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Abstract: Decorative, functional, and artistic objects made from
polymer materials, as witnesses of creative development of hu-
mankind, gained their place in museums and collections. Being
organic, polymers are more prone to degradation than inorganic
materials. Depending on the physical, chemical, and biological
degradation factors, fabrication, composition and the presence
of additives in a polymer material, artifacts and works of art
made from polymers possess different levels of stability and en-
durance to external conditions, whether in close or in open. An
overview of current practice in the field of conservation and res-
toration of works of art and museum artifacts made from poly-
mer materials, presented in this paper, is based on the analysis
of gathered available scientific-professional literature. The main
properties of polymer classes, typical degradation factors and
processes, examples of conservation-restoration treatments
based on scientific methods, and storage recommendations are
given. The materials that the analyzed objects are made from
include natural polymers like amber, tortoiseshell, horn, natural
rubber, as well as synthetic polymers like synthetic rubber, cel-
lulose nitrate, cellulose acetate, casein-formaldehyde, Bakelite,
poly(methyl methacrylate), poly(vinyl chloride), polystyrene,
polyurethane, polyethylene, phenol-formaldehyde, thermore-
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active polyesters and epoxies. Based on the analyzed literature
it can be observed that conservation and restoration of works of
art and museum artifacts made from synthetic polymer mate-
rials is a new area of conservation-restoration research, still in
development. The fact that precise methodologies have not yet
been specified for many polymer materials contributes to this.
It is also a field of close cooperation of scientific-technological
and conservation-restoration approaches, where they inter-
twine and complement each other.

Keywords: polymers, plastics, conservation, restoration, degra-
dation

Polymers, both natural and synthetic, are present in museum collections, either
as a constitutive material of works of art and museum artifacts or as a substance/
material used for conservation and restoration treatments.?3 Regarding objects
made from polymers, the term ‘plastics’ is often used. It refers to polymer-based
materials modified with additives and sometimes reinforcing materials and shaped
into dimensionally stable forms.#* Polymers, as organic materials, decay faster than
inorganic ones. However, within polymer materials there are variations in the speed
of decay.® It should be noted that, when it comes to works of art and museum arti-
facts made from polymer materials, degradation is not only attributed to physical
and chemical changes, but also to loss in function, form, and significance of the
object. Degradation of objects made from synthetic polymers is generally observed
by appearance, odor or feel within the period of 5 to 25 years of collection.” The re-
search in the field of conservation and restoration of works of art and artifacts made
from synthetic polymer materials and related polymer degradation has only been
recognized since the last decade of the 20th century. There have been a number of
conferences and projects covering this topic,® including POPART: Preservation Of
Plastics ARTefacts, research project with focus on establishing protocols for analyz-
ing, examining and conserving plastic artifacts.’

The aim of this article is to provide a brief general overview of literature on the cur-
rent practice in the field of conservation and restoration of works of art and museum

1 M. T. Baker, “Polymers in museums”, in: Historic Textiles, Papers, and Polymers in Muse-
ums, eds. ). M. Cardamone et M. T. Baker, Washington, DC, 2001, 128.

2 C. V., Horie, Materials for conservation: organic consolidants, adhesives and coatings,
2nd Edition, 2010, Preface ix—x

3 M. Lazzari et D. Reggio, “What Fate for Plastics in Artworks? An Overview of Their Iden-
tification and Degradative Behaviour”, Polymers, Vol. 13, 2021, 883-884.

4 Y. Shashoua, Conservation of Plastics: Materials Science, Degradation and Preservation,
Oxford, 2008, 1

5 ibid., 115.
6 F. Waentig, Plastics in Art: A Study from the Conservation Point of View, Petersberg,
2008, 148.

7Y.Shashoua, 2008, op. cit., 151-152.

8 ibid., 11-13.

9 POPART: Preservation Of Plastics ARTefacts research project, https://popart-highlights.
mnhn.fr/


https://popart-highlights.mnhn.fr/
https://popart-highlights.mnhn.fr/

artifacts made from polymer materials, specifically connected to the application of
scientific and technological methods. It addresses only 3D works of art and museum
artifacts, not paints, textiles and photographic films. The article is divided in three
sections covering the following: a short overview of general degradation factors
and processes for polymer materials (Section 2), general information on conserva-
tion-restoration methodology of works of art and museum artifacts made from pol-
ymer materials (Section 3), and information about main properties of characteristic
polymer classes, their typical degradation factors and mechanisms, and examples of
conservation-restoration treatments, based on the analysis of the found available
scientific-professional literature, along with storage recommendations (Section 4).

The term ‘degradation’ of a material refers to long-term physical and chemical process-
es that cause damage to a material."® Another common term used in terms of degrada-
tion is ‘aging’ and it generally refers to long-time changes of material properties caused
by weathering." Polymer degradation is possible throughout the lifecycle of existence.™
In the case of synthetic polymers, it starts from fabrication because reactions of polym-
erization along with additives and forming processes all have impact on the physical and
chemical properties of polymer materials, on their lifetime and degradation pathways.”
Once the degradation has started it is almost impossible to stop or reverse it."*" The
factors that cause degradation are divided in the following three groups:

Physical factors. They can be classified by degradation due to a) mechanical use of
plastics, resulting in stress, fatigue and mechanical damage, b) physical interaction
with surroundings, which relates to permeability of polymers to liquids, vapors, and
gases, and to dimensional and flexibility changes due to temperature variations and
c) migration and loss of additives, which can cause brittleness and shrinkage, oily
or solid bloom on the surface.’®" Physical aging is connected to reorganization of
extant molecules and depends on internal factors (like molecular weight, molecule
structure and form, intermolecular forces, and presence of plasticizers) and external
factors (like temperature changes and mechanical stresses).™®

Chemical factors. They refer to chemical reactions of polymers with water, oxy-
gen, ozone, radiation (visible light, ultraviolet, UV, light and heat), metals," chemical
agents during usage, exhibition, storage, and conservation-restoration treatments.°
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Due to the activity of this group of factors, the main transformation processes that
can occur in polymers are the following: photo degradation (light), thermal deg-
radation (heat) and oxidative processes: photo-oxidation (light and oxygen) and
thermo-oxidation (heat and oxygen).?' Chemical factors can cause the following
changes in structure of polymers: chain scission, cross-linking,?? development of
chromophores and development of polar groups.®

Biological factors. Activity of microorganisms can lead to degradation of natural
and synthetic polymers,?* causing structural, functional?® and aesthetical damage.
Production of acids and enzymes by microorganisms can lead to polymer deterio-
ration and components leaching.?® Biofilm is considered the main cause of deterio-
ration.? Itis formed due to microbial growth and can occur on surface as well as in
the cracks of polymer material %

Besides these external degradation factors, harmful phenomena to polymer ma-
terials are caused by internal factors, i.e., composition, structure, form, internal
stresses, structure defects, surface condition etc.?? Since polymers are macromol-
ecules, their properties are in relation to their high molecular weight. Change in
molecular weight of a polymer causes alteration of properties, which can be of two
types: physical (decrease in molecular weight, tensile strength, impact strength,
elongation at break, loss of gloss, surface erosion), and chemical (chemical structure
changes: formation of functional groups).3°

BRIEF OVERVIEW OF THE METHODOLOGY OF CONSERVATION
AND RESTORATION OF WORKS OF ART AND MUSEUM ARTIFACTS
MADE FROM POLYMER MATERIALS

The first step prior to any analysis and treatment is an assessment of the condition
of preservation of works of art and artifacts. A description of damage categories of
polymer objects can be found in the literature.3'*23334 To plan an adequate conser-
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vation-restoration treatment a necessary condition is identification of the polymer
type(s) that works of art/artifacts contain. It includes simple tests and instrumen-
tal techniques. Simple tests, used for rough qualitative assessment, are divided in
non-destructive (examination of appearance and odor) and destructive (determi-
nation of density and hardness, heat tests).3* Instrumental analyses include a range
of techniques like Fourier transform Infrared (FTIR) spectroscopy, Raman spectros-
copy, near-infrared (NIR) spectroscopy, pyrolysis gas chromatography-mass spec-
trometry (py-GC-MS), differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), energy dispersive X-ray analysis (EDAX, EDX or EDS), X-ray fluo-
rescence (XRF), nuclear magnetic resonance (NMR), dynamic thermal mechanical
analysis (DTMA), etc.36:3:3 There are two general approaches to conservation treat-
ments: preventive and interventive conservation. This classification is also applicable
for works of art and museum artifacts made from polymer materials. The goal of
preventive conservation is to limit the rate and extent of materials degradation by
minimizing exposure to degradation factors, along with the provision of stable en-
vironmental conditions (during storage, exhibition, packaging and transporting). It
can be performed by using adsorbents, by enclosing objects and by low temperature
storage. Interventive conservation relates to invasive treatments on objects with
the purpose of stabilizing and strengthening degraded materials, limiting further
degradation, and preserving their significance. It involves cleaning (mechanical and
chemical), consolidation, adhering broken fragments and filling losses.*® Regarding
the literature for conservation-restoration of works of art and museum artifacts
made from polymer materials, the topic on preventive conservation is more present
than on the interventive conservation and restoration.*°

OVERVIEW OF LITERATURE ON CONSERVATION AND RESTORATION
OF WORKS OF ART AND MUSEUM ARTIFACTS MADE FROM POLYMER
MATERIALS BY SPECIFIC POLYMER TYPES

As an additional supplement for the overview given in the following section, a fact
sheet with the gathered data on conservation-restoration of works of art and arti-
facts made of listed polymer types is presented (not included within the text of the
following section). It provides the information on specific substances for cleaning,
consolidation, joining, and gap-filling, which are used on original objects. This infor-
mation is provided in Table 1 at the end of the paper text.

Amber

Amber, a natural polymer, is a fossilized resin that has amorphous structure and
conchoidal shaped fracture. It is insoluble in water and variably soluble in common
organic solvents.*' Negative charge and attraction of lightweight particles is caused
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when friction is applied to amber.*? The main degradation factor for amber is oxygen;
degradation leads to darkening, loss of polish and craquelures formation, which causes
opacity and brittleness.** Oxidation is considered to be a surface phenomenon due to
low amber porosity and slow gas diffusion.#44° Light and heat can accelerate oxida-
tion.*¢ UV light can cause rapid degradation.*’ A doctoral thesis reports on conducted
artificial aging tests used for degradation examination and the application of results
for planning a preventive conservation strategy.*® Degradation is slower for higher rel-
ative humidity (RH) values.*® A paper about the conservation of Baltic amber artifacts
from the British Museum collection investigated choices for resin and solvent mixtures
for the consolidation of amber, and improved methods for storage and display. It also
provides a review of past conservation treatments of amber. Two types of physical
changes caused by oxidation are described: surface crazing and surface powdering,
both having as a result weakening and loss of material. Prior to any conservation-res-
toration treatment it is advised to provenance amber so that there is no interference
with the future analysis of amber.*® Another research was focused on the identification
and treatment of a particular amber piece of jewelry with the intention of mitigating
the opaque bloom, along with brief overview of methods for amber identification.”
Recommended general storage conditions are: temperature 17-25 °C, relative humid-
ity (RH) 45-55%, exclusion on UV radiation in storage and 50 pW/Im for display.>?

Tortoiseshell is a natural thermoplastic polymer and can be formed into desired
shapes using heat and pressure.> It is composed mainly of structural protein kera-
tin.>* Due to the presence of disulfide bonds® keratin is insoluble in solvents like wa-
ter, aqueous acidic and basic solutions, and organic solvents, and has high mechan-
ical strength.>® A paper on the conservation of an archaeological lyre, apart from
providing information on biochemistry, structure, and decay of tortoiseshell, deals
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with practical conservation treatments including cleaning, consolidation and assem-
bly. Aging of tortoiseshell causes brittleness, desiccation, and microscopic separation
of keratin layers which leads to loss of translucency. Keratin decay pathways include
chemical - and biodegradation, the latter being the major cause. Despite insolubility
in water, hydrogen bonds exist between some keratin polypeptide chains, so water
can penetrate it causing swelling and dimensional change. When in contact with
corroding metals in burial ground keratin structure is invaded by corrosion products,
which enables protection of organic matrix up to some level. Temperature, moisture
content and pH of burial environment influence the chemical deterioration rate.
Keratin is better preserved in anaerobic conditions. Recommended RH value for
storage is between 40-45%, in polyethylene boxes.”” High pH values cause faster
hydrolysis of keratin, causing weakening and brittleness.>®

Horn is a keratinous tissue, tough, flexible, moldable, and fusible. It can be consid-
ered biocomposite material, mainly consisting of keratin with a small content of
calcium mineral > Like tortoiseshell, it is a natural thermoplastic polymer®® and can
undergo flattening, splitting and joining when soaked in hot water.%" Compared to
other biocomposites, toughness and work of fracture, values are higher and can be
compared to polycarbonate (bulletproof “glass”).%? Archaeological keratinous tis-
sues, including horn, if found survived in burials, are fragile, matt, opaque and dark
brown to black or metal corrosion .%3 Very often keratinous tissues, including horn,
survive in unfavorable burial conditions as mineral preserved the organic (MPO)
remains, due to close contact with corroding metals: organic material is coated or
colored and/or invaded by corrosion products.®* A PhD thesis on degradation of ar-
chaeological horn, antler and ivory provides information on deterioration processes
and analysis of deterioration of material in different burial environments with re-
search to relate degradation processes to specific environment.®®> Horn can decay by
physical-, chemical- and biodegradation. Water loss causes horn to split and warp.%®
Regarding preventive conservation, archaeological horn is not a suitable material
as it generally continues to deteriorate if it is not adequately conserved.®” A study
on conservation of ivory and related material reports on specific consolidants and
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adhesives used.®® Recommended storage conditions are: temperature not greater
than 25 °C, RH in the range 45-55%, illumination should be kept below 150 lux, for
colored objects up to 50 lux, UV light below 75 pW/Im.®°

Natural rubber is sticky, easily deformable material when heated and brittle when
cold, with a low level of elasticity. Products based on natural rubber include pneu-
matics, protection gloves, toys etc. Properties of natural rubber are improved by a
vulcanization process. Vulcanized rubber possesses high elasticity, tensile strength,
wearing resistance and insolubility in organic solvents.” It can be dissolved in ox-
idizing acids, while concentrated bases and acids etch the surface. Natural, unvul-
canized, rubber, is soluble in most solvents but is insoluble in water, diluted acids
and bases, alcohol, and acetone.” Depending on the sulfur content, vulcanized rub-
ber can be “soft” or “hard” (ebonite).”? Synthetic rubber comprises various types
(butadiene, polyurethane rubber, silicone rubber, etc.) and has properties similar
to natural rubber.”® Vulcanized natural rubber artifacts show blooming, cracking,
hardening and brittleness and also softening and tackiness.”® Degradation of syn-
thetic rubber occurs due to the influence of oxygen, ozone, heat, and light. Oxygen
activity causes depolymerization which manifests in rubber stickiness or dryness
and elasticity loss. UV radiation and heat catalyze degradation.” The influence of
ozone on natural vulcanized rubber objects in stressed condition causes linear crack-
ing, while on unstressed objects a hard surface is formed.”® Hard rubber can suffer
from sulfur migration to surface which then reacts with water to form sulfuric acid.
Removal of acid is also problematic, causing streaking, as it was shown in a study on
an ebonite-bodied prototype of a daylight film developing tank.”” The description
of surface effects found on rubber artifacts is reported in literature.”® Rubber can
suffer from biodegradation.” In general, natural, and synthetic rubbers show similar
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dants in rubber artworks”, Analytical and Bioanalytical Chemistry, Vol. 48, 2016, 5712.
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tan, Ottawa, 1993, 183.
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tan, Ottawa, 1993, 65-66.
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aging reactions.8° Both natural and modern rubber artifacts can suffer from crystal
formation, as could be seen on Mexican ethnographic artifacts, as well as on a NASA
spacesuit. Chemical composition and morphology investigations of both led to the
conclusion that technological knowledge of modern rubber can be used in studying
old rubber®' The results of the study focused on the investigation of the best consol-
idation treatment for rubber works of art, applying accelerated photo-degradation
tests and resulting in recovery of original materials, were used for treatment of
the work of art Presagi di Birnam by Carol Rama.?? Replacing degraded material
for Richard Serra’s assemblage Untitled (1967) was done by adding a new rubber
material, in agreement with the author.®® Degraded Paul Thek’s latex Fishman was
shown at the conservation exhibition of the Hirshhorn Museum, representing an
example of a modern artwork that was challenging for treatment. Polyester fabric,
Stabiltex, was used for connecting gaps in the material, on which paper-pulp fill or
wax is placed. Small tears were filled with pigmented wax. As for the missing parts,
oven dried molded Sculpey Clay was used to which tinted wax was added in order
to adjust original dimensions.24 General recommended storage conditions are the
following: temperature between 9-18 °C, RH * 50%, exclusion of UV and light ra-
diation, if possible, the absence of oxygen, or absorbent usage (e.g., Ageless).8>8¢

Cellulose-nitrate (CN) is the first man-made plastic material .’ It is a thermoplastic
polymer that has good stability, hardness and stiffness, high surface shine and is
very flammable. When camphor is used as a plasticizer to cellulose-nitrate, the name
of the compound is Celluloid.®8 CN is used for ivory and tortoiseshell imitation,®®
table-tennis balls, knife handles, and was used for photographic film, shadow pup-
pets, dolls, spectacle frames, etc.?° If not damaged, CN shows resistance to water,
diluted acids, weak bases, salt solutions and petrol; it is not resistant to concentrated
acids, strong bases and various organic solvents like weak alcohols and ketones.®’
Cellulose-nitrate is one of the four polymer types that works of art and museum arti-
facts are made from, most prone to deterioration, the other being cellulose-acetate,
plasticized poly(vinyl chloride) and polyurethane foam.?2 CN is subjected to thermal,
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15-19 September, 2014.
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Studies in Conservation, Vol. 49 (2), 2014, 96-99.

85 F. Waentig, op. cit., 201.
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photochemical, and hydrolytic degradation. CN breakdown is autocatalytic since
breakdown products, if not removed, act as catalysts for further reactions. As for
physical factors, loss of plasticizer leads to shrinkage and disintegration.®® A study
based on accelerated aging tests showed that degradation is connected to levels of
sulfate contentin CN and that inorganic fillers can reduce degradation.®* Degraded
celluloid museum objects, comprising toothbrushes, were in focus of investigation
during which they were subjected to interventive conservation treatment. It includ-
ed cleaning, consolidation and reinforcement, and also neutralization of acid cellu-
loid decay products.®> A group of authors investigated the relationship between the
mechanical properties of CN and the modification of the weight-average molar mass
(Mw) during aging, suggesting a threshold value that could indicate degradation
of CN.%¢ Another group of authors proposed a swab test for detection of oxalates,
which indicates CN chain-scission.?” Storage recommendation is the following: tem-
perature between 4-20 °C, light level below 50 lux, RH below 50%, exclusion of UV
light, open storage containers with activated charcoal and air exchange.®

Cellulose-acetate (CA) is a thermoplastic polymer with good stability, impact resist-
ance and high surface elasticity.*® It found usage in fabrication of photographic film,
packaging films, graphic tracing films, display boxes, spectacle frames, hairbrushes,
combs.’° CA shows resistance to water, ether, benzene, xylene, turpentine, petrol,
petroleum; but not resistant to alcohol, ethyl acetate, chlorinated hydrocarbons, in-
organic acids, and bases.”" CA degrades by physical and chemical factors.'2 Physical
factors refer to migration and loss of plasticizer causing hardening and shrinking. An
important chemical degradation reaction is acid hydrolysis, by which acetyl groups
are removed from CA forming acetic acid with water. Due to specific smell, this de-
terioration is known as ‘vinegar syndrome’'® If TiO_ pigment is presentin CA, it acts
as a photo-oxidation catalyst.’* A doctoral thesis was focused on degradation of cel-
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lulose-based plastics (CN and CA) and their stabilization procedure.’> A well known
problematic issue when it comes to the conservation and restoration of cellulose
esters, i.e., CN and CA works of art are sculptures of Naum Gabo, Antoine Pevsner,
Laszl6 Moholy-Nagy and Marcel Duchamp, for which detailed investigation analysis
of compositions and degradation products were performed.'°6197.198 Another study
was focused on testing treatments for slowing down the CA degradation.’® Two
artist’s books Ombres transparentes made from CA by Lourdes Castro were analyzed
for degradation in order to find adequate conservation treatment. With regards to
that, artificial aging experiment of CA sheets has started and treatment methodol-
ogy using temperature and pressure is being developed for the recovery of warped
CA sheets.” The results of cleaning tests on CA plastics performed within POPART
project were used on some CA works of Lourdes Castro, and the tested cleaning
agents were chosen after performing additional trials for specific parts of these
works." The following conditions are recommended for storage: temperature below
20 °C, RH 50-55% constant, light of 50 lux, total exclusion of UV radiation. Also,
the object should be surrounded by activated charcoal cloth and buffered paper.™?

Casein-formaldehyde, CF, is a protein-based plastic material obtained by hardening
casein with formaldehyde, and is also known as Galalith." It is a thermosetting
polymer. CF was used for small decorative boxes, combs," as a decorative inlay on
furniture, and is still used for buttons. Damage examples on historic casein plastics
are: distortion, discoloration, pitting and fracture.” CF shows resistance to ma-
jority of organic solvents but is not resistant to bases and acids (except for weak
inorganic acids). Also, CF is not resistant to water and moisture, as it can suffer from
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changes in dimensional stability.”® The found available literature provides report
on conservation-restoration treatment of CF inlay on furniture."” There was also
research conducted on investigating possibility of reversing aged and distorted CF,
which was present in the Mackintosh furniture inlay. Effects of plasticization were
tested using three-point bend test. In addition, tests were performed to investigate
effects of different RH on CF samples, providing a suggestion for optimal RH range
for storage.™ Recommended storage conditions are: temperature 18-21° C, RH
50-55%; individual storing of objects in polyethylene bags/boxes, objects on exhi-
bition should be protected by wax polish.™®

Poly(vinyl chloride), PVC, a thermoplastic polymer, in pure state is rigid and brittle.
For improving properties and performance, additives are added to it or it is combined
with other polymers. Hard PVCis tough; it does not contain plasticizers, while for soft
PVCthey are added even above 30%. Hard PVC has better mechanical properties than
the soft one, with higher resistance to heat, atmospheric influence, and chemicals,
while soft PVC is more flexible, has better stretching ability and easier workability.
Due to chlorine presence, PVC does not burn.’® PVCis insoluble in majority of com-
mon solvents; it is soluble in acetone and carbon disulfide mixtures, tetrahydrofuran,
cyclohexanone. Swelling can be caused by ketones and chlorinated hydrocarbons,
while water can cause whitening.'*' PVCis used for window frames, water pipes (hard)
and for toys, hoses, flooring, waterproof clothing, cable insulation (plasticized) etc.
Vinyl LP records are made from copolymers of vinyl chloride and vinyl acetate.'??'%
Majority of PVC museum artifacts are made from plasticized PVC."** For PVC objects
stored indoors at room temperature, thermal elimination of HCl and migration of
plasticizer are considered the main degradation pathways.> Physical loss of plasticiz-
ers causes stickiness of surface. Due to hydrolysis of some plasticizers, white crystals
can appear on surface.?® UV radiation and light cause discoloration. The found liter-
ature on conservation of PVC objects provides various articles on a range of sub-top-
ics: the necessary step of characterization of degraded PVC artifacts — connected to
studying the plasticized PVC components that are present in Apollo spacesuits,'?®
investigations of the deterioration extent and rate with relation to plasticizer loss, by
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performing artificial aging tests,'*® development of passive conservation methodol-
ogy, by assessing different inhibitors activity.”® The research studies on the impact
of enclosure, surface cleaning™' and wrapping™? on PVC degradation are helpful for
planning the strategy of preservation of PVC artifacts. Tests for developing effective
cleaning methodology for plasticized PVC objects included the use of Hildebrand sol-
ubility parameters and formulation of a Plascticizer Index.”* The practical treatment
was performed on the degraded balloon Aeromodeller OO-PL, consisting of clean-
ing and reattachment. Adhesives were tested by light aging and peel strength test,
and repair materials by heat aging and creep test.”* General recommendations for
storage are: temperatures not above 20 °C, RH values up to 50%, dark environment,
exclusion of UV radiation. It is advised that hard PVC objects should be stored with
zeolites (adsorbers for HCI), while for soft PVC air ventilation should be avoided and
no adsorbers present.’ PVC should not be used for packaging purposes for museum
artifacts, since it emits volatile acids that can cause degradation of artifacts.™®

Polyurethane, PU, polymers are a versatile group that includes flexible and rigid
foams, cross-linked and linear thermoplastic elastomers, coatings, adhesives, and
fibers.” PU foams have been popular among modern artists.™® In general, they are
used for toys, fake leather, sports gear, packaging, textiles, and cushioning.*® PU
foams are resistant to chemical cleaning agents, but not to hot water or aggressive
chemicals.™® PU foams are one of the least stable synthetic polymers. They under-
go photo-oxidation and hydrolysis. Depending on the polyol base used, there are
ester-type and ether-type foams, the former being more prone to hydrolysis and
the latter to photo-oxidation. Besides light, moisture and temperature are important
degradation factors.’' When it comes to biological factors, PU is one of the polymer
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types with the smallest resistance to microorganisms, which negatively affects me-
chanical properties.*2 An overview of PU foam conservation history can be found in
the literature. Poly(ether urethane) elastomer Stage Evidence by Loris Cecchini was
analyzed in a study with the purpose of evaluating the degradability of material.'*4
PU foams, as a constitutive material of works of art, were a subject of various studies
about aging and reports on preventive and interventive conservation treatments.
Some of the topics include storage condition investigation using aging tests'* and re-
search on consolidants testing.'#6147.148 Regarding practical conservation-restoration
treatments on works of art, with prior application of scientific-based testing of conser-
vation materials to be used, a very nice example of an interdisciplinary approach is the
paper on the conservation-restoration of Piero Gilardi’s work that includes both the
preventive and interventive conservation issue. Interventive conservation included
cleaning, consolidation, adhesion of layers, detached and broken fragments, integra-
tion of missing parts, retouch, and re-assembly. For the selection of proper consoli-
dants, elastic properties of PUR foam were assessed by determining the compression
set values. Accelerated photo-oxidation testing was performed in order to test light
- and air-stability of consolidated foam.™® For Gilardi’s work Still life of watermel-
ons, the consolidation treatment and lining of the torn parts were performed.™ The
work Funburn by John Chamberlain was also subjected to cleaning, consolidation
and restoration treatments.™ General storage recommendations are the following:
temperature below 20°C, RH between 50-55%, as little light as possible (up to 50
lux at exhibitions), exclusion of UV light, ventilation, separate storing of objects.’?

Polystyrene, PS, is a linear amorphous thermoplastic polymer. When unmodified,
PS is hard and brittle, has high tensile strength, excellent thermal and electrical
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insulating properties, dimensional stability, and does not absorb water. Change of
PS properties can be achieved by copolymerization with other monomers or blend-
ing with other polymers,’? It is used for disposable cold drink cups, food contain-
ers, CD cases, hair combs, and, as foam, for disposable hot drink cups, insulated
food containers and thermal insulation.™* Widely known is expanded polystyrene
(Styrofoam), which was primarily used as an insulating material.™* It is rigid, has
law ability of water absorption, good thermal and sound isolation properties.’®
PS shows resistance to alkalis, non-oxidative acids, salt solutions and alcohols; it
can be dissolved in esters, ketones, aromatic, and chlorinated hydrocarbons. When
unstabilized, PS is one of the least durable plastics. It degrades under the influ-
ence of radiation, oxygen, and atmospheric pollutants.™ Being linear polymer, PS
is susceptible to cross-linking, which can be detected through increase in stiffness
and brittleness.”® The found available literature provides information on the inves-
tigation of the cleaning treatment effects on PS, reporting existence of scratches
not visible to the naked eye.” In a study on adhesive testing for rigid polystyrene
(General purpose polystyrene, GPPS), besides the examination of working proper-
ties, appearance, and color measurement, aging tests before and after joining were
performed, with tensile and hardness testing; SEM imaging and steromicroscopy
were used for the visual examination of break types.’®® Another study evaluated the
possible effects of heat modeling of GPPS used for sculptures Pequenas Esculturas
by Angelo de Sousa on the acceleration of the photo-oxidation process.’' General
recommendation for storing is the following: temperature 18 °C + 2 °C, RH 55%
* 3%, light up to 50 lux for colored objects and up to 150 lux for transparent, UV
radiation below 75 uW/Im, adequate ventilation.'®?

Poly(methyl methacrylate), PMMA; is transparent, amorphous thermoplastic ma-
terial thatis hard, brittle and easily polished, but is highly sensitive to stress concen-
tration. PMMA possesses good mechanical strength, optical properties weathering
resistance.'® Itis used for lenses for spectacles and optical equipment, safety spec-
tacles, windows, food containers, lighting etc.'** PMMA shows resistance to water,
non-polar solvents, weak acids and bases, salt solutions, aliphatic hydrocarbons, and
detergents at room temperature, but no resistance to polar solvents, strong acids
and bases, benzene, ketones, esters, and aromatic and chlorinated hydrocarbons.
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During degradation, chain-splitting occurs. PMMA is susceptible to microorganism
attack when it contains plasticizer."®> A consequence of using solvents for cleaning
rigid plastics, such as PMMA (PS and PC as well) is the occurrence of cracking, the
so-called environmental stress cracking (ESC), which causes the development of
white crystalline structures or connected cracks in a material.’®® One study identi-
fied a common occurrence of bonding defects in transparent PMMA objects, which
are the following: bubbles, haziness, crazing, and joint separation.’ PMMA objects
from a museum collection were examined for damages, followed by cleaning and
repair treatments, with the observation that larger fragility of objects made by art-
ists compared to industrial ones is due to the application of an inadequate precision
technique.'® A paper on the examination of the effects of cleaning transparent
PMMA suggested using optical microscopy and contact angle measurements for
the of scratches and cleaning agents residues.’® With regard to PMMA adhesion,
various research studies investigated the following issues: adhesives having minimal
craze- and crack-promotion testing, including a simulation of the bonding opera-
tion on 3D replicas of the damaged area, resulting in the practical application on
Naum Gabo’s Construction in Space: Crystal;"° adhesive crazing of PMMA stressed
at specific loads, tensile testing of butt-joined PMMA samples, and the effect of
degreasers on the tensile properties of adhesives.”" General recommendation for
storage is the following: temperature 18 °C + 2 °C, RH 55% * 3%, light up to 150 lux
for colorless and up to 50 lux for colored objects, UV radiation below 75 uW/Im."72

Polyethylene, PE, is a thermoplastic polymer that possesses good mechanical
strength and flexibility, low water vapor permeability, easy workability, and great
chemical resistance (consequence of hydrocarbon character and high crystallinity).
Aging of PE can be decreased by addition of carbon black, antioxidants, and UV light
absorbers. PE shows resistance to water, diluted acids, bases and salt solutions, and
is not soluble in organic solvents at room temperature.””® On the other hand, it is
not resistant to oxidizing acids, ketones, aromatic and chlorinated hydrocarbons.
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During aging, both low density polyethylene (LDPE) and high-density polyethylene
(HDPE) show crack formation and dimensional change.” PE is used for zip-lock and
carrier bags, food packaging films, Tupperware® containers, bread and beer crates,
electrical cable insulation, water pipes etc.””> When in museum environment, the
primary degradation process of PE is due to photo-oxidation. The level of UV stabili-
ty of a specific polyethylene will depend on its crystallinity, added stabilizers and the
fabrication process.7® With the aim of improving adhesion properties of non-polar
polymers, research was conducted applying plasma-pretreatment of surfaces to be
joined and the results pointed to significant improvement of adhesive qualities."”
Polyethylene bags in the series Bicycles by Andreas Slominski degraded due to con-
stant load, daylight, and UV radiation. Before conservation treatment, artificial aging
tests were performed for studying the degradation process; tensile strength testing
of bonds for adhesive selection was performed.””® A study was conducted for assess-
ing the stability of Tupperware objects in a museum collection. The artificial aging
results showed that Tupperware objects should survive 150 years without serious
conservation treatment if kept in lighting under 100 lux.”® General storage recom-
mendations are the following: temperature 18 °C £ 2 °C, RH 55% * 3%, light up to
50-100 lux for colored translucent and up to 150 lux for colored opaque objects,
UV radiation below 75 uW/Im. Adequate ventilation is needed for the removal of
pollutants.™® Apart from being constituent material of works of art and artifacts,
PE is also used as packaging material for other museum objects. Storage containers
made from it were a subject of testing for volatile organic compounds, VOCs, as
well as Oddy tests, resulting in the recommendation that containers should be kept
uncovered with their lids for some time between purchase and utilization so that
there is enough time for off-gassing.™®’

Phenol-formaldehyde resins are oligomers and polymers that can exhibit both
thermoplastic (‘novolac’ resins) and thermosetting behavior (‘resol’ resins).'®? By
addition of other components novolac resins cross-link when heated and become
thermosetting polymers. Phenol-formaldehyde materials for molding are mostly
novolac-based. Fillers and reinforcements are added to phenol-formaldehyde resins
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with the aim of improving their properties. The combination of reinforcements with
high cross-linking degree results in high stability, rigidity, and hardness."? Phenol-
formaldehyde Bakelite was the first fully synthetic polymer. It was resistant to acids
and organic liquids.’®* Bakelite was used for household and consumer goods and
costume jewelry."®® Phenol-formaldehyde resins have good resistance to thermal
and thermo-oxidative decay as well to microorganisms.'®® Storage condition recom-
mendations are the following: temperature 18-21°C, RH 50% * 2%, lighting 150
lux, UV radiation up to 75 uW/Im."®” Having in mind that phenol-formaldehyde is a
very stable synthetic polymer, it does not surprise that it is not easy to find reports
on conservation-restoration treatments.

Epoxy resins have a range of good properties like good chemical resistance and
excellent adhesive properties, hardness, flexibility, toughness. They have excellent
water resistance,'® Also, they show resistance to dilute acids and alkalis, alcohol,
benzene, petrol, and most solvents, but are not resistant to concentrated acids and
alkalis, ammonia, acetone.™ They are used in production of adhesives and coatings.
Epoxy resins are also used as a matrix for fiber reinforced composites that show
excellent mechanical properties.’®® The main aging reaction is bond-splitting.™"
Prediction of durability for epoxy materials used for works of art (Nemea'’s Lion by
Francisco Leiro and 3D Bodyscans 1:9 by Karin Sander) using the simulation of nat-
ural aging test showed agreement with the monitored aging process in the original
works of art.®2 General storage recommendations are the following: temperature
18 °C+ 2 °C,RH 55% * 3%, UV radiation below 75 uW/Im.3 As epoxies are charac-
terized by very good stability it is understandable why case studies and papers about
conservation-restoration treatments cannot be found in literature.

Polyester, PES, polymers comprise a large group of materials that consists of ther-
moplastic PES, alkyd and saturated PES, unsaturated polyesters (UP) and PES for
polyurethanes. When cross-linked, without fillers, UPs are hard, brittle, and trans-
parent; properties can be changed by changing starting components. UPs are resist-
ant to strong acids, weak bases, salt solutions, various solvents, but are not resistant
to strong bases, warmed acids, and chlorinated hydrocarbons. They are mainly used
as matrix materials for composite materials and are most often reinforced with

183 F. Waentig, op. cit., 235-236.

184 Y. Shashoua, 2008, op. cit., 26.
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186 ibid., 238.

187 ibid., 240.
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rial to contemporary art medium?”, in: Science, Technology and Cultural Heritage, ed.
M. A. Rogerio-Candelera, London, 2014, 171-176.
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glass fibers.'* They are used for boat shells,'* auto-repair kits, in building construc-
tion, for manufacture of artificial stone, sculptures, facades etc.’® In recent years,
harmful styrene emissions during production of polyester matrix composites have
prompted the uptake of green resins with low styrene content and emissions'’” and
thermoplastic polymers as well.98.19° Besides being used as an artistic medium,?°® as
casting resins, they are also used as a pinning material for restoration of large sculp-
tures, as glass fiber reinforced polyester, GFRP.2°' GFRPs are water and weathering
resistant. In general, they show good aging properties.?°> Osmosis, photo-oxidation,
and hydrolysis cause UP deterioration, particularly if objects are kept outdoors.?%3 A
study conducted in order to provide useful information on preventive conservation
of UP artifacts (specifically The Last Milk Platform by Jan Erik Andersson and Cocotte
with two dogs by Kari Tykkylainen) showed that there are significant differences in
the stability and the aging properties of different commercial UP products. It was
concluded that water, humidity, UV light and temperature fluctuations damage ob-
jects made from low quality UP composites.?°4 Interesting is an example of Mobile
Home for Kréller-Miiller by Joep van Lieshout, a large-scale GFRP outdoor sculpture,
which needed conservation treatment due to the exposure to external degradation
factors. Artificial aging testing was performed in order to select the material for
crack filling.2°® Regarding fiberglass reinforced polyester outdoor sculptures, they
should be maintained by regular surface cleaning.2°® When it comes to transparent
objects, it is very difficult to obtain invisible repair. In order to avoid invasive treat-
ments, less invasive alternatives were investigated for different types of damages
(breaks, abrasions and losses).2*” Adhesives were tested for applicability and appear-
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tic matrix composite materials properties by physical properties and chemical treat-
ments”, International Journal for Quallity Research, Vol. 10 (1), 2016, 205-218.

200 G. Stamatakis et al., “Analysis and aging of unsaturated polyester resins in contempo-
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Vol. 398, 2010, 3203.
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Publishers Pvt Ltd, New Delhi, 2008, 492.
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ance for treatments on two untitled works of art of Mathilde ter Heijne; research
included artificial light aging and joints tensile testing.2°® Nuredduna, made from UP
resin-based composite, by Aligi Sassu, was studied for the chemical characterization,
manufacturing technique and state of conservation.?°® An example of degradation
due to human factors, i.e., vandalizing act, is the work Chair, by Allen Jones, made
from GFRP, which was subjected to a conservation-restoration treatment since paint
stripper was thrown over it, causing painted layer damage.?'® General recommen-
dation for storage is: temperature 18 °C £ 2 °C, RH 55% * 3%, light up to 150 lux
for colorless and up to 50 lux for colored objects, UV radiation below 75 pW/Im.2"

An overview of the found available literature on conservation-restoration treat-
ments of works of art and museum artifacts made from polymer materials shows
that, apart from treatments of natural polymers, it has only started to develop for-
mally since the last decade of the 20t century. This field is still in expansion, espe-
cially when it comes to interventive conservation since there are polymer materials
for which definite conservation-restoration methodologies have not been developed
yet. In general, a necessary step prior to any treatment is material identification, i.e.,
identification of both polymers and their degradation products. In addition to this,
for the prediction of degradation behavior artificial aging tests are required, and also
mechanical characterization of aged materials, as well as monitoring of the natural
aging of polymer materials. All these scientific techniques, along with identification
of the effects of degradation due to various factors, are very important for planning
future conservation-restoration methodologies and protocols.
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LIST OF ABBREVIATIONS

UV light - Ultraviolet light
RH - Relative humidity

CN - Cellulose-nitrate

CA - Cellulose-acetate

CF - Casein-formaldehyde
PVC - Poly(vinyl chloride)
PU - Polyurethane

PS - Polystyrene

PMMA - Poly(methyl methacrylate)
PE - Polyethylene

PES - Polyester

UP - Unsaturated polyester
PVAc - Poly(vinyl acetate)

Panmuna b. JAMJAHOBHWHR, MuHa Jb. JOBHR, Pagmuna M. JAHYHUR-HEINMANN,
Hpena [. XHUBKOBHH

KOH3EPBALIUJA H PECTAYPALIUJA YMETHHUYKHUX OENA U APTEDAKATA

o4 MNOJTUMEPHHUX MATEPH)AJIA - NMOJbE YCKE CAPAOHE HAYKE H YMETHOCTH:
NPErNEQ OOCAOALLUHE MPAKCE

MprponHK nonrMmepH, a of, Kpaja 19. Beka U CHHTETUYKH NOSIMMEPH, KOPHUCTE Ce 3a M3pady AeKkopa-
TUBHMX W DYHKLMOHATHHUX MPeAMETa Kao M Kao CPEACTBO 3a YMETHHUUKO M3parkaBate. 360r opraHcke
npypoae, HXOBO Nponagatee je bpxe y nopehetby ca Apyrim rpynama matepujana. [lerpapauuja no-
NIMMepHHX MaTepHjana je y3pokoBaHa PHU3HUKHM, XEMHjCKHM 1 BHOMOLLIKMM PaKTOpHUMa W [OBOLH L0
CTPYKTYPHHX NMPOMEHa, MoroplLuiatba CBOjCTaBa, MPOMEHE HHXOBOT U3rnena K rybutka dyHkuuje. Maeja
aHanuse y oBoMm pagy bvna je fia ce Ha jenHOM MecCTy, Ha OCHOBY NpoHafeHe [OCTyMnHe NuTepaType,
MpHKyne OCHOBHW MOAALM O THMOBHMA NOMIMMepa KOjH ce 0OMYHO KOPHUCTE 3a U3pafy YMETHHUKHUX
Liena v My3sejckux aptedakata ykbydyjyhu hunubap, KopradeBHHy, por, MPUPOAHY M CUHTETHUKY FyMmy,
HUTpAT W aLleTart Lenynose, kasenH-hopmanaexu, Nonu(BUHU XI0PHL), MONUYPETaH, MOMCTUPEH,
nonu(MeTHN MeTakpunar), nonueThneH, beHon-popmanaexu, enokcua v nonuectap. AHanusa ce
tokycrpa camo Ha 3] ymeTHHUKa Aena v ynoTpebHe aptedakTe. Y pafy je nat nperneq knackukaLmje
cakTopa ferpafaLimje, Kao 1 OMLUTH NOJALM O KOH3EPBALIMjH YMETHHUUKKX Liefla U My3ejckux apTeda-
KaTa ofi MoNIMMepHHX MaTepHjana. [pema HaBedeHHM OCHOBHUM THMOBHMa NMOJIMMEPHHX MaTepHjana,
0Baj paf, canp>xH onLiTe HHOpMaLHje 0 KapakTepUCTHUHUM CBOjCTBHMMA, haKTOpHMa M MpoLiecHma
ferpagalmje, a 3aTMM faje NpumMepe KOH3epBaTOpPCKO-pecTaypaTopCckMX MHTepBeHLHja y3 npume-
HY Hay4YHWX TexHHKa. Ha 0CHOBY [OCTYMHKX NnofaTaka, MoXe Ce 3aK/byUuTH fa Mehy nonrumepHum
maTepHjanrma noctoje pasnvke y 6psvHama gerpagaumje. Ectpu uenynose, noau(BUHHUAXN0PHA) 1
MosIMypeTaHcKa neHa cy HajckNoHMjM pacnapamy, fok cy heHon-bopManaexua v enokcHan HajcTa-
61nHKj1. MeTononoruja KoH3epBaLyje U pecTaypalivje YMETHHYKHUX iena v My3ejckux apTedakata of,
MoSIMMepHHX MaTepHjarna, joLL yBeK HHje NpeLu3Ho AedHHKCaHa 3a CBe BpCTe noniMmMepa. [eHepasHo,
YCMOCTaB/beHH Cy NMPEBEHTUBHKW KOH3EpBATOPCKH NMPOTOKO/IH, AOK je, Kafa je y N1Taky MHTEPBEHTHA
KOH3epBaLiWja, 0Ba 06MacT joLL yBeK Y pa3Bojy, Y3 CHaXKHY MOAPLUKY HAYYHUX METOAA M TEXHOMOLLKHX
casHama. 3a nnaH1pame ofrosapajyhux npotokona koH3epBaLuje-pectaypalimje noTpebHo je 06e3be-
LUTH naeHTMdHKaLKjy MaTepHjana, TECTOBE BELLTAYKOT CTapeta v pasyMeBatbe NPOM3BOAHKX MpoLeca
M CBOjCTaBa CHHTETHYKHX MOSIMMepa, yCre, Yera Cy MHTePAUCLHMITIMHAPHHW U MYTTHUAUCLUHITMHAPHH
MPHCTYM HEOMXOLHH.

KrbyuHe peun: nonnmepH, nnactuka, KOH3epBalLi1ja, pecTaypalyja, AerpapaLimja
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