspective) of
heating systems in churches (see, for example, Schellen
2004; Limpens-Neilen 20006). They also draw on the devel-
opment of sustainable heating concepts such as ‘friendly
heating’ (Camuffo and others 2010), which have found their
way into various guidelines, textbooks, and standards on
how to heat historic buildings appropriately (for example
DIN EN 15757). Yet, despite these findings, church owners
in Switzerland are reluctant to review the options to reduce

heating costs (for example, by reducing temperature set

points for heating). The fact that the Vitrocentre Romont
continues to be consulted on the choice of thermally effec-
tive protective-glazing systems seems to justify further
investigations into the efficiency of such systems, both in

terms of energy and conservation.

Results

Efficiency of Protective Glazing in Swiss Parish
Churches

One type of protective glazing with which the Vitrocentre
Romont has been confronted in recent years (in connection
with restoration and monitoring projects) is a system that
was prevalent in the 1950s or even earlier. This type of pro-
tective glazing is fitted in a metal or wood frame to the win-
dow’s reveal (i.e. the masonry adjoining the window) and is

not connected structurally to the historic window (figure 1).
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Fig. 2. ‘Bonded’ protective-glazing system: stained glass fitted in a metal
[frame together with the protective glazing, installed around 1970. Photo:
authors.

It is usually unventilated, although such protective glazing
is rarely perfectly airtight. The interspace between the
stained-glass window and the protective glazing normally
ranges between 10 and 30 cm, depending on the width of
the window reveal. The framing is usually delicate.
Occasionally, the drawn glass has been preserved, and the
stained glass has remained untouched in its original place.
Our observations show that this type of protective glazing is
still effective in protecting the stained glass. Because of the
limited extent of external ventilation, these systems have
created very good climatic and conservation conditions for
(at least certain types of) stained glass.

Another type of protective glazing became common in the
second half of the twentieth century. Here, the stained glass
is fitted in a metal frame together with the protective glaz-
ing to form a new type of ‘bonded’ glazing; the interspace
between the stained glass and the protective glazing glazed
with a single glass sheet is usually less than 4 ¢cm and nor-
mally unventilated. This leads to condensation on cold sur-
faces in the interspace: in winter on the inner side of the
protective glazing, and in summer on the outside of the
stained glass and the lead cames (figure 2). Another problem
associated with these ‘bonded’ systems is that structural
changes have to be made to the historic windows. For exam-
ple, the stained glass has to be trimmed to fit the new
frame, and historic armouring usually has to be removed.
Finally, a type of protective glazing that has found increas-
ing use since the 1980s consists of unventilated systems that
combine the stained glass with double-glazed units (figure

3). Practical experience shows that the fitting of such sys-
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Fig. 3. Protective glazing fitted with a double glazing unit: outside view
(above) and inside view showing fungal growth on the walls surrounding
the stained-glass window (below). Photos: anthors.

tems does not solve but only shifts the problem of condensa-
tion. Under certain climatic conditions, water condenses not
on the glass surfaces but on the frames and cold wall surfaces
adjacent to the windows. If the water is not properly
drained, it can lead to damage and fungal growth (figure 3,
bottom picture). In some cases, the double glazing creates
quasi ‘hermetic’ conditions, which, in contrast to the origi-
nally permeable stained-glass windows (which often includ-
ed little vent windows), can lead to climatic conditions that
are detrimental to the interior of the church (affecting wood-
work, wall paintings, organ, etc.). One variant of such a
double-glazed protective glazing is the so-called ‘sandwich
glazing’, which involves the stained glass being fitted
between the two panes of a double-glazed unit (figure 4).
The main problem with this system is the limited durability

of the materials used in the double glazing.



Fig. 4. Type of double-glazed protective glazing known as ‘sandwich glaz-
ing’, installed around 1990. Photo: authors.

Over the years, the silicone sealing begins to leak, leading to
condensation on the stained glass.

The durability of double-glazing systems has been shown to
be relatively short compared with the lifetime of historic
stained-glass windows with ‘low-tech’ protective glazing,
which — if properly maintained — can span a century. The
short lifespan of double glazing (with replacement likely to
be necessary every 20 to 30 years) presents additional risks
for the historic windows as well as additional costs, which
are usually not included in the original cost calculations for
improving the thermal efficiency of the church. Considering
the risks and the costs of repair or replacement, double-glaz-
ing systems seem to be less sustainable than, for example,
the ‘simpler’ protective-glazing systems that use a single
glass sheet. One might also add that the possibilities of an
aesthetic integration of a protective glazing using double-
glazed units into church fagades are limited in comparison
with (to give an example) a frameless protective-glazing sys-
tem or single-pane protective glazing framed in thin wooden

or metallic frames.

Preliminary Experiments and Calculations

Preliminary measurements in a hot box, as well as thermal
calculations, have been carried out in order to determine the
overall heat transfer through various glazing systems in
steady-state conditions (i.e. at constant internal and external
air temperatures). The measurements provide the thermal
transmission coefficients, called U-factor, for the tested glaz-

ing systems and allow verification of the thermal calcula-

tions. The U-factor is expressed in W/m? K and represents
the amount of heat transfer per square metre and per degree
of temperature difference between the warm side and the
cold side of the tested element. The rule is that the higher
the U-factor, the higher the heat loss of the tested element.
Three hot-box experiments have been carried out so far. In
the first one, a stained-glass window (146 x 71.5 x 2.5 cm)
fitted with a double-glazed protective glazing was tested.
The stained glass was taken from Vitromusée Romont’s
depository and dates from around 1910. The dimensions of
the unventilated interspace between the stained glass and
the protective glazing were as follows: height 146 cm,
length 71 cm, and width 0.39 cm. In the second experiment,
the same assembly was used but was ventilated to the exteri-
or and the interspace was slightly enlarged (gap width 0.44
cm) to allow for natural convection by four openings in the
protective-element. A third experiment was conducted with
the double glazing alone to get the precise U-factor of the
unit. This last test also represents the reference measurement
when comparing calculations to measurements. Figure 5
shows the stained-glass window and the double-glazed unit
as well as a model cross-section of the tested glazing systems.
In all three cases, the assembly was surrounded by insulating
material with a known thermal conductivity in order to eval-
uate the thermal performance of the window only. The tem-
peratures chosen in the measurements were 17°C for the
room side and 2°C as the outdoor temperature. For the venti-
lated assembly, thermal conductivities of the air cavities were
chosen according to the European standard EN ISO 10077-2.
The U-factor of the stained-glass window alone and the
sandstone wall were determined by calculation only, because
they represent very simple cases and need not to be con-
firmed by hot-box measurements: for the existing stained-
glass window, a U-factor of Usined glass = 5.78 W/m?2 K was
calculated; the U-factor of the sandstone wall with a thick-
ness of 0.5 m was Uwall = 2.38 W/m? K. The calculated and
measured U-factors for the three different glazing systems
range between 1.56 W/m? K for the stained glass with
unventilated double-glazed protective glazing and 2.1 W/
m? K for the double glazing alone. That the double-glazed
unit is composed of three fields fitted in a metal frame
explains its relatively high U-factor (which is usually found
to be less than 1 W/m? K for modern double glazing). The
ventilation seems to have a negligible effect on the thermal
conductivity of the window element: the U-factor for the
unventilated system is 1.56 W/m? K, while that of the ven-
tilated system is 1.68 W/m? K.
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Fig. 5. Stained-glass window and double glazing used in the hot-box measurements (left) and model cross-section of the three window assemblies tested in the
hot box (right): (a) unventilated assembly, (b) ventilated assembly, (c) double-glazed unit alone. Photo: authors.

In order to get an impression of the thermal efficiency of a
stained-glass window protected with double glazing in an
‘average’ parish church, the following simple calculation was
done using the calculated U-factors for the ventilated and the
unventilated glazing systems as well as for the stained-glass
window alone: Utoral = Uwindow X Awindow/Arotal + Uwall X
Awall/Acoral + PSI x Pwall, where U is the thermal transmit-
tance of the window or wall, respectively, A is their area, and
Puyall is the circumference (perimeter) of the window. The total
U-factor ranges between 2.6 W/m? K (stained-glass window
without protective glazing) and 2.4 W/m? K (with double
glazing). The results illustrate that, regardless of the type of
glazing system present, the thermal loss through the win-
dows, which in our example make up 5% of the total wall
area, is very small compared with the loss through the walls.
Figure 6 shows the calculated temperature distribution
through a cross-section of each of the tested assemblies. The
temperatures in the interspace are to be regarded as average
temperatures, because the model does not include computa-
tional fluid dynamics to model real air flow. The calculated
temperatures on the surfaces of the stained-glass window and
the protective glazing will be relevant in our further investi-
gations regarding condensation in the interspace between
stained glass and protective glazing. In a further step to inves-

tigate condensation, water vapour transmission through
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Fig. 6. Calculated temperature distribution in the three investigated assem-
blies for indoor temperature and external temperature of 17°C and 2°C,
respectively. False colour images: the temperatures range between 0°C (dark
blue) and 18°C (dark orange). Images: authors.



stained glass was measured. Two identical panes of stained
glass measuring approximately 30 x 40 cm and dating from
the mid-twentieth century were used in these tests: one test
panel had naturally aged putty, while the other had freshly
applied putty. The measurements were carried out according
to the European Standard EN 12086. The test results show a
clear reduction of water vapour transmission by a factor of
approximately 1.6 for the stained glass with freshly applied
putty. Additional measurements on older stained glass (nine-
teenth and early twentieth century) with naturally aged putty
are planned. These supplementary measurements should pro-
vide an indication of the range of water vapour transmission

values for stained glass in various states of preservation.

Summary and Conclusions

The calculations and measurements in this study represent
preliminary results on the thermal efficiency of stained-glass
windows protected by double-glazed units. The results have
shown that the addition of protective glazing with a double-
glazed unit improves the thermal conductivity of a stained-
glass window by a factor of approximately 3 as compared to
the stained-glass window alone. The experiments have also
demonstrated that the U-factor for a double-glazed unit that is
designed to protect stained glass and to fulfil aesthetic require-
ments does not achieve the thermal efficiency values of mod-
ern double glazing. Additional experiments on protective-
glazing systems glazed with a single glass sheet will follow.
They will include the thermal simulation of ventilated and
unventilated systems with interspace widths varying between
3 and 12 cm. In a further step, the efficiency of the glazing
systems investigated will also be compared under transient
(i.e. varying) temperature conditions. These calculations will
be verified by measurements in a weathering test chamber.
The aim of the research is to compare the thermal performance
of single-pane and double-glazed protective-glazing systems,
while taking into consideration the specific characteristics of
the different systems, for example the large insulating inter-
space of early protective-glazing systems and the divided
metal frames in double-glazed protective glazing. The results
of these experiments should enable us to discuss the pros and
cons of the glazing systems studied, regarding both thermal
loss and (more importantly in conservation terms) the frequen-
cy of condensation on the stained glass and in the interspace.
They should also allow us to identify the systems that are most

appropriate in terms of energy saving, stained-glass preserva-

tion, and aesthetic result. At this point in the study, the
results already corroborate the hypothesis that, regardless of
the glazing system chosen, the amount of heat loss through
church windows is minimal compared to the loss through the
walls. The effects of double-glazed units are negligible when
considering that, in historic churches, the thermal loss
through stained-glass windows without protective glazing is
estimated to be less than 10% (Neilen, Schellen, and van
Aarle 2003) and that the heat loss normally accounts for only
between 10% and 20% of the total energy consumption
(Baumann 2004).

With regard to appropriate solutions for the comprehensive
and long-term protection of post-mediaeval stained-glass win-
dows, our empirical survey has provided valuable information
on the environmental impact (the risk of condensation on the
stained glass in particular) of certain types of protective glaz-
ing. One major outcome of the study is the observation that
the early protective-glazing systems dating from the first half
of the twentieth century have created surprisingly good condi-
tions for the conservation of at least some of the post-mediae-
val stained glass in Switzerland. However, so far we only have
a limited understanding of the efficiency of these systems,
which is why they remain one of the focal points of the proj-
ect. The aim of further research will be not only to establish
whether there are additional arguments to preserve these early
protective-glazing systems, but also to understand how these
systems function and to apply the principles in the design of
new protective-glazing systems. Notwithstanding the advan-
tages of the systems outlined here (or any other protective-
glazing system), alternative approaches to the conservation of
stained glass should always be considered. Even from an ener-
gy-saving point of view, the conservation of stained glass with-
out protective glazing must remain an option, at least for win-

dows dating from the nineteenth and twentieth century.
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Abstract

A stained-glass mounting system was developed for the newly constructed Art of the Americas Wing at the Museum of
Fine Arts (MFA), Boston. Through the collaborative effort of MFA curators, exhibition designers, mount fabrica-
tors, and conservators, the design of the custom-made casework incorporated many (but not all) of the priorities and

concerns involved, such as inert materials, environmental control, versatility, adequate illumination, overall display

design within gallery context, and ease of operation of display method. The windows were installed into glass and

steel cases and illuminated by LED light strips. New mounting frames with hinging capabilities attach to a tubular

channel system inside the casework. The advantages and disadvantages of the design and how it relates to the han-

dling and installation process ave discussed.

Introduction

The Museum of Fine Arts (MFA), Boston broke ground in
2005 to erect a new Art of the Americas Wing. The plan first
required demolition of the 1928 European and American
Decorative Arts Wing to make way for the new glass and steel
structure designed by Foster + Partners, London. The new
wing opened to the public on 20 November 2010, and it dis-
plays more than 5,000 works of art from North, Central, and
South America throughout 53 new galleries on four levels
(Hatchfield and others 2012). The galleries have a modern
design quite different from the earlier stone-dominated muse-
um building. The new casework, designed by Foster +
Partners working closely with MFA staff and case fabricators
Goppion S.p.A. of Milan, Italy, echoes the sleek overall glass
and steel of the architecture. The engineering and aesthetics of
the casework resulted in a sophisticated display of the collec-
tion. The window panels are exhibited on Level 2 in galleries
devoted to the American Renaissance (figure 1), the Arts and
Crafts Movement (figure 2), and the Aesthetic Movement (fig-
ure 3). Five windows were installed within a closed casework

system, while another group was instead installed along a

vignette platform with a modified version of the same system.
The design parameters were challenging to navigate while
ensuring best practices and preservation of the windows.
Could a light-box design be modified to incorporate seamless
panels, new lighting technology, and case engineering, yet
still allow for safe installation and long-term exhibition? The
general care of stained-glass windows at the MFA falls under
the responsibility of the Objects Conservation Department,
which does not have a specialist in stained-glass conservation.
The Department continues to re-visit the exhibition display
more than two years after the opening of the Art of the

Americas Wing in order to improve the display system.

Conservation Concerns Within the Design
Parameters

The goal of conservation was to ensure that the re-installation
provided an appropriate and safe display of the window pan-
els. The conservation criteria included the following: ease of

operation and minimal handling during installation process;
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Fig. 1. Infant Bacchus, 23.249. Gift of Washington B. Thomas, Fig. 2. Arts and Crafts Gallery featuring Morning Glories ,
242.6cmx 123.2 cmx 5.7 cm 1974.498a-e. Gift of James F. and Jean Baer O'Gorman, 227.3 cm x
(Photo: Gerri Strickler © 2012 Museum of Fine Arts, Boston). 207.7 cm x 8.9 cm (Photo © 2012 Museum of Fine Arts, Boston).

Fig. 3. Robert P. and Carol T. Henderson Gallery (The Aesthetic Movement, 1870—1900). Left to right: Peonies Blown in the Wind, 1886, LaFarge,
13.2802, 164.5 cm x 116.4 cm x 3.3 cm; Parakeets and Gold Fish Bowl, Tiffany, 2008.1415, 202.6 cm x 111.8 cm x 5.7 cm; Butterflies and
Foliage, 1889, La Farge, 38.954, 181.6 cm x 82.2 cm x 4.5 cm (Photo: Gerri Strickler © 2012 Museum of Fine Arts, Boston). The windows can be
viewed at www.mfa.org (accessed April 2013).
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rigid yet lightweight support for the panels within the
framework of the display using archival and inert display
materials; direct access to artwork and to separate compo-
nents of the display requiring maintenance, such as electrical
and monitoring devices; vented display to minimise and
prevent heat build-up from internal lights; and protection of
glass surfaces from direct public access in order to prevent
damage and maintain visitor safety. The resulting designs
met these criteria with compromises. The combination of
display methods and materials described herein was used for
the first time in the MFA.

The Window Panels

This paper discusses six late-nineteenth-century windows in
the MFA collection. Four windows were made and designed
by John La Farge: Infant Bacchus (figure 1), Peonies Blown in
the Wind (figure 3), Butterflies and Foliage (figure 3), and The
Fish or The Fish and the Flowering Branch (figure 4). A more
recently acquired Louis Comfort Tiffany window, Parakeets
and Gold Fish Bowl! (figure 3), was made for exhibition at the
1893 World’s Columbian Exposition in Chicago and is on
display for the first time at the MFA. A multi-panelled win-
dow that was formerly attributed to La Farge but is now
considered to have been designed by Daniel Cottier in
1877-78, Morning Glories (figure 2) needed special care for
installation in order for each panel to be individually sup-
ported, levelled, and centred while hung as close as possible
as they originally would have been. Like so many objects of
the MFA’s American collection, these are on display together
for the first time in the new wing.

The display of windows by La Farge and Tiffany, with their
dark and thick plated glass, is particularly challenging to
achieve satisfactorily. Original architectural settings using
natural light offers little control as the light changes
throughout the day and year. Light intensity and colour ren-
dering are major obstacles, especially for large panels.

The windows had been in storage crates for several years
during demolition and construction. All have pre-existing
physical damage and a certain level of prior repair, but are in
generally good condition. They were re-examined by a spe-
cialist in stained-glass conservation and were found to be
structurally stable for re-installation with very little or no
deteriorated glass. Physical damage that is present on the La
Farge Infant Bacchus, in particular, is more likely a result of
heavy glass plating within the upper part of the panel, but

internal stresses of the glass as a result of annealing at manu-

facture is also a possibility (Sloan 1993, pp. 87). Without
existing documentation or disassembly, there is no visual
indication that La Farge employed organic materials into the
plating of this window that have been found in others (Sloan
1995). The Tiffany window similarly shows damage from
internal stresses, mostly in the blue background and the fish
bowl. Symptoms of chemical deterioration such as tiny frac-
tures, iridescence, powdery pits, or flaking sometimes associ-
ated with windows made by these two artists (Sloan 1993,
pp- 90-94) were not observed with normal visual examina-

tion.

Dialogue in the Planning Phase

The most important curatorial priorities for the window dis-
plays were to reduce visitors” distance from the window and
integrate the displays into the context of each gallery.
Additionally, providing adequate light for the darkest win-
dows, Peonies Blown in the Wind and Infant Bacchus, was a
major concern. The most important design priorities were to
include invisible access panels around the windows and their
integration into the surrounding display scheme of the gal-
lery, such as flush mounting them to the wall. An open dis-
play framework using artificial or natural light did not fit
into these criteria. A push to incorporate new lighting tech-
nology into the new galleries also added to the development
of an improved light-box design. Incorporating the windows
into the building architecture for natural illumination was
never considered, in contrast to another stained-glass win-
dow reinstallation of a much grander scale, the Hampton
Court Window, ‘Window with Eight Apostles and Other
Saints’, which also occurred in 2010 as a result of the same
master plan construction project (Rousseau 2010).

A conventional light box, which is the most common
mounting and display method previously used by the MFA
as well as by other institutions, was re-considered. This type
is usually constructed of Medium Density Overlay (MDO),
an exterior grade plywood panel with resin-saturated paper
surfaces, and back lit with colour-corrected fluorescent tube
fixtures evenly spaced behind a diffusing panel. Internal fans
and vents along the top of these display boxes minimise heat
build-up. A superior design of these boxes gives access along
both sides and back, with an additional removable front
cover to access the artwork. The design runs the risk of cre-
ating what some curators call the “TV’ look, and it was not

an option the department desired.
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Fig. 4. Recessed wall case containing The Fish, about 1890, La Farge,
69.1224. Edwin E. Jack Fund and Anonymous gift, 76.8 cm x 3.2 cm
(Photo: Gerri Strickler © 2012 Museum of Fine Arts, Boston).

Another version previously used at the MFA was a false win-
dow box set into a gallery window well with the natural light
blocked and artificial lighting installed. This gave some sense
of architectural installation and allowed for flush-to-wall
mounting but limited access around the artwork, often neces-
sitating de-installation.

Once Goppion S.p.A. was contracted for the engineering, pro-
totyping, production, and installation of the casework in the
new wing, the stained-glass panel display options could be
further developed. Benchmarking trips to other museums by
an MFA team occurred with the goal of reviewing recent
museum installations in London and Paris containing Goppion
casework. The most influential visit for stained-glass display
possibilities, in particular, was to the Victoria and Albert
Museum, where a combination of display designs was
employed for the newly installed British Galleries (Eatman
2008). Although the same display methods were not deemed
appropriate for the American windows, given the MFA curato-

rial and design criteria, the team returned to Boston with a
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stronger overall vision.

As a result, variations on the ‘Q’, or quadrilateral, Goppion
case model used throughout the new wing were also fabri-
cated for the windows, with the exception of the Cottier
panels: these were displayed outside of a case. The two dif-
ferent case types used are partially recessed wall cases (figure
4) and a free-standing floor case attached to a centre false
wall (figure 3). Both types were designed to be 30 cm deep.
The cases are made of stainless steel with a thermosetting
powder coating. The exteriors were painted in-house accord-
ing to the gallery wall colour. This was chosen over an earli-
er design of back-painted glass surrounding the windows,
which is used frequently within the new galleries. The cases
have an internal fan system to vent heat generated by the
lamps. The hinged door contains shatterproof extra clear
anti-glare glass. The idea of allowing the visitor closer access
to see the revolutionary glasswork of Tiffany and La Farge
was originally to be implemented without the use of physi-
cal barriers. The extra-clear non-glare glass' supplied by
Goppion provides a very successful layer of protection with-
out the resulting optical distortion that so often occurs when
looking at glass through an additional protective glazing,
while allowing the visitor to get inches away from the art-

work.

Mounting and Display System

Frames

During the 1990s, loans and travel prompted two-part
stainless steel frames to be added to most of the windows in
the collection. Although the frames provided a removable
but reinforced structure for the window sashes useful for dis-
play mounting, they also added a great deal of weight that
complicated handling and travel.

New lightweight aluminium two-part mounting frames
were manufactured for all the windows by American
Metalcraft Co. Inc. using aluminium angle (Alloy 6061) fol-
lowing MFA specifications (figure 5). The window sash fits
into the pan frame and is secured by a front frame with
machine screws along the side. The two-part aluminium
mounting frame is fully removable from the window and is
isolated by thin strips of low density polyethylene sheet
(LDPE).

The final gallery design did not permit visible access panels
between or along the side of the window display. Since the

backs of the cases were also inaccessible, the frames were



Fig. 5. Aluminium pan frame design (pdf design: Tomomi ltakura ©
2012 Museum of Fine Arts, Boston).

hinged. Three horizontal welded tabs along each side of the
pan frame mount the window to a channel frame work
inside the display case (figure 6). Notches were cut along

the sides of the front frame to accommodate these tabs.

Interior Casework and Lighting

A Unistrut® metal channel system inside the case receives
the tabs along the verticals by means of sliding adjustable
angle brackets (figure 6). A white acrylic diffusing panel is
screwed into vertically aligned metal tabs along the inside of
the Unistrut®. The channel system inside the case is adjust-
able; however, the case door window glass opening is not. It
would need to be replaced if used with a larger-sized win-
dow panel.

In order to access the non-display side of the window and
the light strips behind it, the window can pivot along one
side using the three tab and bolt assemblies as a hinge
mechanism (figure 6). Philips eW® Cove Powercore 2800K
LED? lighting was chosen by the Design Department and
used to light all the window panels based on the warm
colour rendering and ease of use. These are dimmable low-
profile twelve-inch linear fixtures that can be connected end
to end with directional beam and housing rotation capabili-
ties. The manufacturer’s stated output for a one-foot section
containing five lamps is 1238 lux at 21.34 cm.? Light strips
are mounted horizontally onto a Marvelseal ®360 lined

MDO panel via wood screws which is hung on a separate

Fig. 6. Case interior during installation. (a) Aluminium frame; (b) tabs
on brackets; (c) LDPE; (d) Unistrut®; (e) light strips; (f) diffusing panel
(Photo: Gerri Strickler © 2012 Museum of Fine Arts, Boston).

track inside the case. The number and spacing of light strips
vary with the needs of each window.

Fibre-optic lighting, although generally considered a safer
lighting option to prevent heat build-up close to the surface
of the glass, could not be successfully designed into the dis-
play. Additionally, LED light pads that efficiently combine
lamps with a diffusing panel were not considered cost effec-
tive for these large displays. Overhead gallery lighting is

angled away from the case, giving ambient light levels as
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low as 22 lux on the face of the windows.

The John La Farge panels Infant Bacchus (figure 1) and The
Fish (figure 4) are both installed into partially recessed wall
cases. Both have fans along the top of the case that exhaust
into the wall cavity behind. However, the amount and size
of the fans correlate more with the number of lighting strips
installed than the dimensions of the case. The larger window
panel has more lamps in order to compensate for the more
opaque centre imagery than the border design. Larger fans
were therefore required to vent a greater amount of air per
minute.

The large centre case with the two La Farge windows Peonies
Blown in the Wind and Butterflies and Foliage flanking the
Tiffany window Parakeets and Gold Fish Bowl! is constructed
as one large case with three separately hinged doors, three
separate channel frames and lighting panels, and three
exhaust systems above (figure 7). Warmer air inside the case
exits through two vents at the top. Air enters into the centre
vent where it is pulled into the fan housing below, through
a micro-filter, and then pushed into aluminium tubing run-
ning along both sides of the back of the window panel. The
air then moves along the back of the window and eventually
rises to vent out the top in a forced updraft. The tempera-
ture probe above the window is connected to a thermostat
that activates the fan at temperatures above the gallery envi-
ronmental set points.

The Cottier window panels, Morning Glories, are not fully
enclosed within a case (figure 2). Fans are installed along the
top of the false wall. Light strips are dimmed due to the
larger proportion of lighter-coloured and clear glass con-
tained in these windows. The side panel of the false wall
opens to access electrical connections and to remove the

light-strip panels by means of a sliding track.

Vibration Damping

Concern over continuous or intermittent vibration, as well
as stronger isolated shocks, led to the inclusion of vibration-
damping material to the mounts. There are many sources of
constant background vibration from visitor foot traffic,
opening and closing the cases, lifts in the gallery, or even
internal case fans, to name but a few. Incidentally, two
earthquakes have occurred since the opening of the new
wing, and the concern over seismic activity is increasing.
Due to budgetary limitations and a compressed installation
schedule, load per unit area calculations on the pads were

not made for each individual window. Instead, the mounted
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Fig. 7. Case interior showing exhaust system. Parakeets and Gold Fish
Bowl. Gift of Barbara L. and Theodore B. Alfond in honour of Malcolm
Rogers (Photo: Gerri Strickler © 2012 Museum of Fine Arts, Boston).

Fig. 8. Bolt assembly through tab and bracket showing Sorbothane® with
stainless steel washers survounding top, middle, and bottom pads (Photo: Gerri
Strickler © 2012 Museum of Fine Arts, Boston).



windows were treated as a group with an average weight of
99.79 kg per frame. Using this as a conservative baseline,
the load is spread along six points of each window onto 0.64
cm thick and 6.35 ¢cm diameter doughnut-shaped
Sorbothane® pads* with an average load calculated at 16.63
kg per cm?. Pads were placed within the tab and bolt assem-
blies of mounting frames, as an assembled bushing, to buffer
vibration along metal-to-metal connections (figure 8). This
option was chosen over an earlier consideration of placing
pads under and behind the casework. A medium soft range

of 70 durometer’

was chosen. Custom shapes were cut in-
house by hand with a leather punch from commercially
available larger pads according to tab hole and bolt diame-

ters, 1.43 cm diameter and 0.635 cm diameter, respectively.

Installation and Access

A dedicated rack was fabricated in-house using galvanised
stainless-steel perforated tubular channel to hang the win-
dows by their new frames (figure 9). The windows could be
hung one at a time while cleaning or while further minor
treatment was performed. The rack was of welded and bolt-
ed construction with 20.32 cm diameter air ride or pneu-
matic wheels that gave smooth transport from the working
space into the exhibition space. The rack was fully adjust-
able, corresponding to the dimensions of each window panel.
The mobile rack and wheeled floor lamps made a versatile
system for inspecting the panels in both transmitted and
reflected light.

After all internal case work above and behind the windows
was complete, including final cleaning, the panels were
installed. Before mounting the windows into the new alu-
minium frames, the empty frames were hung into the cases
to confirm the fit and approximate placement of the angle
brackets that would bolt through the frame tabs. Some win-
dows were hand lifted into the case. A fork lift was used to
install the Infant Bacchus panel due to its size and weight, as
well as its more confined case opening, and to install the
Morning Glories panels due to the display height. The alter-
nating frame tabs allowed for fine adjustment of the angle
brackets during installation in order to centre the window
panel opening within the case door window and compensate

for sash corner angles.

Discussion and Conclusion

The exhibition of the stained-glass panels is generally con-
sidered successful and a welcome improvement to the previ-
ous light-box displays. The Goppion case design integrates
the windows into the galleries well and offers new options
for safe exhibition. The aluminium mounting frames pro-
vide appropriate rigid and lightweight support. The tab
attachments act as hinges, making total restricted access to
the space behind the artwork possible. The lighting strips
are easily re-positioned and dimmable to increase or decrease
illumination in certain areas of a window that have both
dense and light areas. This was particularly problematic for
the Parakeets and Gold Fish Bow! and Infant Bacchus panels.
Although some components of the display system are versa-
tile, the cases are truly custom fit.

As with many complex projects involving many constituents
and tasks, staff faced considerable challenges. A continued
problem during the design phase was the lack of access to
the windows. Limited available collections storage space
during construction required the windows to remain crated.
As a result, handling was not minimised and window
weights were only estimated. Additionally, it prevented a
proper lighting study for each individual window to plan
the light strip grid shape required and to further explore
other LED strips and colour temperatures.

The new galleries have a well-controlled environment in
which the stained-glass cases depend on fans for the provi-

sion of exhaust system make-up air.

Fig. 9. Rolling rack with Parakeets and Gold Fish Bowl pictured with
MFA staff. Gift of Barbara L. and Theodore B. Alfond in honour of
Malcolm Rogers (Phoro © 2012 Museum of Fine Arts, Boston).
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Although the window panels seem chemically stable, possi-
ble warm micro-environments continue to be a concern with
all enclosed electrical components. Glass should not be con-
sidered inert, and therefore stable relative humidity and
temperature is essential (Koob 2010, p. 131).

The Infant Bacchus window was the most problematic to
install and remains the most vulnerable to environmental
micro-climate problems. This window in particular would
have greatly benefited from a focused lighting study of its
own. The depth of the case is inadequate without enough
space between the light strips and the object. The situation
is made potentially worse by the concentrated amount of
lighting strips in the centre where the glass is heavily plated
and more opaque. Re-visiting LED lighting options that
might offer greater intensity but fewer lamps may reduce
the heat generated, since it is not the light itself, but the
lamp electrics, that provides the heat (Druzik and Michalski
2011; Whitaker 2005). Additionally, increasing the flow of
make-up air through the case could provide a lower internal
temperature. Data recorded with an internal case logger over
a seven month period in 2011 show the temperature to be
consistently 1-3°C warmer inside the case than the ambient
gallery temperature of 22°C. The fans are wired to operate
with the lights; however, the data also show daily relative
humidity spikes when the temperature drops 1-2°C at the
end of a day when all electronics are turned off. Discussions
are underway to allow the fans to operate separately from the
case lights so they may continue to replenish the air after
hours.

The beneficial properties of Sorbothane® are well known,
and the material has been used in other projects at the MFA.
However, like its application at other institutions (Fulton
and Rossie-Wilcox 2008), it was not previously used for case
interiors. In-house Oddy testing® gave visual results compa-
rable to those of the accompanying controls, where the cop-
per, sterling silver, and fine-silver coupons showed no dis-
cernible change, while the lead coupon darkened overall but
lacked active spot corrosion. Although this would indicate
that Sorbothane® is safe to use within cases for an extended
period of time, the test is not conclusive and the polymer
may not be a good long-term solution for the American
windows, the lead cames of which are likely to be nearly
100% lead. Unused samples of the material from the same
shipment have become soft and sticky. Available silicone
bushing alternatives are yet to be sampled and compared,
but none were chosen prior to installation.

Unlike conventional light boxes that can more easily be dis-
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mantled as a result of exhibition changes, these displays were
built to be more permanent. Objects Conservation continues
to monitor the internal case environments and ambient gal-
lery climates. The results of these inspections and data collec-
tion will provide a more solid basis for recommended changes

to better ensure stable conditions for the artwork over time.
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Materials and Suppliers

Exhibition casework, including interior components of chan-
nel, Diamant® glass, thermostat, fans Goppion S.p.A
Laboratorio museotecnico Goppion

Viale Edison 58/60, 20090 Trezzano sul Naviglio, Milan,
Ttaly

Tel. +39 02 4844971; fax +39 02 4453985
info@goppion.com

Goppion Museum Workshop, Inc.

300 Linwood Ave, Newton, MA 02460, U.S.A.
Tel. +1 617 297 2546; fax +1 617 848 2641
info@goppion.com

www.goppion.com (accessed October 2012)

Custom-fabricated aluminium frames
American Metalcraft Co.
33 Teed Dr., Randolph, MA 02368, U.S.A.

Sorbothane®, stainless steel washers, LDPE, and materials
for rolling rack, including galvanised stainless steel perforat-
ed tubing, pneumatic wheels

McMaster-Carr®

P.O. Box 5370, Princeton, NJ 08543-5370, U.S.A.

Tel. +1 609 689 3000

www.mcmaster.com (accessed August 2012)

Marvelseal 360

Talas



330 Morgan Ave, Brooklyn, NY 11211, U.S.A.
Tel. +1 212 219 0770; fax: +1 212 219 0735

www.talasonline.com (accessed March 2013)

Philips eW® Cove Powercore 2800K LED
Koninklijke Philips Electronics N.V.
www.philips.com/lighting (accessed March 2011)

Notes

1. Diamant® is a float glass with very low iron oxide content
made by Saint-Gobain-Glass. www.saint-gobain-glass.com
(accessed March 2013).

2. Categorised as LED-HB (High Brightness) and warm white,
2800 K (+375/-300), Class 2 LED product. Philips Color
Kinetics Product Literature, DAS-000002-02 RO1 12-09.

3. Readings taken with a hand-held meter by MFA staff of an
individual strip were found to be 1830 lux at 10 cm and 1184
lux at 15 ¢m from the housing.

4. Sorbothane® is a visco-elastic polyurethane-based material
marketed for its shock- and vibration-absorbing properties,
and it is used in the form of shoe insoles, ear plugs, and
mounts in machinery. It is not foam and therefore is absent of
a cell structure. According to the manufacturer, the energy
absorbed dissipates as heat. www.sorbothane.com/faq.php
(accessed October 2012).

5. Durometer is a measure of polymer hardness. Sorbothane® is
measured using the Shore 00 hardness scale for soft materials.
To see a comparison of different materials and hardness scales,
go to www.plasticsintl.com/polyhardness.htm and www.cmrub-
ber.com/pdf/durometer_latest.pdf (accessed March 2013).

6. Two separate tests were performed during the months of
March 2009 and January 2013.
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Abstract

This paper is concerned with the re-installation of monumental stained-glass windows in an indoor architectural
setting and how the ethical approach to this problem has developed in the Low Countries (the Netherlands and
Belgium) in recent decades. Finding a suitable new place for monumental windows is often difficult. Prior to the
decision to re-install, it is necessary to carry out vesearch into a number of aspects, art-historical and cultural as well
as practical, in ovder to inform the decision-making process. Collaboration between the various parties concerned with
a re-installation is crucial. A new home for a glass window will never be as appropriate as the original location and

concessions will have to be made. However, it is always (or almost always) to be preferved to a situation in which the

window is left in storage, without the possibility for public access and display.

Introduction

Issues of re-use are relevant to all manner of architectural
fragments and monumental mural art that have become
movable. The Cultural Heritage Agency (Rijksdienst voor
het Cultureel Erfgoed, RCE) is responsible for about three
hundred stained-glass windows and desires them to be dis-
played.

The paper describes the re-installation of a stained-glass
window in an indoor architectural setting, as opposed to a
museum setting. Two other cases of indoor re-installations of
glass windows have been added to broaden the perspective
and allow for some degree of generalisation on the situation
in the Low Countries.

To the author’s knowledge, there is no appropriate literature
available describing the approach to re-installation of
stained-glass windows. In any case, there is no written ma-
terial about similar cases published in the Low Countries.
The aim of this paper is to encourage a broader discussion of
these practices by describing some of the obstacles and

restrictions encountered in the cases described below.

A Brief History of Re-installations

Re-installing glass windows is not specific to our times. Ever
since glass windows were introduced in architectural history,
long-lasting re-use of glass panels has taken place as a result
of wars, demolition, and political regime changes. An exam-
ple of the latter is the 1783 edict that Joseph II of Austria,
sovereign of the Southern Netherlands, issued to abolish con-
templative monastic orders. He considered these to be of no
use to either religion or society.! As a consequence, certain
cloisters were demolished, but the windows were taken out
and re-used elsewhere. Many of them ended up in Great
Britain, in castles, stately homes, and churches (figure 1).
More often than not these re-installations were carried out
with respect for the original piece. Decorative, often small,
panels were made to fit by adding strips of glass that were
transparent or had a pattern.

From the eighteenth, nineteenth, and the first part of the
twentieth century, there are examples of re-installations
within the tradition of Neo-Historic architecture and of the
willingness of architects to integrate old elements into a new

context.
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Fig. 1. Church of St Mary, relocation of 17th century Flemish panels Addington (Buckinghamshire, U.K.) (Photo: Kees Berserik).
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However, in the 1960s, the situation changed with the
arrival of a new school of architects. The new so-called
‘archistars’ (architect stars) did not tolerate old architectural
elements, as they interfered with their designs. They empha-
sised their own creations and preferred to use the space
available to make something totally new rather than to inte-
grate elements from buildings that had stood there before.
In the past twenty years ot so, there have been new develop-
ments in the approach to this issue in the Netherlands. A
number of monumental buildings have been rebuilt, reno-
vated, or extended. Changes of ownership or function can
constitute a threat to buildings and the integrated architec-
tural art. In this case, a number of the works of art have dis-
appeared with (part of) the buildings; however, in some cases
they have been saved and have become available as ‘mov-
ables’ for re-use.

The authorities in the Netherlands responsible for these
windows are looking at ways to make the best of a bad situ-
ation and use these historical elements optimally in order to

give them a new lease of life.

Fig. 2. PTT window ‘Mail traffic in the Middle Ages’ Pieter Hofman
(1885-1965), 1958 Den Haag (the Netherlands) (Photo: RCE).

The Hofman Window

A stairwell window from the RCE collection designed by
Pieter Hofman (1885—1965) found ‘a new home’ when the
former PTT (Post Telegraph Telephone) building, now
Nuffic building,? at Kortenaerkade 11 in The Hague was
renovated (figures 2 and 3). The present owner is the
Netherlands organisation for international cooperation in
higher education (Nuffic). The relocation was triggered by a
personal contact between the works coordinator and the
RCE curator.

Initially, there was no exact information about the origin of
the Hofman window. Research established that the window
came from a stairwell in a wing that had been added to the
PTT complex in the 1950s. The window was fabricated in
1958 by Glass Studio De Lint in Delft (Dam 1996, pp.
555-557).

The original window element had taken up some ninety
square metres in total, within an extensive wall that proba-

bly was not straight but slightly curved.

Fig. 3. PTT window “Iraffic through the ether’ Pieter Hofman (1885—
1965), 1958, Den Haag (the Netherlands) (Photo: RCE).
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This elongated wall was composed of rectangular clear glass
panels, partly matted with grisaille. Two ‘floating’ figurative
images, the one above the other, had been added. These were
composed of pieces of coloured glass with lines and details
in grisaille. Leadlines are used to create the contours of the
figures and cross the rectangular lattice of the lead net.
Against a background of roughly stippled and highlighted
shading paint, powerful lines have been drawn of faces,
hands, animals, clothing, jewellery, and folds. This grisaille
has been applied with splendid effects of depth, relief, and
fabric. Hofman’s background as a draughtsman is evident
from his handling of the grisaille details, and he was obvi-
ously well acquainted with the technique. He did not use
grisaille in order to remove transparency, but to subtly vary
light and colour, making expressive use of his skills as an
illustrator. Below the images, Hofman inscribed the titles
beautifully, alternately leaving the letters open in the gri-
saille and filling them in. The inscriptions express postal
and telecommunication themes: Mai/ traffic in the Middle
Ages and Traffic through the ether (see figures 2 and 3).

At the time it was common practice to depict the function
and the use of a building, in this case ‘messages between peo-
ple’. The mission of Nuffic, the current owner of the building,
fits in well with the subject of the windows.

Even though the thematical match was excellent, the size of
the window was not. It did not fit in with the architecture of
the building that was being renovated. Relocation at the orig-
inal spot was not possible, as the extension in which the win-
dow was placed in 1958 had been demolished in the 1980s.

Finding a Place

The current stairwell in the building at Kortenaerkade 11 is
composed entirely of square glass bricks, unfit to accommo-
date stained-glass windows. Therefore, two new walls were
introduced, close to the entrance. The window with the
theme ‘Mail traffic in the Middle Ages’ (figure 2) was alloted a
space in the hall, where a conference room on the left side
could be fitted with glass walls. ‘Traffic through the ether’
went to the right side of the entrance as part of a glass wall
separating the hall from the reception (figure 3). Attention
had to be paid to the dimensions. In the original situation,
the stairwell had been fitted with a several-metres-high wall
of transparent glass panels in which the two groups of fig-
ures were situated at the level of the first and second floors.
In the new situation, the transparent glass panels on both

sides had to be omitted, and the two groups of figures have
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to be seen as separate units. That resulted in the loss of the
original spatial experience, since the figures were originally
accessible from both upstairs and downstairs: in the new
setting, there is much less room for the images.

The decision to change the function of the windows was pre-
ceded by art-historical research into Hofman’s works. It
turned out that Hofman used the layout of a figurative
image within a blank field in the stairwells of several offices
and government buildings in The Hague® (Nieuwe
Haagsche Courant 1958; Haagsche Courant 1958; Hoogveld
1986, pp. 254-255; Dam 1996, pp 6-19) (figure 4). The
themes that Hofman used were related to the setting of the
windows and the function of the building or the company
he made them for. Of overriding importance in the decision-
making process concerning the re-installation was the fact
that the communication theme of the windows matched so
well with the Nuffic mission. All parties agreed that mov-
ing the Hofman windows to Kortenaerkade 11 was a

second-best option.

Fig. 4. Hoge Raad window, Pieter Hofman (1885—1965), 1938, Den
Haag (the Netherlands) (Photo: RCE).



Preservation and Conservation

A conservation plan was established in close consultation
with a restorer. Since the windows would be placed inside
the building, only minimal intervention was required.
Complete re-leading was not necessary.

Restoration work on the window concentrated on cleaning
of the reverse side, which was disfigured by house paint,
cement, putty, bird droppings, and rust stains. In a number
of places, lead cames, came joints, and glass panes were bro-
ken, and there were many badly damaged corner pieces,
caused by taking the window out (see figure 5). Some glass
panes were reversed during a previous intervention or were
missing. The grisaille was in a good condition and did not
require any treatment. Cracks have been bonded (using
Araldite 2020) and retouched with coldpaint. However, in a
few instances where breakage in the glass was disturbing,
the glass was replaced and grisaille was applied to preserve
the overall image. Missing panes have been replaced and

their positions have not been marked on the glass, as the

Fig. 5. Damaged areas, PTT window (Photo: Henk van Kooy).

two groups of figures will be on view from both sides.
However, those missing panes have been well documented
on a lead-line drawing in the treatment report.

After conservation, the panels were fitted into individual
metal frames that were screwed together, made after a
design by the architect. The frames can be taken out indi-
vidually if necessary.

Since the renovation was concluded in 2010, the two parts
of the window can be viewed from both sides. On the hall
side, a glass wall has been put up with lighting so as to

facilitate the view from the other side.

A New Home

The PTT windows have found a new home. Their visibility
and the mission of Nuffic have given them a new meaning.
Their original architectural function has been honoured,
although in a different way, as their place is no longer in a
stairwell. Also, the viewing distance to the windows has
changed, as have the lighting and the way the light falls on
and through the windows. This is not ideal, but is very

functional and, in the circumstances, optimal.

Van Steenbergen Windows

In a similar way, modernist stained-glass windows by
Eduard van Steenbergen (1889—1952), one of the major
Belgian architects of the interbellum, were relocated in
Antwerp. In addition to being an architect, Van Steenbergen
also designed gardens, interiors, furniture, tapestries, and
stained glass. For the 1930 World Exhibition in Antwerp,
he designed the Sociale Werken (social affairs) stand, in
which a number of abstract windows were incorporated
(figure 6). After the exhibition, two of the windows were re-
installed in the bay of a small villa he also designed, in
Heide (Kalmthout) (figure 7). In the 1990s, they were
removed, as they were in poor condition and the owners
opted for isothermal glazing.

The contact between Dr Joo