UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Back to transparency, back to life

Investigating issues and developing treatments for conservation of transparent plastics in art
and design

Lagana, A.

Publication date
2026

Link to publication

Citation for published version (APA):

Lagana, A. (2026). Back to transparency, back to life: Investigating issues and developing
treatments for conservation of transparent plastics in art and design. [Thesis, externally
prepared, Universiteit van Amsterdam].

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:16 Sept 2026


https://handle.uba.uva.nl/personal/pure/en/publications/back-to-transparency-back-to-life(251acc49-37a3-4be7-a8cd-800365a656d3).html

. 8

 EEENNON

L LA EEEAR LR EEERLREREARRRLRTRARARARYAARARAATARANY MR AN




CHAPTER 8

Conserving transparent plastics:
Bringing research into practice through the
treatment of the poly(methyl
methacrylate) sculpture Giraffa Artificiale

This chapter is based on the following publication:

Lagana, A., Demmelbauer, M., Doutre, M., Bridarolli, A., tukomski, M., Gilli, B., Learner, T. and van Bommel, M.R.,
2026. “Conserving Transparent Plastics: Bringing Research into Practice Through the Treatment of the Poly(Methyl
Methacrylate) Sculpture Giraffa Artificiale.!” Studies in Conservation 71 (3): 279-303.
https://doi.org/10.1080/00393630.2025.2450980

Chapter Cover Image: Anna Lagana and Marco Demmelbauer repairing the broken tails of the sculpture Giraffa
Artificiale. Credit Line / Copyright Notice: (Gino Marotta, Giraffa Artificiale, 1973, poly(methyl methacrylate).
Collection Museo del Novecento, Milano. Photo: Samuele Pellecchia/prospect. Courtesy of Museo del Novecento and
Archivio Gino Marotta.
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CHAPTER 8

8.1 INTRODUCTION

Transparent plastics, such as unsaturated polyester (UP) and poly(methyl methacrylate)
(PMMA), have gained immense popularity among artists and designers for their versatility and
optical properties, making them widespread in various collections. However, in the conservation
field, these materials are notoriously challenging to conserve when scratched, chipped, cracked
or broken, due to the numerous difficulties involved in their repair and the lack of established

conservation treatments.

For example, many fillers or adhesives used to carry out repairs in conservation contain organic
liquids or produce heat during curing that can cause damage to plastics, which considerably
narrows the choice of material. Moreover, conservation materials based on synthetic polymers
often have similar solubility parameters to those of the plastics being repaired, thus making
reversibility or retreatability difficult, so their stability to aging is especially crucial. These
materials also need to produce invisible repairs, which are very difficult to achieve, as evident in

glass conservation (Davison 2003; Koob 2006).

As a result, artifacts made with transparent plastics have sometimes undergone highly invasive
treatments when damaged, such as sanding and polishing, entailing the removal of original
material. Many others are kept in storage and not exhibited, in extreme cases, are deaccessioned

from collections or re-fabricated due to the lack of knowledge on how to repair them.

Therefore, as part of this doctoral thesis, extensive research and treatment studies have been
carried out to investigate conservation materials and develop appropriate methods for
successfully repairing losses, scratches, chips, and broken parts on transparent plastics,
particularly on UP (Chapter 3 and 4) and PMMA (Chapter 5-7). The aim was to identify treatment
options to successfully repair these artifacts, preserving the physical integrity of the original

materials, and recovering their transparency.

For instance, for surface chips and scratches, as reported in Chapter 4 and 5, the studies aimed
to explore less invasive filling methods to reduce the visibility of these damages as an alternative
to sanding and polishing. As part of this research, the suitability of conservation materials was
assessed by investigating their relevant properties and performances, such as: refractive index,
chemical composition, mechanical properties, aging behavior, compatibility with the original
material, low capacity to induce undesired changes such as crazing and cracking, and potential

to recover the transparency of each damage.
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Conserving transparent plastics: Bringing research into practice

As a result of the treatment studies presented in this thesis, suitable materials and
methodologies have been identified to successfully and safely repairing both PMMA and UP (see
Chapters 3-7) (van Oosten and Lagana 2009; Lagana 2010; Lagana and van Oosten 2011; Lagana
et al. 2014; Lagana et al. 2017; Lagana et al. 2019; Lagana, Doutre, David, et al. 2021).

Additionally, practical tools for conservators, such as the PMMA Adhesive Comparison/Selection
chart (Table 2 in Chapter 7) (Lagana, Doutre, David, et al. 2021) and a Table visually summarizing
PMMA Bonding Defects (Table 7 in Chapter 6) (Lagana, David, et al. 2021; Lagana, Doutre, Groot,
et al. 2021), have been developed. The latter was created to enable conservators to easily
recognize and classify bonding defects and issues in transparent PMMA objects (Chapters 6)
(Lagana, David, et al. 2021; Lagana, Doutre, Groot, et al. 2021)as these defects and failures were
never thoroughly addressed in conservation literature, except for crazing (Sale 1993; Quye and
Williamson 1999; Shashoua 2008; Waentig 2008; Sale 2011; Preservation Of Plastic ARTefacts in

Museum Collection 2012).

Finally, to explore the applicability of these studies, the last step of this PhD was to bring all the
research findings into practice through the treatment of Giraffa Artificiale, a monumental PMMA
sculpture by the Italian artist Gino Marotta. This sculpture, owned by the Museo del Novecento,
had been in storage and not exhibited for over twenty years due to its poor condition. It was
identified as an exemplary case study because it presented all the typical challenges posed by
the conservation of transparent plastics: the PMMA was cracked, scratched, chipped, broken
(along the giraffe’s two tails and a hoof) and pieces were missing. Additional challenges to
treatment came from the monumental scale of the sculpture as well as from an unsuccessful

past restoration campaign on the broken surfaces of the hoof.

The treatment was carried out in 2023 in the laboratory of the Museum of Cultures (MUDEC) in
Milan. This chapter presents a detailed overview of this conservation project, which included:
examination and documentation of the sculpture (materials, technique and condition), materials
characterizations, preliminary tests on mock-ups prior to treatment, further evaluations of
conservation materials, cleaning with agar spray gel (used for the first time on plastic), removing
previous restorations, bonding the broken parts, repairing superficial damage (scratches and

chips), filling blind cracks, and reconstructing all missing fragments.
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CHAPTER 8

8.2  CASE STUDY: GIRAFFA ARTIFICIALE BY GINO MAROTTA

Giraffa Artificiale is part of a series of transparent colored poly(methyl methacrylate) sculptures
created by the Italian artist Gino Marotta (1935-2012) between the early sixties and the early
seventies. Giraffa Artificiale was made by Marotta in 1973 for the solo show that the artist held
at Rotonda della Besana in Milan (Figure 8.1). It was later donated to the Municipal Collections
of the city of Milan and is currently part of the Museo del Novecento’s collection. The sculpture
represents a 3-meter-tall giraffe, and is a wonderful example of how artists in those years

embraced technologies and used industrial products such as plastics for their creations.

Marotta was a pioneer in hand-made, complex, monumental sculptures and installations made
with transparent PMMA, also known as acrylic. He used this artificially made material to explore
the relationship between nature and artificiality, creating a transparent colorful “Synthetic Eden”
made of plants, animals, and even environments in which the viewer is invited to enter and

immerse themself (Marotta 1973)

Figure 8.1. Giraffa Artificiale (1973) at Rotonda della Besana (Milan) for Gino Marotta’s solo show. Collection
Museo del Novecento, Milan. Courtesy of Museo del Novecento and Archivio Gino Marotta.

8.2.1 Examination of Materials and Techniques

Giraffa Artificiale (282 x 122x 165 cm) was masterfully constructed by Marotta by sawing pieces

from cast transparent pink and colorless PMMA sheets (2 cm thick), assembling and bonding
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Conserving transparent plastics: Bringing research into practice

them with an adhesive (Figure 8.2). He used sixty-five pink pieces to realize the body structure
and two colorless trapezoidal shaped pieces between the legs to support it without modifying
the aesthetic of the giraffe. He purchased the PMMA sheets from a small Italian firm that later
became the globally famous company Guzzini which introduced PMMA into its production in
1938. Marotta often commissioned from this company the production of sheets in the colors

and thickness he desired (Lagana 2008).

Figure 8.2. Giraffa Artificiale, poly(methyl methacrylate), Collection Museo del Novecento (Milan), before the
treatment. Photos: Daniele Demonte. Courtesy of Museo del Novecento and Archivio Gino Marotta.

Along the PMMA edges, signs of a blue marker used by Marotta to define the pieces’ shape prior
to sawing as well as saw marks were observed. The shape of saw marks indicate that the pieces
were cut using two types of saws: a band saw which left marks perpendicular to the cutting line
(Figure 8.3a), and a circular saw that creates its typical parallel and curvilinear marks. The latter

was used to make straight cuts, and in some cases to finish curved cuts.

The construction of Giraffa Artificiale recalls a tent shape; both legs, front and back, are
connected and supported by the two large trapezoidal colorless PMMA panels. The legs
converge in the body which is primarily formed by two horizontal parallel rectangular pieces. On
the upper portion of those pieces, the neck and head are constructed by assembling smaller
pieces with various shapes. The right side and left side of the body were symmetrically designed
by Marotta; therefore, the giraffe is characterized by the unusual presence of two tails. The sawn
PMMA pieces were bonded with an adhesive using butt and/or lap joints. To strengthen

structural bonds (e.g. between each large colorless panel and the related back and front legs)
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Marotta drilled and inserted in the plastic transparent dowel pins, most likely also made of
PMMA. Metal C-clamps were likely used to assemble the pieces and apply pressure to the joints,
as evidenced by publications showcasing his working process (Marotta 1973) and small round
pressure marks left by the clamps on some PMMA surfaces (Figure 8.3b). Bonding was carried
out overall using a large amount of adhesive, which dripped along each joint edge and was
deliberately not removed by the artist as he considered those drips part of the piece's aesthetic
(Lagana 2008). In fact, adhesives drips are present in all Marotta’s PMMA bonded works. The
direction in which the adhesive dripped along the joints varies, indicating that some of the
bonded pieces were rotated when the adhesive cured and that the bonding process was
conducted in multiple steps (Figure 8.3c). Other signs left by Marotta on the PMMA surface are
artist's fingerprints combined with adhesive residues, traces of spread adhesive (Figure 8.3b),
and scratches and abrasions along some joints likely from sanding and polishing unwanted

residues (Figure 8.3d).

Figure 8.3. Signs of Marotta’s technique: band saw marks (a), round clamp mark and spread adhesive (b),
adhesive drips (c), scratches from sanding (d). Photos: Anna Lagana and Marco Demmelbauer. Courtesy of
Museo del Novecento and Archivio Gino Marotta.
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8.2.2 Chemical characterization of Materials

All materials were analyzed to understand their chemical composition?, the sculpture’s condition

and gain any useful information for properly approaching the conservation treatment.

To determine the chemical composition of the plastic and adhesives used, Fourier Transform
Infrared Spectroscopy (FT-IR) was used. FT-IR analysis (see Appendix D for details) confirmed that
both sculpture and adhesive used are composed of PMMA. The PMMA adhesive used by
Marotta was further investigated by gas chromatography-mass spectrometry (GC-MS) using a
thermal desorption protocol (see Appendix D for details) developed during the research on
bonding defects and issues in PMMA artifacts (see Chapter 6)(Lagana, Doutre, Groot, et al.
2021). This analysis was used to determine if any residual solvents remained that could have
impacted the PMMA condition. GC-MS analysis found that the original adhesive contained the
fast-evaporating solvent ethylene dichloride (EDC) suggesting that Marotta used one of the most
common types of bonding material for PMMA called “Polymer Solvents Cements” or “Solvent-
Polymer Cements”. This type of bonding material generally consists of a solution of PMMA (the
polymer) in solvents (e.g. chlorinated), or solution of PMMA in solvents and the monomer
methyl methacrylate, which can swell the PMMA surfaces and deposit the polymer in the joints
as solvents evaporate and migrate into the material (see Chapter 6) (Lagana, David, et al. 2021;

Lagana, Doutre, Groot, et al. 2021).
8.2.3 Examination of condition

At the start of the project, the sculpture was in poor condition and could therefore not be
exhibited. The most significant damage had occurred during a transportation in 2002 (see
section Cracks, broken parts, and losses). The circumstances of this accident were not recorded,

nor had the condition of the sculpture been documented at any point beforehand.
Deposits

Giraffa Artificiale was covered by a thick layer of dust and dirt that seemed greasy, and in some
areas by small circular deposits that seemed related to biological degradation, which all reduced
the transparency of the PMMA (Figure 8.4). In these areas, adhesive tape sampling has been
conducted to search for potential biological growth. Stereo microscope examinations of the

samples detected the presence of some fungal spores, but not in quantities or in a state

! The chemical characterization was carried out by Michael Doutre (former Assistant Scientist at the Getty
Conservation institute — GCI).
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suggesting ongoing activity2. This was to be expected, since PMMA is generally not susceptible

to biological degradation.

Figure 8.4. Details of Giraffa Artificiale showing dust, dirt (a) and small circular deposits on PMMA (b). Photos:
Anna Lagana and Marco Demmelbauer. Courtesy of Museo del Novecento and Archivio Gino Marotta.

Surface damage

Overall, various types of surface damage were observed on the PMMA, mostly scratches and
abrasions that became particularly visible after cleaning. The ones along the joints were clearly
caused by sandpaper and likely created by Marotta through his efforts to remove unwanted
adhesive residues (Figure 8.3d). Many accidental abrasions and scratches of varying depth were
also observed; many in the form of round dents mainly localized on the two colorless PMMA
sheets (Figure 8.5a). Over the years, these seemed to have been caused by contact and/or
rubbing of other objects formerly kept in between the front and back legs and were significantly
affecting the PMMA transparency. On these transparent sheets there were also areas with thin
circular scratches and abrasions causing opacity and surface irregularities that seemed to be the
results of a partial polishing procedure using abrasive papers or paste. It was not possible to
determine if those were part of the original condition or from a later intervention attempting to
remove accidental surface damage. Chips were also observed, but only the ones along the

broken elements could be considered accidental (Figure 8.5b).

2 The stereo microscope examinations and related evaluations were carried out by Enrica Matteucci (Centro
Conservazione e Restauro La Venaria Reale).
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Figure 8.5. Surface damage: accidental abrasions and scratches (a) and one of the missing chip (ca. 4 mm) along
the broken tail (b). Photos: Anna Lagana and Marco Demmelbauer. Courtesy of Museo del Novecento and
Archivio Gino Marotta.

Crazing

The PMMA pieces in the sculpture also display signs of crazing. Crazes, which are narrow zones
of plastically deformed and voided material bridged by fine polymeric fibrils, were observed as
fine silvery/white lines in approximately 15-20% of the total surface area, especially near bonded
and sanded joints and coinciding with adhesive residues, but also in other areas (Figure 8.6).
Crazing can result from stress alone, or from stress combined with exposure to specific fluids
(e.g. solvents, monomers, catalysts contained in bonding materials) able to plasticize the PMMA
and release stresses through craze formation. Crazing can occur immediately or over time.
Stresses can be introduced to PMMA during molding or extrusion, machining and finishing
(sawing, drilling, sanding, polishing) or through excessive pressure applied during bonding (e.g.
by jig or clamps) (Rohm & Haas Company 1976; Altuglas International 2006; Evonik Industries
2019; Quinn-Plastics Ante 2013). Type and amount of stress, the chemical composition and
concentration of the absorbed fluids, and how long the plastic is exposed to them can all
contribute to crazing formation (Warburton and Russell 1949; Wright 1996). Crazing is known
to occur frequently in bonds (Sale 1993; Shashoua 2008; Comiotto and Egger 2009). Because
low molecular weight fluids (e.g. solvent and monomer residues) can remain in cured joints over
long period of time, time-delayed crazing can also occur as shown in Chapters 6 (Lagana, David,

et al. 2021; Lagana, Doutre, Groot, et al. 2021).

In Giraffa Artificiale, crazing may have resulted from stresses in the PMMA combined with

exposure and absorption of fluids like ethylene dichloride (EDC) or methyl methacrylate
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monomer contained in the adhesive used by Marotta (see Appendix D) (Lagana, Doutre, Groot,
et al. 2021), as well as inappropriate cleaning agents or solvents used in polishing. Prolonged
moisture fluctuations in the non-climate-controlled environment could also have exacerbated
this (van Oosten 2002). While crazing on this object is currently visible only from certain angles
and lighting, this condition may continue to worsen over time as proved by the research reported

in Chapter 6 (Lagana, David, et al. 2021; Lagana, Doutre, Groot, et al. 2021).

Figure 8.6. Crazing in PMMA developing from bonded (a) and sanded joints (b). Photos: Anna Lagana and Marco
Demmelbauer. Courtesy of Museo del Novecento and Archivio Gino Marotta.

Cracks, broken parts, and losses

An impact that occurred during its transport in 2002 resulted in the break of the left back hoof
and both tails (Figures 8.7), the loss of several fragments along those broken parts (Figure 8.8a),
and the formation of two large cracks in the transparent sheets (Figure 8.8b). The broken
surfaces of the hoof were covered by an adhesive (Figure 8.7e) used in an unsuccessful repair
attempt that was not documented. This restoration adhesive was identified during this project
by FT-IR3 as an acrylic dispersion composed of butyl acrylate-methyl methacrylate (see Appendix

D).

3Initial FT-IR analysis of the restoration adhesive was conducted by Anna Piccirillo (Coordinator of the Scientific
Laboratories at the Centro Conservazione e Restauro La Venaria Reale), and further FT-IR analyses, reported in
Appendix D, were carried out by Michael Doutre (former Assistant Scientist at the Getty Conservation Institute — GCI).
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Figure 8.7. Details of the broken tails (a ,c, d) and back hoof (b, e). The circle indicates the restoration adhesive
covering the broken hoof. Photos: Daniele Demonte (a, b, ¢, d) and Marco Demmelbauer (e). Courtesy of Museo
del Novecento and Archivio Gino Marotta.

Figure 8.8. Some of the losses along the broken tails (a) and one of the blind cracks measuring ca. 5 cm (b). Photos:
Anna Lagana and Marco Demmelbauer. Courtesy of Museo del Novecento and Archivio Gino Marotta.

PMMA defects

In several areas of both colorless and pink PMMA defects caused during the manufacture of the
plastic sheets were observed. These defects, visible as ripples (Figure 8.9), resulted from the

flow of molten acrylic that may have occurred during the polymerization and casting stages due
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to overheating®. These sheets were probably discarded by the manufacturer but embraced by
Marotta, as for other artists such as Moholy-Nagy, for the unique beauty of their imperfections

(Barten, Penichon, and Stringari 2016). As such, these defects are an intrinsic part of the artwork.

Figure 8.9. PMMA defects: ripples from molten acrylic flow caused by overheating during manufacture of the cast
sheets. Photo: Anna Lagana. Courtesy of Museo del Novecento and Archivio Gino Marotta.

Bonding defects and adhesive condition

The PMMA bonds show various defects, some intended while others are due to aging and/or
may be caused by the bonding material used. These defects and their causes were identified
using the PMMA Bonding Defects Atlas (see Table 7 in Chapter 6) created to summarize the
results of the extensive research conducted on bonding defects and failures in transparent
PMMA objects and presented in Chapter 6 (Lagana, David, et al. 2021; Lagana, Doutre, Groot, et
al. 2021). The main defects observed® on the PMMA bonds in Giraffa Artificiale were dry spots,
bubbles, haziness and crazing. Dry spots, which consist of areas with lack of adhesive, were
detected in many of the bonds (Figure 8.10 a). These non-homogeneous areas in the adhesive

spreading were likely caused by excessive pressure of the clamps used during the making

4 Information provided by Paulo Marques, production manager of Eiso Bergsma BV, the Netherlands and Thea Van
Oosten, independent conservation scientist, the Netherlands. More information on the casting process and related
imperfections is reported in section 2.2.1.1 of Chapter 2.

5 The bonds and related defects were examined visually and with magnification using a USB digital microscope (Dino-
Lite Edge Digital Microscope SMP AM7115 Series) as well attachable phone lens (Moment 25mm M-series Macro
lens).
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process. Bubbles were observed in all joints, and some were created on purpose by Marotta
(Lagana 2008). Two main shapes of bubbles were observed: rounded ones that could have been
caused by entrapped air or by evaporation of solvents or the monomer contained in the
“Polymer Solvent” adhesive used, and finger-like branched ones caused by air infiltration and
fingering instability (Figure 8.10 b, c). Haziness was detected in various forms too. Haziness in
the form of white patches/areas (Figure 8.10 d) was shown to be caused in this sculpture by
“solvent blushing” which is due to the condensation of water as a consequence of the fast
evaporation of EDC in the adhesive as discussed in Chapter 6 (Lagana, David, et al. 2021; Lagana,
Doutre, Groot, et al. 2021). The other type of haziness observed was in the form of a white cloud-
like pattern which under magnification was proven (see Chapter 6) to be a tridimensional cluster
of micro-crazes caused by the release over time of internal/external stresses due to exposure to
certain fluids (here EDC and/or MMA monomer contained in the adhesive). This white cloud-like
pattern, which is a form of crazing, was observed within the PMMA bonds (Figure 8.10 e) but
also within the thick drips of PMMA adhesives around the joints (Figure 8.10 f, g). Crazing in the
form of fine silvery/white lines, as already mentioned, was also observed in the bonding
interface (Figure 8.10 h), along bonding lines (Figure 8.6) and in thick adhesive drips (Figure 8.10
f).

Figure 8.10. Macro photographs of the PMMA bonding defects observed: dry spot (a), rounded bubbles (b), finger-
like/branched bubbles (c), hazy white patches/areas (d), hazy cloud-like structures consisting of clusters of micro-
crazes within both bonds (e) and adhesive drips (f, g), crazing (f, h). *(g) is a digital micrograph (69.4x) of one of the
adhesive drips (f) showing the hazy cloud-like structure within the adhesive drip. Photos and digital micrograph:
Anna Lagana. Courtesy of Museo del Novecento and Archivio Gino Marotta.
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8.2.4 Photoelastic Stress analysis

To visualize stresses that may have been induced in the PMMA by the transportation accident
that occurred in 2002, the broken tails and hoof were placed between two crossed polarized
film sheets and viewed with transmitted light. When polarized light passes through stressed
areas in transparent materials, fringe patterns appear, providing information about the
distribution and concentration of stresses (Hearn et al. 1997). The concentration of stress is
indicated by clustered dark and bright fringes (Ramesh 2021). Stresses induced by sawing were
detected (Figure 8.11 a), as well as stresses caused by the impact that damaged the tails and
hoof (Figure 8.11 b). This type of examination can also distinguish cast from extruded PMMA

(Lagana et al. 2021c) and confirmed that Marotta used cast in this sculpture.

Figure 8.11. Stresses observed on the tails induced in PMMA at the tip by sawing (a) and along the broken edge
by the impact (b). Photos: Marco Demmelbauer. Courtesy of Museo del Novecento and Archivio Gino Marotta.

8.3 THE CONSERVATION TREATMENT OF GIRAFFA ARTIFICIALE: BRINGING
RESEARCH INTO PRACTICE.

Prior to the treatment, preliminary tests on mock-ups closely simulating the most challenging
issues observed in the sculpture as well as further analytical evaluations of conservation
materials were carried out. These preliminary steps were crucial in optimizing the treatment
methods, selecting the most appropriate conservation material to repair each type of damage
within those identified as suitable in this PhD research, and finally determining the best

treatment strategies to adopt for this artwork.

To illustrate step by step the process of bringing research into practice and decision-making, the
following sections present each phase of the treatment preceded by its preliminary phase
and/or materials and methods selection (see Appendix B for information on all materials and

suppliers).
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8.3.1 Cleaning
8.3.1.1 Selection of cleaning materials and agents

The first challenge faced was to identify suitable materials and methods to remove the thick
layer of dust and fixed particles from the PMMA surface of the giraffe, considering the following

aspects:

° PMMA'’s high vulnerability to scratching and its sensitivity to most organic solvents. Only
water and aliphatic hydrocarbons with low aromatic content are considered safe to use on

PMMA (Sale 1993; Lagana, Doutre, David, et al. 2021; Kavda, Golfomitsou, and Richardson

2023).
° The extensive surface area to be cleaned due to sculpture’s dimensions.
° The sculpture's complex shape and construction (consisting of sixty-seven bonded

pieces, each with multiple faces to be cleaned)

For the removal of dust and loose particles, materials proven to be the safest on PMMA by
previous cleaning studies (Balcar et al. 2012) were selected. Specifically, compressed air, feather
dusters, and vacuum cleaner in combination with a sable hair brush were chosen. This research
also showed that aqueous cleaning agents were both the safest and an efficient option for
removing fixed particles and oily soils from PMMA. Additionally, these studies recommended

minimizing rubbing during cleaning to reduce the risk of scratches.

The use of an agueous method that could be efficient, easy, and practical to use on large
surfaces, while also being capable of reducing mechanical action was therefore explored to
reduce the risk of scratching during treatment. Tests were made with a novel spray application
of water-based agar gels, recently developed specifically for the treatment of large and delicate
surfaces (Giordano, Caruso, and Lazzara 2022). This technique involves spraying liquid agar gel
onto the surface to be cleaned, which captures the dirt as it solidifies and can be then gently

peeled off without any rubbing
8.3.1.2 Preliminary tests

In Kadva's research (Kavda, Golfomitsou, and Richardson 2017), rigid agar gel showed to be safe
to use on PMMA. Therefore, the tests for this treatment focused on evaluating the efficacy and
suitability of agar in its spray form, as we were not aware of any application of this method to

plastic.
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The feasibility of using this technique on PMMA was initially explored with Giordano, following
her procedure (Giordano and Cremonesi 2019; Giordano, Caruso, and Lazzara 2022) via the
application of agar gel with a spray gun (see Appendix B for details on materials and suppliers)
on samples cut from clear PMMA sheet, as well as on an aged, soiled clear PMMA object that
served as mock-up. This method effectively removed fixed soil from the object. Tests showed
that agar gel in its spray form has good adhesion to PMMA and can be easily removed when the

gel layer is thick and homogeneous.

Mastering this technique is crucial for a successful treatment and requires practice to gain
sufficient experience. Therefore, to determine the optimal layer thickness for easy removal, and
establish the correct spraying distance, further tests were conducted on a large clear PMMA
panel prior to treatment. Cleaning tests were also performed on the giraffe to evaluate the gel's
efficacy in removing the fixed soil using only demineralized water (DW) or the gel with chelating
agents and surfactants. The latter have also proved to be effective and safe in removing soil from
PMMA (Balcar et al. 2012). Cleaning tests with DW, 1.5% tri-ammonium citrate in DW, and 1%
ORVUS Paste in DW were compared. All results obtained were comparable; thus, it was decided
to use the agar gel only in DW. Further tests were carried out to evaluate the chemical resistance
of the blue marker used by Marotta, still present in some areas. These tests confirmed that DW

did not affect the marker's traces and that could be safely used on these areas as well.
8.3.1.3 Cleaning treatment

Most of the debris was gently removed with a sable hair brush and a backpack vacuum cleaner.
Additionally, a feather duster was used to reach the highest part of the sculpture, while an air

blower gun was employed to eliminate deposits from crevices.

Prior to removing the thick layer of fixed particles by spraying agar gel, the sculpture was divided
into sections and the order in which these sections should be cleaned was determined. The size
of each section was determined during the tests considering the capacity of the spray gun
(approx. 1.3 L of agar)® and ensuring that each section could receive a layer of gel adequately
thick (>=1.5mm) for easy removal. During this section-by-section treatment, areas that were not
supposed to be cleaned were protected with a series of custom-made masks and fixed with
masking tape which did not leave any residues during this brief contact. Masks were made using

pieces of the non-woven textile Tyvek® and shaped thin foam panels.

6 With 1 liter of agar, it is possible to cover an area of 5000 cm? (approximately 70 x 70 cm at 1.5 mm thickness).
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Finally, Agar Art® at 3% (w/v) in demineralized water was prepared and sprayed following, step-
by-step, the procedure developed in Giordano’s studies. In summary, the prepared gel was
boiled twice in a microwave, cooled until it reached a temperature of approximately 60°C and
then the liquid gel was transferred in the spray gun. This temperature was selected according to
these studies and suggested based on the temperature (T) of the working environment. It
ensured that the gel did not solidify inside the cup of the gun and that, when sprayed from a
distance of approximately 30 cm, it exited the gun at 35°C reaching the surface to be cleaned at
a safe temperature of 22 +/- 1°C (Giordano and Cremonesi 2019; Giordano, Caruso, and Lazzara

2022).

The spray gel was applied section by section (Figure 8.12 a), always ensuring an even film
thickness was created and verifying the temperature at the surface using an infrared
thermometer. To facilitate gel removal, the edges of each section were reinforced by re-spraying
along the perimeter of the treated area. Gel removal took place a few minutes after application
by gently peeling along each section's perimeter with a silicone spatula, then rolling the gel off
onto itself (Figure 8.12 b). The gel successfully removed the dirt from the PMMA surfaces. The

cleaned surface was then dried by gently tapping with a soft white spectacle cloth.

W

Figure 8.12. The application of agar spray gel (a), and easily peeling and rolling off the gel (b). Photos: Samuele
Pellecchia/prospect. Courtesy of Museo del Novecento and Archivio Gino Marotta.

Finally, in the corners or in the gaps and intersections between the assembled PMMA pieces,
the cleaning was refined with handmade swabs (wrapped spectacle cloth or cotton wool on
bamboo skewers or insect pins), and with an Agar stick prepared by pouring 3% agar solution
into a syringe. The syringe tip was cut, and the stick was used like a 'push-pull eraser’. The areas

of PMMA and adhesive drips affected by crazing were protected with masks during the whole
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gel cleaning process, and then gently cleaned by dabbing with a moistened soft spectacle cloth,

followed by a dry cloth.
8.3.1.4 Removing restoration adhesive

The cleaning process included removing the acrylic dispersion adhesive applied during a
previous treatment attempt on the broken hoof surfaces, which was also partially covering the
adhesive applied by Marotta to attach the legs on the colorless panel. The restoration adhesive
had a rubbery consistency, different from the original adhesive, and wasn’t strongly adhered to
the PMMA. Solvents to remove this adhesive would have dissolved the PMMA and the original
adhesive. Therefore, cotton wool poultices, soaked in DW, were used to swell the restoration
adhesive. The softened adhesive could be easily removed with gentle mechanical action using a
spatula and dental probes. UV light was used to confirm the complete removal of the restoration
adhesive. After the removal of the restoration adhesive from the broken surface, the hoof was

also cleaned using the spray agar gel as described in section 8.3.1.3

The cleaning treatment of the sculpture was overall respectful of the original surfaces, and the
spray gel agar proved to be suitable, easy to use, gentle, and effective. The PMMA transparency,

which was hard to perceive, was successfully revealed. (Figure 8.13).

lc

Figure 8.13. Details before (a) and after cleaning (b). The sculpture after cleaning, with its transparency revealed
(c). Photos: Anna Lagana and Marco Demmelbauer. Courtesy of Museo del Novecento and Archivio Gino Marotta.
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8.3.2 Bonding broken parts
8.3.2.1 Selection of Adhesive

The choice of adhesive to repair the broken hoof and two tails was informed by the study on

potential adhesives for repairing PMMA presented in Chapter 7.

During this, thirteen adhesive systems were assessed for their optical and mechanical
properties, aging behavior, and potential to induce stress crazing or cracking in PMMA. Of these,
six adhesives met all evaluation criteria and were therefore considered suitable for successfully
repairing PMMA. These included water-based adhesives, solvent-based adhesives, and two-
component adhesives. They all demonstrated stability to light aging, appropriate optical
properties, visually acceptable bonds, low shrinkage upon curing (<1%), suitable working and
curing time, and were non-harmful to PMMA (for more details see Chapter 7) (Lagana, Doutre,

David, et al. 2021).

In addition, each adhesive exhibited distinct properties and performances that could be
leveraged to meet specific bonding requirements. An Adhesive Comparison/Selection Chart was
also created (Table 2 in Chapter 7) (Lagana, Doutre, David, et al. 2021) - here reported as Table
1 - to assist conservators in selecting the most appropriate adhesive, based on the bonding
requirements of the broken PMMA objects to be repaired. This chart, summarizing the
adhesives’ main properties and bond performances, guided the selection of adhesive for

repairing the broken parts of Giraffa Artificiale.
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Table 1. Adhesive Comparison / Selection chart for bonding PMMA (see Chapter 7).

Aquazol® | Paraloid™ B-| Paraloid™ | Plexisol® P550- | Plexigum® PQ611 | HXTAL NYL-1
500 67 F-10 40
+ +
Paraloid™ Paraloid®
B-67 (1:1) B-67 (1:1)
. . . . . . . . Two
Type Peox Acrylic resin | Acrylic resins | Acrylic resins Acrylic resins component
andyfatio 40% 40% 40% 40% 40% e oxp resin
ind. water | insolvent* | insolvent * in solvent * in solvent * P (3y.1)
Light
Color (product) Clear Clear Clear Clear Clear
yellow
Color (bond film) | Colorless Colorless Colorless Colorless Colorless Colorless
Viscosity cP
(datasheet) i i i i i 200-300
Viscosity
(based on High Medium Medium Medium Medium Low
Viscosity Viscosity Viscosity Viscosity Viscosity Viscosity
observations)
. 20 (F-10)/ | 25 (P550-40) /
Tg (°C) 55 50 50 (B-67) 50 (B-67) ca. 32
RI
(Becke line test) 1.516 1.486 1.486 1.487 1.483 1.516
k%
Appearance Good Very Very Very Very Very
of bond good good good good good
Possible defects Bubbles Bubbles Bubbles Bubbles Bubbles -
Bond type Non Non Non Non Non Structural
structural | structural structural structural structural
Bond st_re.ngth Low Medium Medium Medium Medium High
(butt-joint)
Bond s_trc.ength Low Medium Medium Medium Medium Medium
(lap-joint)
Reversibility In water | Insolvent* | Insolvent * In solvent * In solvent * Mechanical

* (CAS 64742-49-0) - White Spirit 100-140°C aromatics free (<0.1%) or EMPLURA® Petroleum benzine boiling range 100-140°C
aromatic content <0.05% . ** The Becke line test accuracy is + 0.001.
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Based on the examination of the damage when using the selection chart, we looked for the

following properties and bond performances:

e Optical clarity and colorlessness, with a refractive index (RI) closely matching the one of
PMMA (in this sculpture approximately Rl 1.492)7 to obtain less visible joints. The closer
the match between the Rl of the adhesive and that of the PMMA, the more invisible the
repair will be as discussed in Chapter 7.

e Low viscosity to be able to wet all the irregularities easily and evenly on the broken
surfaces considering that both the hoof and one of the tails showed very jagged fracture
surfaces.

e The tendency not to form air bubbles, as they could be trapped in the irregularities of
the broken surfaces.

e Long working and curing time to allow an optimal alignment of the broken parts.

e Ability to provide structural bonds with high strength, particularly for butt joints.

o Preferably reversible.

The two-components epoxy resin HXTAL NYL-1 was selected as it met all these criteria. Despite
this adhesive being only mechanically reversible, its high butt joint bond strength was considered
a critical bonding requirement, particularly since the hoof, bearing significant weight for the
entire sculpture, required repair. In addition, the adhesive had also to be capable of holding the
two tails (left: 52 x 8.5 x 2.0 cm, 387 g; right: 51.3 x 8.5 x 2.0 cm, 350 g), which were originally
suspended in an oblique position (angled approximately 12-15° relative to vertical), through the
performance of butt joints with limited bonding surface and imperfect assembly due to missing

fragments.
8.3.2.2 Mechanical testing

Research on different epoxies in wet conditions has shown that moisture exposure can impact
their mechanical performance (Feng et al. 2005). Therefore, to ensure the adequate strength of
bonds performed with HXTAL® under potential uncontrolled environmental conditions during

future storage, the physical and mechanical properties of this epoxy were further analyzed using

7 The RI of the sculpture was measured using the Becke line test. The test accuracy is + 0.001.
8 For ease of reading, HXTAL NYL-1 is also referred to as HXTAL in the text.
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Dynamic Mechanical Analysis (DMA)® and tensile testing (see Appendix D for details). DMA was
utilized to characterize the glass transition temperatures (Tg) of HXTAL in both dry and moist
conditions to observe any potential plasticizing effect that water could cause. Cast films of HXTAL
were tested under tension at 20% and 80% relative humidity (RH). The peaks in loss modulus,
detected with DMA indicating the Tg, were 49.6°C at 20% RH and 43.3°C at 80% RH (Figure 8.14

a) proving that high humidity has an impact on HXTAL's Tg.

To evaluate how this change in Tg would impact HXTAL's mechanical strength at high RH, tensile
testing was conducted at 70-75% RH (highest value that could be reached) using a universal
testing machine (see Appendix D for details). A yield strength of 0.9MPa and a maximum stress
of 2.3 MPa were measured (Figure 8.14 b) corresponding respectively to loads of 630 N (64 kg)
and 1610 N (171 kg), when applied to the butt joint surface area of Giraffa Artificiale’s broken
tails (~7 cm2). Therefore, as each tail weighs approximately 0.35 kg, the results indicate that the
adhesive would not fail even at high RH, as it can withstand loads approximately 200 to 500
times greater than those occurring in the repaired sculpture. Additionally, the extremely slow
diffusion rate of water in epoxy suggests that only prolonged exposure to high RH would
significantly affect overall bond strength (Vanlandingham, Eduljee, and Gillespie 1999; Jansen et
al. 2020).

These findings confirmed that HXTAL would provide the desired bond strength under any

humidity conditions that Giraffa might be exposed to in the future.
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Figure 8.14. Peaks in loss modulus, indicating the Tg of HXTAL NYL-1 at 20% and 80% RH (a-left).
Representative tensile curve obtained for HXTAL NYL-1 at 21°C and 70-75%RH (b-right).

9 Dynamic Mechanical Analysis (DMA), tensile testing and data interpretation were carried out by Alexandra Bridarolli
(former Assistant Scientist at the Getty Conservation Institute — GCI) with supervision of Michal Lukomski (Senior
Scientist at the GCl).
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8.3.2.3 Preliminary tests and bonding treatment

The bonds that needed to be performed were complex due to the shape of the breaks, their
undercuts, surface irregularities, thickness, position and orientation. Therefore, tests were
conducted to assess the difficulties that would be faced during the bonding process and define

the best way to bond the broken pieces.
Hoof

The repair of the broken hoof posed a challenge due to the need for its simultaneous re-
adhesion in two areas with different fracture surfaces and inclinations. One area featured an
oblique and irregular fracture surface, corresponding to the upper portion connecting with the
leg where the breakage occurred. The other broken area comprised a smooth vertical and lateral
surface where the hoof was originally attached to the clear sheet supporting the sculpture on

the back (Figure 8.15).

Based on the research carried out and presented in Chapter 7, HXTAL was suitable for bonding
these fractures, as its low viscosity allows for adequate wetting of jagged surfaces, improving
the visual appearance of the bonds. However, in the smooth lateral break where the surface was
previously bonded to the colorless panel, the bonding process was hindered by the uneven
distribution of the original adhesive in that area and the consequent presence of a vertical gap

of about 1 mm between the two elements to be assembled (Figure 8.15).

301



CHAPTER 8

Figure 8.15. Details showing the two different fracture surfaces and bonding inclinations of the broken hoof, and
the uneven distribution of the original adhesive. Photos: Anna Lagana and Marco Demmelbauer. Courtesy of
Museo del Novecento and Archivio Gino Marotta.

Considering that HXTAL has low viscosity and long curing time°, all of this could have caused

adhesive dripping in the smooth lateral break during bonding.

Therefore, to address this challenge, the possibility of applying a more viscous HXTAL in this area
was explored. This would prevent dripping of the adhesive when placed vertically, effectively fill
the gaps left by the original adhesive, and potentially act as a barrier for subsequent application

of the low viscosity HXTAL on the upper fracture, which could also drip.

To achieve the desired viscosity for HXTAL, portions of the adhesive were partially cured for
varying hours (15-20h) and then poured onto clear plastic sheets. These sheets were then hung
vertically for 24 hours. Results indicated that at a lab temperature of ca. 20°C, after 15 to 20
hours of preparation, HXTAL still maintained suitability for a bubble-free application, exhibited

good adhesive properties, and experienced only minimal dripping when placed vertically.

Based on these findings, the bonding process for the hoof was ultimately carried out using the

following stages.

10|t reaches 90% bond cure in 7 days at room temperature (roughly 242C, 759F). (Kremer Pigmente n.d).
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Initially, the hoof was placed horizontally on an Ethafoam® shaped support covered by Tyvek
with its flat surface to bond facing upwards. The areas around the joints were protected with a
thin layer of petroleum jelly to allow adhesive residues to be easily peeled off from the PMMA
surface once set. A layer of HXTAL cured for approximately 18 hours was poured on the flat
surface and left to settle for a few minutes to achieve a smooth and even layer of adhesive. Then,
the hoof was brought near the fracture to be joined and repositioned vertically. A freshly
prepared low viscosity HXTAL was applied with a brush onto the upper jagged fracture of the
hoof and its correspondent broken surface on the leg. Based on research, it is preferable to use
an ample amount of adhesive so that air does not easily penetrate along the bond. Finally, the
hoof was joined along the two fracture points, and pressure was manually applied to spread the
adhesive and push out any air bubbles formed internally in the irregularities of the broken

surface.

Once the parts were joined with HXTAL, transparency was immediately restored in the oblique
and irregular upper fracture surface, aligning with the research results. However, upon
examination from certain angles, some vertical lines related to the damage remained visible in
the joint. This was unexpected, and the cause was unclear, but the most plausible explanation
was that the adhesive failed to reach and cover these areas, suggesting the presence of air in

the joint along these lines.

Since no air pockets were visible, it was crucial to understand why transparency was not restored
in these areas. Therefore, the bond was disassembled for further investigation. Close
observation confirmed that the adhesive was evenly spread, covering all irregularities of the
jagged surface, and suggested that those areas could have resulted from a radial array of deep
blind microcracks running perpendicular to the facture surface, likely created by the impact
during the accident. Blind cracks are characterized by the absence of a visible opening, and form
plastic/air/plastic interfaces, which create planes for light reflection. Generally, in transparent
colorless plastics and glass, these cracks appear as silver areas. However, in this case, these
interfaces were whitish and barely noticeable, possibly due to their size, the thickness of the

hoof, and its pink coloration.

The research has shown that blind cracks in transparent plastics, such as UP, can be effectively
repaired using a low-viscosity epoxy resin with a refractive index closely matching that of the
plastic. The epoxy can be applied with a small fine tipped tool - such a stainless-steel insect pin
or needle - along the crack line, and it gradually penetrates the crack through capillary action

(see Figures 3.15 and 3.18 in Chapter 3). Building on the results obtained with UP, a test was
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carried out on a cracked PMMA bracelet, used as a mock-up, by applying the low-viscosity epoxy
resin HXTAL, which has a refractive index closely matching that of PMMA. The epoxy resin easily
flowed inside the blind cracks successfully recovering the PMMA transparency (Figure 8.16)

(Lagana and van Oosten 2011).

Figure 8.16. Blind cracks in the transparent PMMA bracelet (mock-up) before (left) and after filling with HXTAL
NYL-1 (right). Photos: Anna Lagana.

Therefore, based on these findings, HXTAL was applied along the blind cracks on the hoof
fracture of Giraffa Artificiale, using an insect pin. However, in this instance, the epoxy seemed
not able to penetrate in these narrow cracks. Consequently, an attempt was made to enhance
capillary action by first applying pressure at the starting points of each crack with the insect pin,

creating an opening, and then using the same tool to introduce HXTAL (Figure 8.17).

This method proved effective as the pressure facilitated epoxy infiltration into the cracks,

completely filling them and restoring transparency.
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Figure 8.17. Infiltrating the epoxy resin HXTAL NYL-1 into the whitish blind cracks using an insect pin. The arrow on
the right indicates some of the white cracks before epoxy application. While the arrow on the left shows an area
where the resin was just infiltrated and the transparency recovered. Photo: Anna Lagana. Courtesy of Museo del
Novecento and Archivio Gino Marotta.

Subsequently, the hoof was reassembled following the previously described adhesive bonding
procedure (Figure 8.18 a, b). Any excess adhesive on the surface squeezed out during the
assembly was immediately removed using cotton wool swabs moistened with DW (Figure 8.18
c). The surface adjacent to the joint was then cleaned using a soft white spectacle cloth wetted
with an aliphatic hydrocarbon with low aromatic content (aromatic-free White Spirit - CAS
64742-49-0)*, Great care was taken to avoid touching or disrupting the adhesive bond line, as
over-cleaning could lead to air infiltration, weakening of the joint, and an unsatisfactory visual

outcome due to light scattering.

11 Alternatively, the following solvent with same CAS Number could be used: Petroleum benzine boiling range 100-
140°C EMPLURA® aromatic content <0.05% (CAS 64742-49-0).
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Figure 8.18. Applying partially cured/viscous HXTAL NYL-1 on the hoof flat fracture (a) and a fresh low viscosity one
on the irregular fracture (b). Removing excess adhesive after assembly (c). Photos: Bianca Gilli. Courtesy of Museo
del Novecento and Archivio Gino Marotta.

The bonds were monitored for any leakages for 24 hours, as HXTAL is easily reversible from
PMMA within the first day while still in a liquid or gel phase. After ca. 24 hours, HXTAL was dry
to touch. The hoof was secured in this position with tie rods for just over a week until HXTAL
fully cured. This intervention was finally successful in restoring the transparency in all the

damaged areas of the hoof, as well as in recovering the original structural stability (Figure 8.19)

Figure 8.19. Bond appearance before (a) and after adhesive application (b) on the broken hoof. Photos: Anna
Lagana and Marco Demmelbauer. Courtesy of Museo del Novecento and Archivio Gino Marotta.
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Tails

The repair of the tails presented several obstacles. The broken surfaces were small and featured
missing fragments, especially on the right tail. This tail also exhibited irregular fracture surfaces
with undercuts and distortions, making it challenging to accurately align the broken pieces.
Furthermore, the bonding process was complex due to the tails being suspended elements in a

vertical position with an oblique orientation and a tip with a very jagged shape.

Therefore, it was decided to create mock-ups of the broken tails simulating the repair scenario
to practice this specific bonding process and finding solutions for these challenges, defining the
most suitable methods for applying the adhesive, assembling, aligning, and holding the pieces

in place during the bonding process.

Mock-ups of the tails were made mimicking their appearance and dimensions by cutting a
transparent cast PMMA sheet and then breaking them, simulating the fracture surfaces and the

loss of fragments.
Two methods for applying the adhesive were evaluated:

e Infiltration of adhesive with insect pin using capillarity with the elements already in an
assembled position.
e Direct application of adhesive with a spatula on the fracture surfaces followed by

assembly.

Infiltration allows applying adhesive when the pieces are already assembled and held in place,
reducing misalignment risk during bonding, which is especially beneficial for complex or
unstable alignments. However, in these mock-ups, infiltration did not ensure uniform adhesive
distribution, most likely due to surface roughness and thickness of the breaks, as had also
occurred in the repair studies carried out on unsaturated polyester (see Chapter 3) (van Oosten

and Lagana 2009).

Direct application on the other hand, ensured even adhesive distribution across all fracture
surfaces, including jagged areas, and allowed the use of a larger quantity of adhesive. Therefore,
the direct application method was selected as inadequate or insufficient surface wetting could
have compromised the bond strength which was critical for baring the weight of the two

suspended tails.

As the assembly method, an Ethafoam® jig system enabling direct adhesive application was

selected. This method was developed in this research as an alternative to conventional clamps.
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Conventional clamps are known to hold pieces firmly, however when using the direct application
method with a low viscosity adhesive, they often induce visible defects in transparent joints.
Defects include air infiltration (air bubbles) during their positioning along the adhesive bond line,
or dry spots due to the excessive pressure. Additionally, for butt joints, the position of the clamp
directly covers the bond line, making the immediate removal of excess adhesive difficult. The
Ethafoam® jig method utilizes high-density Ethafoam® cut and shaped to accommodate the
broken pieces before assembly, creating a tailor-made jig system. The broken component is
placed in the shaped foam, adhesive is applied and then pieces are bonded by gradually applying
pressure to the foam jig, without touching the bond minimizing the risk of air infiltration and dry
spots. The foam is shaped to ensure the joint remains unobstructed, allowing for easy cleaning

of adhesive residues.

For each tail, a unique jig was crafted. The tails' outline was traced onto a block of white
Ethafoam®, ensuring it perfectly matched the contour and angle required for tight insertion, and
proper alignment with the corresponding broken surface. Ethafoam® was shaped accordingly
using a utility knife and hot wires. Both jigs were open at the top to allow assembly with the rest

of the sculpture and had one side left open to insert the tails.

Before bonding, a thin layer of petroleum jelly was applied below the joint areas as a precaution,
especially since adhesive can run down during vertical bonding while curing. Each broken tail
was wrapped in transparent plastic film below the joint areas to avoid friction, and then inserted
into the foam. The jigs, with the tails tightly held in the aligned position, were placed on wood

pedestals fixed to the ground to hold them at the correct height (Figure 8.20 a).

A freshly prepared low viscosity HXTAL was applied in two steps. First, it was infiltrated with a
insect pin into a blind crack observed on the right tail to consolidate these microfractures and
restore transparency. Then, the adhesive was applied with a spatula onto the fracture surfaces,
and the jig was moved closer until these surfaces touched. Finally, uniform pressure was applied
to the bottom of each jig by gradually adding wedges made of multiple layers of clear plastic
sheets (1 mm thick) between the foam and the pedestal (Figure 8.20 b). This incremental

addition continued until the optimal contact and pressure for each bond was achieved.
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Figure 8.20. One of the tails held at the correct angle and height inside its Ethafoam® jig before bonding (a). The
tail after adhesive application and sliding the jigs closer to the sculpture until the fracture surfaces touched. The
arrow indicates the wedges used after alignment to achieve optimal contact during bonding (b). Photos: Samuele
Pellecchia/prospect. Courtesy of Museo del Novecento and Archivio Gino Marotta.

Any excess adhesive that ran down the surface was immediately removed and the surface
adjacent to the joints carefully cleaned without disrupting the adhesive bond lines, following the
same procedure described for the repair of the hoof. Jigs and pedestals were maintained for just

over a week to ensure the adhesive was fully cured.

HXTAL restored the transparency in the bonds of the broken tails (Figure 8.21) and the foam
assembly system created a tight space to securely hold the tails, while also providing flexibility
for proper alignment of the joints, even given the presence of PMMA planarity defects.
Additionally, it allowed for final alighment adjustments without touching the bond, reducing risk

of air infiltration.
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Figure 8.21. Bond appearance of the left tail after adhesive application, before loss compensation. Photo: Anna
Lagana. Courtesy of Museo del Novecento and Archivio Gino Marotta.

8.3.3 Compensating losses
8.3.3.1 Selecting fill material

The research presented in Chapter 5, along with a previous assessment (Lagana and van Oosten
2011) identified HXTAL as the best gap-fill material for PMMA due its overall suitable properties
and performance such as low viscosity, ease of casting, minimal shrinkage upon curing, stability
over time, combined with both good leveling and optical properties that made fills almost

invisible. Therefore, this material was chosen to compensate all the large losses in this sculpture.
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8.3.3.2 Preliminary tests for method selection

Loss compensation presented significant challenges. Firstly, it needed to be performed with the
object vertical which can cause conservation materials to run down and making holding
reconstructed fragments (fills) in place difficult. Furthermore, the large losses featured
significant undercuts and jagged surfaces making compensation complicated. Finally, the pink
color of the transparent PMMA might require color matching of the material used for

compensation.

Therefore, the tails’” mock-ups were also used to practice loss compensation in vertical position,
selecting the most suitable methods for this scenario, evaluating visual results, and exploring

possible solutions for matching the pink color.

Two loss compensation methods considered suitable for creating fills on transparent plastics
(see Chapter 4) (Lagana and van Oosten 2011; Lagana et al. 2014) were adapted to this

treatment scenario and tested*?:

e Indirect casting: In this method, HXTAL was cast from mold taken from a model.
Specifically, silicone kneadable putty was used to fill the loss and shaped to recreate the
missing fragment (positive), which was then further molded to create its negative.
HXTAL was then poured into the negative mold to obtain the fill. The fill was finished to
fit into the loss, polished on the surface to match the PMMA, and then glued into

position with additional HXTAL.

e Direct casting: This method involved casting fill material (HXTAL) directly on the loss to
be repaired. Specifically, a silicone mold was taken from an intact section of the PMMA
surface close to the loss. The mold of this surface was then positioned and secured with
fresh silicone over the area with the loss, and HXTAL was poured or injected into it,

directly into the loss.

Both methods showed good results but had advantages and disadvantages. The indirect method
offers enhanced safety and control, as pouring and casting occur away from the original object.
However, it involves additional steps. Since the fill is formed from a model, it may not perfectly

replicate the original surface, necessitating polishing. Additionally, it must be glued in place, and

12 specifically, Chapter 4 focused on testing loss compensation methods for UP, which yielded successful results with
both direct and indirect casting techniques. These methods were therefore adapted and tested for their applicability
to the treatment of this PMMA sculpture as well.

311



CHAPTER 8

depending on the presence and shape of undercuts, fitting the fill might pose challenges,

thereby requiring extra finishing procedures.

The direct method yields superior visual results because the silicone captures a precise imprint
of the surface, faithfully replicating the smooth PMMA without requiring additional finishing. It
seamlessly merges with areas of loss and fills all undercuts, as it is cast directly onto them.
However, a drawback in this specific scenario is the diminished control over results, as the mold
covers the loss during the pouring of the fill material. This reduced visibility leads to the
possibility of liquid silicone entering the repair area and becoming embedded in the cast,
compromising visual results. There is also the potential for inadequate adhesion of the mold to
the surface, leading to leakage of the fill material, as well as the formation of air bubbles in the
fill. Leakage or bubbles may only be discovered upon removal of the mold, after the HXTAL is

cured. Once cured, these defects can only be adjusted mechanically.

With transparent objects, this casting process can sometimes be observed from the opposite
side due to the piece's transparency, depending on the specific features of the piece being
repaired. Recognizing the significance of this aspect for achieving a successful result, the

feasibility of the direct method was ultimately evaluated directly on the sculpture itself.

Molds were created from intact sections of each tail adjacent to the damage using a liquid
silicone rubber (POLY-SIL PS 81020) with its thickening agent (POLY-SIL Tixo medium) to avoid
dripping (see Appendix B for details on materials and supplier). Once cured, these molds were
carefully positioned over the areas of loss in each tail and secured with fresh silicone and rubber
bands. Subsequently, the visibility through the tail was assessed. Observations, aided by
magnifying mirrors revealed obscured visibility from the position of the loss, the thickness of the

tails, their pink coloration, and shadows cast by the molds.

Given these factors, direct casting was considered unsuitable in this scenario due to its limited
controllability and indirect casting was chosen for the treatment as it still yields satisfactory

results.
8.3.3.3 Preliminary tests for coloring fills

Regarding color match, the research presented in Chapter 5 has demonstrated that clear fill
materials, such as HXTAL, can recover both PMMA transparency and color without requiring the

use of dyes when filling superficial damage like chips.

Further tests carried out in this preliminary phase on damaged pink PMMA mock-ups also

showed that color could be perceived through the transparency of the epoxy fill. However, since
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variations in shape, dimensions, and thicknesses of losses might influence the results, and
reproducing the exact damage observed in the tails was impossible, it was decided to investigate

the use of dyes in preparation for any potential needs during treatment.

The research presented in Chapter 4, which focuses on loss compensation in colored transparent
plastics such as UP, demonstrated that when coloring is needed, the optimal and easier solution
is to retouch the cured epoxy fill with dyes rather than dissolve them within the uncured epoxy

(Lagana and van Oosten 2011).

To further explore this possibility and identify dyes matching the PMMA pink of the sculpture,
retouching tests were conducted on cast samples made with HXTAL. The following dyes were
selected for their potential use either alone or in combination: Orasol® Gelb 4GN, Orasol Gelb
2RLN, Orasol Orange 247, Orasol Blau GN, Orasol Solvent Red 122, Orasol Solvent Red 127,
Orasol Solvent Red 160, Pebeo®© Vitrail Lemon 23, Pebeo Vitrail Red 50. To determine which of
these dyes were long-lasting, their stability was evaluated using Microfadeometry testing (MFT)
and rated with Blue Wool standards®3. All dyes showed to be relatively unstable to light as
expected for these types of colorants (see Appendix D for more details on method and results).
However, since this retouching method is reversible allowing future retreatment, Orasol Blau
GN, Pebeo Vitrail Red 50, and Orasol Solvent Red 122, were identified as possible options as they

were more lightfast than the others.
8.3.3.4 Loss Compensation Treatment

Based on the research and preliminary tests, the indirect casting method was used to
compensate the losses along the joints of tails and hoof. First, a model (the positive) of the
missing parts was made by shaping a kneadable silicone putty (Silical 110 + 3% hardener Silical
115), from which a mold (the negative) was made with pourable silicone (POLY-SIL PS 81020). It
was necessary to apply a thin layer of petroleum jelly as a release agent to prevent the mold and
model adhering. Minimizing this layer was crucial to reducing the amount of finishing work

needed.

HXTAL was poured into these molds to make the fills. The cast fills once cured were carefully de-

molded, polished using water and cerium oxide until they matched the PMMA surfaces in

13 Microfadeometry Testing (MFT) and data interpretation were carried by Michael Doutre (former Assistant Scientist
at the Getty Conservation Institute — GCl).
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smoothness and clarity and perfectly fit all undercuts (Figure 8.22 b) and finally cleaned with

aromatic-free White Spirit.

The selection of adhesive for adhering the fills in place was also made using the Adhesive
Comparison/Selection Chart (Table 1). All acrylic resins dissolved in aliphatic hydrocarbons (e.g.,
Paraloid B-67) and HXTAL can yield excellent visual results. However, since it was decided to
prioritize the repair's overall appearance and because the surfaces to be bonded were jagged
with many small undercuts, HXTAL was finally preferred. Solvent-based acrylics can develop
bubbles when bonding uneven surfaces, while HXTAL produced bubble-free bonds, and its low

viscosity allows for adequate wetting, improving the visual appearance.

Using a spatula, HXTAL was evenly applied to the surface of each loss and fill to be bonded. Then,
fills were carefully fit into the losses using tweezers, and gentle pressure was applied with fingers
to spread the adhesive, remove any air bubbles and obtain the optimal fit. For the tails, steel
ring clamps were made to hold the fragments in place during curing. To prevent scratches, the
clamps were padded with cotton and covered with tape. Any HXTAL residues along the bonds
were promptly removed following the procedure described in the bonding treatment section
(Figure 8.22 c). After the epoxy cured, additional finishing was only necessary on the portions of
the fills located on the top face of the tails, where the saw mark texture was recreated by
scratching the fill surface with a scalpel. All fills restored materiality and transparency in the
losses. Retouching was found unnecessary because the pink color could be perceived through

the transparency of the fills.

Figure 8.22. Right tail before loss compensation (a). Epoxy fills before bonding (b), and after bonding during
cleaning (c). Photos: Marco Demmelbauer. Courtesy of Museo del Novecento and Archivio Gino Marotta.
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8.3.4 Filling surface damage (scratches and chips)

Only the surface damage that was clearly accidental and visually disturbing was treated. This
included a missing chip on the left tail, along the break, and the deepest scratches on the
transparent colorless panels. These scratches significantly disrupted Marotta's design intention,
as the colorless PMMA was chosen to be invisible, solely providing structural support for the
pink sculpture without attracting attention. Therefore, restoring their intended invisibility was

important
8.3.4.1 Selection of fill materials and methods

The repair was informed by the research on filling treatments or "additive treatments"
presented in Chapter 4 and 5 (Lagana et al. 2014; Lagana et al. 2017; Lagana et al. 2019) as safer
and less invasive alternatives to commonly used "subtractive treatments" like polishing, which
involve removing the original material. Polishing is rarely satisfactory and not always suitable,
especially when scratches and chips are very deep. Moreover, as suggested in trade literature,
such as company brochures, polishing can induce stresses on PMMA, making it prone to crazing
(which can occur immediately or over time) when exposed to certain solvents that are often

contained in polishing products (Rohm & Haas Company 1976).

The treatments developed in the research allow for precise filling applications within the surface
damage, eliminating the need for finishing techniques. Two fill materials proved to be suitable:
the hydrocarbon resin Regalrez® 1094 dissolved in aliphatic hydrocarbons with low aromatic
content and HXTAL. The filling methods include the use of a Princeton round mini-brush 3050R
size 20/0 to fill scratches; and glass pipettes as well as insect pins to fill chips, depending on the

viscosity of the material.
8.3.4.2 Filling treatment

For filling the deepest scratches and abrasions on the two transparent panels Regalrez® (40% in
ShellSol D40) was preferred over HXTAL because it has the added advantage of being reversible.
A black cardboard was placed behind the plates to improve the visibility and facilitate a precise
application. The fill material was easily applied neatly inside each damage as a paint retouch
using the Princeton 20/0 mini brush. As filling was performed in an upright position it was
necessary to minimize the amount of fill material to avoid dripping. One application was

generally sufficient to saturate scratches and recover transparency (Figure 8.23).
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Figure 8.23. Detail showing a scratch before (a, circled) and after scratch-filling (b) when the transparency was
recovered. Photos: Samuele Pellecchia/prospect. Courtesy of Museo del Novecento and Archivio Gino Marotta.

For filling the chip, HXTAL was chosen because it offers better leveling properties and is easier
and faster to use for filling deeper damage like chips compared to solvent-based options.
However, since the chip was on a vertical surface and applying fresh HXTAL might have caused
the epoxy to run down, two solutions were explored: filling the chip with a more viscous HXTAL,
and reconstructing the fragment with indirect casting, which would then be fixed into the
missing chip. After multiple attempts, reconstructing the fragment using indirect casting was
ruled out because the repair was too noticeable. It was not feasible to recreate smooth surfaces

on such a tiny fragment without compromising a proper fit in the chip and vice versa.

Therefore, chip-filling with a viscous HXTAL was ultimately carried out. After about 5 hours from
preparation, the HXTAL had a viscosity that allowed it to remain in the chip without dripping. It
was applied in tiny drops using insect pins (sizes 00 to 000), layer by layer, until this tiny gap was
nearly filled. The drops gradually leveled themselves, and the final portion of this loss was filled
with fresh HXTAL, as the gap was too small for the viscous one. The fill was covered to protect it

from dust until the resin was fully cured.

As in this technique fill materials are precisely applied within each damage boundary, taking care
not to overfill, cleaning the adjacent PMMA surface was unnecessary for both scratch and chip-

filling.
8.3.5 Filling blind cracks

Finally, the last step involved filling the two large blind cracks to prevent propagation and restore
the aesthetic of both panels. These cracks, also known as blind ends, running or traveling cracks,
penetrated the thickness of the PMMA but did not extend all the way through overall. As

explained previously (see section 8.3.2.3 and Figures 8.16 and 8.17), this type of damage can be
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repaired with HXTAL applied with a fine-tipped tool using capillary action. The success of the
treatment depends on the width of the crack and whether it allows the epoxy resin to flow

homogeneously.

Tiny drops of HXTAL were applied along each crack line using an insect pin. To avoid trapping air,
which could compromise the result of the repair, the fill material was initially applied to only one
end of the crack (specifically the end where we believed each crack originated) to allow air to
escape. HXTAL drops flowed very slowly into each crack through capillary action. Once most of

each crack was filled, HXTAL was applied to the remaining end as well.

At the end of the process, any fill material residues were carefully removed, and the surface
cleaned, following the same procedure described before. It is key to not overclean the filled
crack line as this could easily lead to air infiltration. Cracks were monitored for 24 hours. This
phase of the treatment was successful too, and both cracks, after filling, were nearly invisible

(Figure 8.24).

Figure 8.24. Blind crack (ca. 5 cm) in the transparent panel before (a) and after filling (b). Note: In (a), the blind
crack appears pink, but this is only due to a reflection from the pink leg. Photos: Anna Lagana. Courtesy of Museo
del Novecento and Archivio Gino Marotta.

8.4 DISCUSSION AND CONCLUSIONS

The conservation treatment of Giraffa Artificiale posed all the typical conservation challenges
conservators might face when dealing with damaged transparent plastics, particularly PMMA.
This project highlighted the complexity of treating plastic objects, especially when confronted
with large objects. However, it demonstrated that by using findings, knowledge, and approaches

developed over years of research into repairing transparent plastics, it is possible to effectively
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address these challenges and successfully restore their transparency and material integrity

(Figure 8.25).

Figure 8.25. Giraffa Artificiale after treatment. Photo: Anna Lagana. Courtesy of Museo del Novecento and Archivio
Gino Marotta.

In line with the research, the visual success of the treatment confirmed that it is key to use
conservation products (adhesive and fillers) with a refractive index closely matching the ones of
the damaged transparent plastic to have almost invisible repairs. All the repair materials

identified as suitable in our research have a refractive index close to that of PMMA.

All the research findings and the methodological approach developed were successfully applied
at every stage of the conservation project. During the examination of the sculpture, the research
on bonding defects and failure - through its literature review, the analytical protocol developed,

and the PMMA Bonding Defects Atlas (see Chapters 6) (Lagana, Doutre, Groot, et al. 2021)
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provided a framework for a better understanding of this PMMA bonded object, its materials and
techniques, and condition. It was possible to identify all bonding defects and issues, and to
reconstruct the causes that led to extensive crazing. The primary factors that caused this
phenomenon were determined to be stresses induced by sawing and sanding, compounded by
the synergistic effects of EDC and MMA contained in the “Solvent-Polymer Cement” originally
used by Marotta for bonding the PMMA. Additionally, the use of photoelastic stress analysis
provided evidence of stresses introduced by sawing and by the accident, and confirmed that the

type of PMMA used was cast.

For the repair of broken parts, the Adhesive Comparison/Selection Chart developed (see Table
1 and Chapter 7) (Lagana, Doutre, David, et al. 2021) after extensive research helped in easily
selecting the most appropriate adhesive based on the bonding requirements of the parts to be
repaired. In this case study, HXTAL NYL-1 matched all the necessary requirements, particularly
its high butt joint strength, and provided excellent mechanical and visual results. The use of a
tailor-made Ethafoam® jig proved to be a good alternative to clamps for bonding transparent
plastics. It facilitated precise alignment, provided the right pressure, ensured effective bonding
of broken pieces with no air infiltration, and allowed visibility of the joint during curing and easy

cleaning.

The repair of losses posed a complex challenge. The direct casting method, typically preferred
for its superior visual results, couldn't be employed due to limited controllability in this scenario.
However, the indirect casting method, though involving more steps such as polishing and
adhering the fill in place, yielded very satisfactory results given the severe damage and jagged
nature of the portions reconstructed. The use of HXTAL proved to be suitable for compensating

large and jagged losses on PMMA, restoring its clarity and materiality.

For the repair of surface damage, the results confirmed that the fill methods developed are
excellent alternatives to invasive treatments such as polishing. Regalrez 1094 was confirmed as
the best option for filling local scratches because it is easy to apply with a brush and is completely
reversible with a safe solvent for PMMA. Similarly, HXTAL was confirmed to be the best choice -
compared to solvent-based adhesives - for filling chips, including on vertical surfaces, due to its
minimal dimensional change after curing, and requiring fewer applications. Its use was also

successful in filling blind cracks for its low viscosity and bubble-free repairs.

Repairing damaged vertical surfaces has been particularly challenging due to issues like dripping

of conservation materials. However, this provided an opportunity to adapt the research findings,
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resulting in new solutions for both bonding and filling chips, such as using HXTAL in a viscous

state, several hours after its initial curing.

In addition, this case study gave us the chance to explore the use, for the first time on plastic
artworks, of water-based agar gel in its spray form. This method proved to be a good solution
for safely and effectively cleaning large and complex sculptures made of plastic that can be

sensitive to mechanical action and most organic solvents, such as PMMA.

This final chapter aims to serve as a practical guide for conservators, providing a step-by-step
example of how the research findings presented in this thesis on the conservation of transparent
plastics can be applied into practice. The materials and methods chosen for the treatment
outlined in this paper were selected based on the requirements of this case study. It is hoped
that conservators will find the provided references and tools helpful in their selection of the
most appropriate materials and methods for each object’s specific requirements. This PhD
research conducted over the years not only identified suitable materials for PMMA (and UP) but
also provides a methodological approach, analytical methods, treatment methods, information
on materials’ properties and aging behavior, and practical tools that can be used to address the

treatment of other damaged transparent plastics to ensure successful and safe repairs.

Therefore, it is hoped that all these findings and knowledge produced will assist conservators in

bringing these types of objects from storage back to display, and hence, to life.
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