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A  b  s  t  r  a  c  t

The  most  common  method  chosen  by  artists,  designers,  and  craftsmen  to  realize  artworks  and  objects
with  transparent  poly(methyl  methacrylate)  (PMMA)  is to bond  pieces  from  premanufactured  sheets
using  solvents  or adhesives.  This  method  is considered  relatively  easy  to use,  however  achieving  bonds
that  are  both  transparent  and  strong  can  be  difficult.  Artifacts  from  museum  collections  made  by bonding
transparent  PMMA  often  exhibit  a variety  of  bonding  defects  and  failures  not  yet  addressed  in depth  in
the conservation  literature.

Therefore,  an  international  project  started  with  the  aims of  classifying  these  bonding  issues  and  unders-
tand  their  causes.  This  paper  presents  the  results  of the  first part  of this  project  which  included  the
following  research  activities:  surveys  of bonding  defects  in  PMMA  artworks  and  design  objects  in museum
Bonding
Crazing

collections,  a literature  review  of the  most  recommended  materials  and  methods  used to  bond  PMMA
over  time,  the preparation  of  bonded  PMMA  mock-ups  based  on literature  review,  chemical  characteri-
zation  of  the  bonding  materials,  thermal  ageing  of mock-ups,  and  finally  technical  examinations  of  the
PMMA  bonded  mock-ups.  The  main  defects  observed  in  the  museum  objects  surveyed  were  successfully
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Introduction

Poly(methyl methacrylate) (PMMA) is a transparent polymer
commonly known as acrylic or by the trade-names Perspex, Plexi-
glas, and Lucite. PMMA became available in its solid forms in the
1930′s and since then has been used for innumerable applications
[1–3] due to its optical clarity, manufacturing versatility, weathe-
ring resistance, toughness and rigidity [4].

Many artists, designers, and craftsmen have found PMMA  an
ideal medium for the creation of three-dimensional objects and
sculptures. A frequent method to create these artifacts is bonding
together PMMA  pieces, generally prefabricated cast and extruded

sheets, blocks, rods, tubes, or ‘hand-made’ cast pieces [5,6]. Bon-
ding PMMA  is known to be challenging because of the difficulties
in obtaining a strong, stable, and transparent joint where both the

∗ Corresponding author at: Getty Conservation Institute, 1200 Getty Center Drive,
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ptical clarity and the refractive index of the polymer are matched
7–12]. Nevertheless these challenges did not stop the creation of
onded PMMA  artifacts, many of which have entered museum col-

ections.
Conservation surveys carried out by the main author over the

ears on plastics in art and design collections revealed that most
rtifacts made by bonding PMMA  pieces (>95%) exhibit defects and
ailures in their joints which compromise the transparency and
trength of their construction and seemed to be recurrent. Howe-
er, most of the bonding issues observed and their causes are not
entioned, let alone classified, in plastics conservation literature

urrently available to conservators, with the exception of crazing
7,8,10,13–15].

Consequently this study focused on determining the most recur-
ent defects and failures on bonded PMMA  objects in museum
ollections, to reproduce them in the lab and closely investigate

heir origin and causes. In this work, the main PMMA  bonding issues
ffecting objects were identified through bonding defects surveys
n several museum collections and then an experimental part was
arried out. Historical sources on bonding PMMA  were reviewed to

cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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Fig. 1. Bonding defects observed in museum objects: bubbles (a-b), haziness (c-d), cra
and  RCE Collection (e,g).

understand how this plastic has been bonded over time, and PMMA
mock-ups were prepared using the main bonding materials and
methods mentioned in these sources. The chemical composition
of the bonding materials was investigated with Fourier Transform
Infrared Spectroscopy (FTIR) and pyrolysis-Gas Chromatography-
Mass Spectrometry (py-GC/MS) analysis. The stability of the bonds
was studied using thermal aging on some of the mock-ups. Finally
aged and un-aged PMMA  bonded mock-ups were examined using
optical and scanning electron microscopy.

Research aims

Given the lack of information in the plastics conservation lite-
rature on PMMA  bonding issues and their causes, the primary
aim of this research is to fill this gap in knowledge. This study
with its extensive review of trade, craft, industrial, physics, and
macromolecular literature, and its experimental recreation of bon-
ding techniques intends to provide conservators all the necessary
knowledge and understanding to properly assess the condition of
PMMA bonded objects in museum collections. Moreover, this work
aims to inform artists, designers and conservators on materials and
methods that are unsuitable for the creation of transparent and
stable bonds on clear PMMA.

Bonding defects surveys

The project started surveying the condition of transparent
PMMA bonded artifacts in museum collections in order to identify
and describe the most recurring bonding defects to be experimen-
tally reproduced and investigated.

Bonding defects surveys were undertaken at the Stedelijk
Museum Amsterdam (SMA) (sculpture and design collections), at
the Cultural Heritage Agency of the Netherlands (RCE) in Rijswijk,
at the Museo del Novecento in Milan, and at the Galleria Nazio-
nale d’Arte Moderna in Rome. In these collections a total of forty
PMMA bonded artifacts, including sculptures, design objects, and
an installation dating from 1960′s onwards, were identified and the
condition of their bonds were surveyed.

Identification of these works as PMMA  was generally based on
the documentation provided, in combination with the use of non-
analytical methods to recognize plastics, and when sampling was

possible with FTIR analysis.

Artifacts’ constructions and bonds were examined visually, with
magnification, and with ultraviolet light (UV). UV light was  used
to observe any fluorescence along the bond that may  indicate the
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e-f-g), and joint separation (h). Collection Stedelijk Museum Amsterdam (a,b,c,d,f,h)

se of an adhesive. Additionally, at the SMA  objects where further
xamined with a strain viewer to visualize the presence of stresses
lose to the joints caused by bonding.

Overall and detail images of each artifact were taken with a digi-
al camera, and close-ups of bonding defects were captured using

 macro lens equipped smartphone.
The results were collected in a ‘bonding defect survey form’ desi-

ned for this project. The main categories of information collected
ere: object’s data (title, author, and date), description of material

nd technique, and description of any bond defects/failures.
The majority of the artifacts examined were found to be made by

onding together pieces of transparent or colored transparent sawn
ut PMMA  sheets (cast and/or extruded) with variable thickness, or
y joining thick transparent PMMA  cast blocks.

Two  main types of joints were observed in these artifacts: butt
oint and full lap joint (also known as laminate). It was  generally dif-
cult to determine how PMMA  was bonded in each artifact. In some
bjects, observations with both the naked eye and UV  light clearly
evealed the presence of an adhesive bonding line along the joints.
n many others the bonding material was imperceptible, suggesting
hat the PMMA  was bonded to itself using solvents. In few others

 bonding line was visible, but it showed the same fluorescence as
he PMMA.

All artifacts were found to have bonding issues. Particular types
f defects and failures seemed to recur, which suggests they may
elate to specific bonding materials and/or methods used. The main
ssues were: bubbles, haziness, crazing, and joint separation.

Bubbles showed a variety of shapes and were observed in the
iddle of bonds and/or along their edges (Fig.1a-b).
Haziness was noticed at the joints interface and appeared in

wo  main different forms: as a hazy flat patch/area with undefined
utlines (sometime within bubbles) (Fig.1c), and as a hazy three-
imensional spot with a cloud-like pattern (Fig.1d).

Crazing were observed along the bonding line (Fig.1e) as well as
t the bond interface (Fig.1f), and in some objects close to the cloud
haped hazy spots (Fig.1g).

And finally joint separation was observed in objects which inclu-
ed butt joints made with very thin PMMA  sheets (Fig.1h).

aterials and methods
eview of historical and current sources on bonding PMMA

With the most recurring bonding issues identified, a diversity
f sources on bonding PMMA  that could have been available over
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the years to artists and designers were reviewed. The purpose of
this literature review was to determine historically which bon-
ding materials and methods have been recommended in order to
select the most representative ones for creating mock-ups of bon-
ded PMMA.

The sources reviewed span from the 1940’s to present and com-
prise primarily trade literature issued by the leading manufacturers
and suppliers of PMMA  (e.g. Rohm & Haas, Imperial Chemical Indus-
tries, Du Pont, Arkema, Evonik), craft manuals, artist’s handbooks of
plastics, and technology books on plastics joining. Trade literature
included in particular catalogues, technical handbooks, operating
manuals, and sales brochures.

These publications provided important information on PMMA
bonding (joint preparation, bonding materials and methods, curing
processes) and also on its defects. It was noticed that all these
sources provide similar information. Generally the leading PMMA
manufactures were the first to publish information such as lists
of materials and bonding instructions, which are then repeated in
suppliers’ catalogues, craft manuals, artist’s handbooks of plastics,
technologies books and also in their own yearly issues. Therefore,
this section will refer only to the most significant and comprehen-
sive references and not to all the eighty sources reviewed.

Regarding the materials used to bond PMMA,  the majority of
the sources defined these materials as ‘cements’, and the action of
bonding or joining PMMA  to itself as ‘cementing’. The cements sug-
gested in literature over the years generally match, while the way
of categorizing them and the number of these categories varies;
in some sources bonding materials are classified by composition,
in some by curing process, and in others by application method.
However, crossing all the references the most representative cate-
gories of cements were: Solvent Cements, Monomer-Solvent Cements,
Polymer-Solvent Cements and the Polymerizable Cements.

Solvent Cements includes pure solvents or mixtures. Solvents are
the most frequently suggested bonding materials since 1940s, as
they are considered the easiest, most economical, and convenient
cements to use on PMMA.  Sources generally recommend the use
of glacial acetic acid and chlorinated solvents such as chloroform,
methylene dichloride, ethylene dichloride, 1,1,2-trichloroethane
and 1,1,2-trichloroethene, or their blends. These solvents soften
and swell the PMMA  surfaces so that complete fusion can be achie-
ved at the joint’s interface, which then hardens into a transparent
bond as solvent diffuses and evaporates [16–21]. Therefore, bon-
ding occurs by a physical process. Bonding time and joint strength
varies between solvents. Rohm and Haas repeatedly reported that
chloroform and 1,1,2-trichloroethane form low strength bonds
due to solvent retention, while methylene dichloride and ethy-
lene dichloride produce bonds with medium strength. Methylene
dichloride and ethylene dichloride are recommended for quick set-
ting, while glacial acetic acid for joints that require longer working
time [18,20,22,23]. Also, there is agreement that solvents should be
used in environments above 21 ◦C, as lower temperatures can slow
down their action on the PMMA  [24,25].

Monomer-Solvent Cements include solvents (e.g. chlorinated)
and small amounts of methyl methacrylate monomer (MMA)  which
are both able to soften the PMMA.  These products, as the Solvents
Cements, form bonds by softening and swelling the PMMA surfaces
to be joined and fuse them together as the bonding materials dissi-
pate. They allow rapid assembly, medium-strength joints, and have
poor to fair outdoor weathering resistance [25–27].

Polymer-Solvent Cements or Solvent-Polymer Cements includes
solution of PMMA in solvents (e.g. chlorinated), or solution of
PMMA in solvents and MMA.  The latter are sometime called

Monomer-Polymer-Solvent Cements [27]. These cements act as
the pure solvents swelling the PMMA  surfaces, but also deposit
polymer in the joint as solvents evaporate and migrate into the
material. Manufactures, as ICI, developed these cements to retard
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apid drying occurring with pure solvents. Their bond strength
s higher than solvent and monomer-solvent cements but lower
han polymerizable cements, and their resistance to weathering
nd moisture is moderate. These products can also be handmade
y dissolving PMMA  chips or shavings in any of the pure solvents
entioned above, to produce a syrup-like cement. [21,25,28–31].
Finally, Polymerizable Cements or Adhesives (also called Polymeri-

ation Adhesives, Reactive Cements, or Monomer Type Cements in the
arlier references)  includes one, two, or three components adhe-
ives that cure by chemical reaction (polymerization of MMA). The
onomer dissolves the PMMA  in the same manner as other sol-

ents, but then polymerizes in the joint instead of evaporating.
olymerization of MMA  can be induced by catalyzation, irradiation
visible or UV light) in the presence of a photocatalyst, or by heating
32]. One-component adhesives are generally viscous solutions of
MMA  in MMA  sometimes with a photocatalyst. Two-component
dhesives consist of MMA/PMMA  solutions and a catalyst (often
enzoyl peroxide or a photocatalyst), or of stabilized monomer
nd a catalyst. Lastly, three-component adhesives comprise often

 solution of MMA/PMMA,  a benzoyl peroxide catalyst which can
e also combined with a plasticizer, and a promoter (MMA). Poly-
erizable adhesives give the advantage of fast initial set. They are

ecommended for bonding large areas and when assemblies require
aximum strength and weathering resistance [16,18,20,28,33,34].
Some sources define any category based on solvents, or where

olvent action plays a role, as Solvent Cements or Solvent type
16,18,25]. Moreover, some Monomer-Solvent Cements, as Rohm
nd Haas Cement II, are provided with catalyst giving them a
ual action: the power to dissolve the PMMA  surface and simul-
aneously to polymerize. Solvents and monomer-solvents, being
ow viscosity, are also called unthickened cements, while polymer-
olvents and polymerizable adhesives are thickened cements, with
ew exceptions [18,28,33].

Sources also reported comprehensive descriptions of the bon-
ing methods that should be used with all cement categories and

nformation regarding bonding preparation. They generally recom-
end to check if parts to be bonded match well, to use jigs, clamps

r weights, and especially to mask areas along the bonds with
olvent-resistant tape, gelatin, or glue masking compound [18,35].

Three main bonding methods have been consistently employed
rom the 1940s onwards and their use depends upon the viscosity
f the cement: the capillarity method, the soak or dip method, and
he glue method [17,18,33,35].

Capillarity method is recommended for low-viscosity mate-
ials (unthickened cements) such as solvents or monomer-solvent
ements [33]. Parts to be bonded must be closely fitted with no
isible gaps. For butt joints, a jig should be used to secure pieces
uring the process. Cement can be applied with a needle, hypo-
ermic syringe, eye dropper or similar instrument, along the edges
f the joint and allowed to spread throughout by capillarity action
6,17,24,26,33,35–38]. Solvent flow can be facilitated by inserting
ne wires in the bond to slightly separate the parts. Wires are then
ulled out and light pressure is applied to the joint. Setting time can
ary from a few minutes to over an hour depending on the product,
nd the ambient temperature [33]. Capillarity produces joints with
ariable strength, lower than those made with soaking method or
olymerizable adhesives [18,24,39].

Soak or dip method is also suggested for unthickened cements.
n this method, one of the parts is placed in a container holding
he cement until the soaked surface softens and swells forming a
cushion’ [18]. While soaking, clamps or blocks can be used to hold
he piece upright, and nails or metal wire can be placed under-

eath to prevent PMMA  from adhering to the container. When
he cushion is formed, the parts are then rapidly assembled. The
ushion from the soaked piece forms a second cushion on the other
iece by solvent action [16–18,24,26,33,35,39,40]. Light pressure is
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then applied to ensure the intermingling of the two cushions, and
the bond is allowed to set. Some leading manufacturers recom-
mend to wait 30 to 60 seconds prior to apply pressure to the bond
to avoid the soft cushion being squeezed out of the joints [18,29].

The time required to produce the cushion (soaking time), varies
according to the cement used, though discrepancies were found.
For instance in 1964, Rohm and Haas [18] reports soaking times of
approximately 3 to 10 minutes with methylene dichloride, 3 to 8
minutes with ethylene dichloride and 5 to 10 minutes with 1,1,2-
trichloroethane. While ICI, in the same year, states that a soaking
time between 1 to 5 minutes will be sufficient to develop an ade-
quate cushion with most solvents [19]. Shorter soaking times (30
seconds-3 minutes) were also found in earlier publications by the
same manufacturers and other suppliers [17,29].

The Glue method is used with viscous or thickened cements
which included the polymer-solvents cements and polymerizable
adhesives. In this method the bonding material is applied directly,
generally in a cross shape, on one of the parts to be bonded using a
spatula, glass rod, brush, or similar tools. Parts are then assembled,
applying pressure to spread the adhesive throughout the joint and
squeeze air bubbles and excess cement out [19,33,40–42].

Some of the sources also revealed information on PMMA
bonding defects, their possible causes, and remedies, some-
times displayed as troubleshooting guides [20,33,34,38,43,44].
The defects mentioned included those most recurrently identified
during the survey such as bubbles, haziness, crazing, and joint sepa-
ration, although the terminology used to classified them varied
between sources.

Sources report haziness (also called cloudiness, whitening or
haze) is caused by excessive moisture in atmosphere [18,34,38].
High humidity and low ambient or material temperature are said
to produce cloudy or turbid joints due to moisture condensed from
the air by the cooling effect of fast-evaporating cements, such as
methylene dichloride. This phenomenon is associated to the use
of solvents or the soak method [18,20,35]. According to literature,
haziness can be avoided by increasing the ambient temperature,
using a slower evaporating bonding material, or adding diacetone
alcohol or glacial acetic acid to fast evaporating solvent or mixtures
to reduce evaporation rate [20,35,43].

Regarding bubbles, sources report that their formation is prima-
rily related to the bonding material properties and bonding process.
Bubbles can be formed by entrapment of air either during the pre-
paration of the bonding material (e.g. when mixing components) or
during application of a viscous cement. Additionally, uneven sur-
faces holding small pockets of air or dirt can also form bubbles
[34,38]. Bubbles can also occur with the soak/dip method, as sol-
vents evaporate and the cushions shrink forming voids also called
‘dry areas’. Dry or de-bonded areas can also be caused by inade-
quate pressure or poor fit of parts [34,38]. Furthermore, bubbles
can be generated by monomer evaporation due to excessive heat
during curing of some polymerizable adhesives [34].

Concerning crazing, (also referred as stress-crazing/cracking)
[45], this phenomenon is the most frequent PMMA  failure reported
by manufacturers since the 1940′s. Crazing is described as a net-
work of tiny fissures, generally developing in areas of high localized
stresses. This phenomenon occurs in PMMA  bonds as result of expo-
sure to solvents or monomers able to attack the PMMA  and release
stresses present in the plastic unequally. It can occur immediately
or over time [18,19,46]. Stresses can be introduced to the PMMA
by molding or extrusion, machining and finishing (sawing, drilling,
sanding, polishing), excessive pressure applied on the joint (e.g. by
jig or clamps), or when joints are forced out of shape [20,34,38,46].

Cast PMMA  is often mentioned to have better resistance to crazing
than extruded [45,47].

Most of the bonding materials suggested by manufactures are
said to cause crazing and therefore they always recommend to first
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nneal PMMA  to avoid this defect [19]. The use of benzene, gaso-
ine, acetone, carbon tetrachloride, xylene, toluene, alcohol, glacial
cetic acid, and chloroform are sometimes highlighted as causes of
razing [6,18,48].

In addition, it is stated that polymerizable adhesives can cause
razing not only due to their ingredients, but also as a result of
tresses caused by their shrinkage upon curing, or when the heat
rom or for curing softens the PMMA  [34,36]. Furthermore, impro-
er environmental conditions such as fluctuating relative humidity
nd low temperatures (below 18 ◦C) are also said to cause crazing
18,33,35].

On joint separation (de-attachment) sources highlight that this
ailure often occurs in low strength bonds. Bonds made with sol-
ents are frequently mentioned as the weakest [21]. It is also said
hat poor joint strength in solvents bonds can be caused by the pre-
ence of too many bubbles or dry spots, shrinkage of the cushion,
r by a too low ambient temperature that can reduce solvent
ction. Poor joints in polymerizable adhesives can also be caused by
ubbles, low temperature, or improper mixing of their components
18,33]. Publications also report joint separation can be related to
he presence of dirt or residues, delays between the application of
he cement and bonding, uneven thickness of the cement, or uneven
hrinkage [34].

ecreating PMMA bonds – mock-ups

onding materials
Bonding materials were chosen based on recommendations

n the reviewed sources and products’ availability. The following
epresentative categories and products were selected:

Solvent Cements/Pure solvents: Glacial acetic acid (GAA), Chloro-
form (CHL); Methylene Dichloride (MDC), Ethylene Dichloride
(EDC), 1,1,2-Trichloroethane (TCA), 1,1,2-Trichloroethene (TCE);
Monomer-Solvent Cements. One-component, low viscosity pro-
duct: Weld-On 3;
Polymer-Solvent Cements. One-component, high viscosity pro-
duct: Weld-On 16;
Polymerizable adhesives. Two-component, high viscosity pro-
ducts: Weld-on 40, Caseway PS-30. The one-component light
curing product: Acryfix ® 1R 0192.

The chemical composition of these materials as reported by the
anufacture and as analyzed for this study is presented in Table 1.
Although solvent mixtures were often recommended as Solvent

ements, it was  decided to restrict this study to the impact of indi-
idual solvents on PMMA.  The physical properties of these solvents,
elevant in bonding, are listed in Table 2 [49,50]. Regarding solvent
ower of these products, it was  found that neither Hildebrand or
ansen solubility parameters, or the related Teas chart, correctly
redicted their ability to solvate PMMA.  Consequently, the data
ere reported on their solvent power on PMMA  were defined based
n solubility tests conducted in this study.

ock-ups and open-face samples preparation
Mock-ups were made by bonding together PMMA pieces sawn

rom clear cast (Acrycast®, Calsak Co) and extruded (Acrylite® FF,
YRO) sheets, to evaluate the effect of bonding materials on both
ypes of PMMA.  Cast sheets were found by Size Exclusion Chro-

atography [51] to have an average molecular weight (MW)  of
49,299 u, while extruded of 102,720 u.

PMMA  pieces (each: 6.3 × 6.3 × 0.63 cm)  were unannealed and

heir edges left unpolished as polishing could rounds corners, pre-
enting the necessary fit, and may  produce localized stresses [18].

Butt joint and full lap joint mock-ups were created (Fig.2). For
ssembling butt joints, a l-shaped jig was  made as suggested [17].
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Table  1
Bonding materials tested. Composition based on datasheet information and chemical characterization.
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Before bonding, masking tape was applied around bond edges, to
confine softening by solvents and easily remove residues.

Mock-ups were prepared as most recommended in literature,
using capillarity, soak, and glue methods. Capillarity and soak
methods were used with low viscosity products (Pure Solvents,
Monomer-Solvent). While the glue method was used with high
viscosity products, also referred to as adhesives (Polymer-Solvent,
Polymerizable adhesives).

For capillarity, a hypodermic syringe was chosen to dispense
bonding materials along the joints. Pieces of wires were placed
in the bond of lap joints to facilitate capillarity action and remo-
ved after the materials spread. For soaking, petri dishes were used
to hold the low viscosity bonding materials and soak PMMA  until
the cushion was formed. Considering the discrepancy found in lite-
rature on soaking times, tests were performed using all different
times suggested to find the optimal for each bonding material.
Finally, the following soaking times were used: GAA 21 minutes,
CHL 1 minute, MDC  30 seconds, EDC 3 minutes, TCA 5 minutes, TCE

41 minutes, Weld-On 3 3 minutes. After soaking, the two  pieces
were assembled and the joint gently held together for 60 seconds
before applying pressure to not squeeze the cushion. However,

e
b
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ince the aim of the work was  to study defects, in a set of soa-
ed mock-ups pressure was  applied immediately to intentionally
queeze out the cushion.

For the glue method, the two-component adhesives were mixed
nd applied using a Teflon spatula. The two pieces were assembled,
nd pressure was  manually applied to spread the adhesive and push
ut air bubbles.

Further pressure was  applied on all type of mock-ups using
ead shot filled plastic bag weights creating a pressure of 18 g/cm2

s suggested [52]. Bonds were allowed to set for 24 hours before
andling.

Mock-ups were made in a fume-hood creating two different
nvironments (36% relative humidity at 23−26 ◦C; 60–75% rela-
ive humidity at 20−22 ◦C) to investigate if changes in humidity
ould cause hazy joints, as sources mentioned. Temperature and
umidity were monitored using HOBO dataloggers.

Mock-up preparation was  video-recorded to document and
tudy any defect formation during bonding.
In addition to mock-ups, a set of open-face samples was made to
asily examine changes on the PMMA  surface specifically induced
y solvents. Samples were prepared by soaking PMMA  pieces in the
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Table  2
Properties of the Pure Solvents tested.

Solvents Chemical
structure

Molecular
Weight

Viscosity
n(25 ◦C)

Surface
tension �
(25 ◦C)(*20C)

Boiling
point

Vapor
pressure at
(25 ◦C)

Evaporation
rate

Cooling rate Heat of
vaporization
�Hv

Solvent
power on
PMMA

gmol−1 mPa·s mNm−1 ◦C kPa g m−1 h−1 kJ m−1 h−1 kJ gmol−1

Glacial acetic acid
C2H4O2 CAS #
64−19-7

60.1 1.1 27.1 117.9 2.13 187 130 41.7 Low

Chloroform CHCl3 CAS
# 67−66-3

119.4 0.5 26.7 61.2 26.2 4585 1205 31.4 High

Methylene dichloride
CH2Cl2 CAS #
75−09-2

84.9 0.4 27.2 39.8 57.3 7125 2658 31.7 Very High

1,2-Ethylene dichloride
C2H4Cl2 CAS #
107−06-2

99.0 0.8 31.9 83.4 10.8 1557 524 33.3 High/Medium

1,1,2-Trichloroethane
C2H3Cl3 CAS #
79−00-5

133.4 1.2 34.0 113.0 9.2 1797 516 38.3 Medium

Trichloroethylene
C2HCl3 CAS #
79−01-6

131.4 0.5 28.7* 86.8 9.2 1768 458 34.0 Very low

Evaporation rate calculated based upon vapor pressure [49], and Cooling rate is the product of the Evaporation rate and Heat of vaporization. All properties, except Evaporation
rate,  Cooling rate and Solvent power, from [50].

lap joi

l
i
f
2
2

T

Fig. 2. Butt joint (left) and full 

low viscosity bonding materials, using the soaking times selected
for the mock-ups, and leaving their soaked surfaces to air dry.

Chemical characterization

The composition of the bonding materials as supplied was  deter-
mined using a 15x Cassegrain objective attached to a Bruker Optics,
Inc. Hyperion 3000 FTIR microscope with a MCT  detector, and pur-

ged with dry air, collecting 64 scans at a resolution of 4 cm−1.

Some bonding materials were further investigated with an
Agilent Technologies 5975C inert MSD/7890A GC/MS using an
Agilent Thermal Sampling Probe and a Frontier Ultra ALLOY-5 capil-

t
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nt/laminate (right) mock-ups.

ary column. Helium carrier gas was flowed at 1.2 mL/minutes. The
njector was  ramped up from 50 ◦C to 450 ◦C at 900 ◦C/minutes
ollowed by a 3-minute hold, then ramped down 25 ◦C/minutes to
50 ◦C and held for 40 minutes. Oven was  ramped from 40 ◦C to
00 ◦C at 10 ◦C/minutes, followed by 6 ◦C/minutes to 300 ◦C.

Analytical results are reported in Table 1.

hermal ageing
A set of mock-ups, bonded with each material and method, was
hermally aged to investigate if haziness in joints can be induced
fter bonding by a humid environment, as observed in a previous
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study [53]. Based on this study, mock-ups were aged in a Thermo-
tron SM #27−8200 set to 40 ◦C and 95% humidity for 1000 hours
(fluctuating from 88%to 95%). Their condition was examined every
125 hours in the first 500 hours, and at the end.

Optical microscopy

Mock-ups and open-face samples were examined in ring illu-
mination, full and partial coaxial light using a Keyence VHX-6000
digital microscope at 20−500x magnification.

Scanning Electron microscopy (SEM)

SEM was used to closely examine the interaction between the
PMMA and bonding materials. This allowed higher magnifica-
tion than optical microscopy and removed any issue that imaging
transparency can cause. Each open-face sample was  sputtered
with a nanolayer of gold-palladium alloy (Denton Desk II Cold
Sputter/Etch), mounted on double-sided carbon tape on an alu-
minium stub, and further grounded with strips of copper tape.
The metal coating was necessary for a crisp image but imparted
a rough texture and some cracking visible at higher magnification.
Samples were examined in a Zeiss Gemini 300, in secondary elec-
tron mode, under high vacuum, with 1−5 kV accelerating voltage,
1000−300,000x magnification, and 3.5–3.8 mm working distance.

Photoelastic stress analysis

Mock-ups were examined using the Sharples General Purpose
Strain Viewer to visualize pre-existing stresses in the PMMA  and/or
caused by bonding, which may  be a precondition for crazing and
crack formation. Mock-ups were placed between two  polarizing
filters and a full wave tint plate and viewed in transmitted light.
Stressed areas created visually distinct interference patterns, pro-
viding information about the distribution and concentrations of
stresses.

Results and discussion

The main recurring bonding defects found during the surveys
also appeared in the mock-ups, except for ‘joint separation’ which
did not occur in any of the bonds prepared in the lab.

Some of the bonding defects were more recurrent and pronoun-
ced in the extruded PMMA  mock-ups than the cast. This may  be
in part due to the lower molecular weight of the extruded PMMA
and therefore its lower chemical resistance to the bonding mate-
rials used [54]. An overview of the main defects observed in the
mock-ups are showed in Table 3.

Unaged bonded mock-ups and open-face samples

The most recurrent defects were voids at the bonding interface,
especially bubbles, due to the bonding procedures used and/or to
the properties of the bonding materials, as literature suggested.
This was also observed in the videos recorded during the bon-
ding process in which bubbles were seen primarily to be formed
by inclusion, entrapment, or infiltration of air, and/or by gas gene-
rated during the evaporation of solvent or monomer displacing the
liquid bonding material.

The soak method produced mock-ups with the most substantial
voids. Specifically, type and number of voids were found to be rela-
ted to solvent evaporation rate and solvent power on the PMMA.

Fast evaporating solvents (MDC > CHL > EDC) and bonding materials
containing them (Weld-On 3) frequently generated bubbles which
remained entrapped at the bond interface. In some cases, the quick
evaporation of solvents also left part of the soaked surface/cushion

[

T
t

260
Journal of Cultural Heritage 48 (2021) 254–268

ry, not allowing a complete intermingling of the surfaces, creating
nbonded portions called in literature ‘dry areas’ or spots. During
oaking, dry areas were also formed when excess or uneven pres-
ure was applied to the cushion. Moreover, soaking times suggested
n literature were often too long for bonding materials with high
olvent power (MDC > CHL > EDC), causing dissolution of the PMMA
urface, instead of its swelling. This created large depressions in the
urfaces by the removal of PMMA.

Mock-ups made with the capillarity method, generally showed
ewer or no voids. The formation of voids primarily occurred when
he bonding material was  not able to spread uniformly, trapping
ir into the joint (bubbles) or leaving dry spots. Specifically, the
onding materials’ flow was impeded by presence of impurities,
neven surfaces, imperfect fit of parts, and in some cases by high
olvent power of the bonding material. Regarding the latter, it was
bserved that bonding materials with higher solvent power tends
o immediately interact with the plastics swelling shut the PMMA
aces, impeding the flow throughout the rest of the bond, resulting
n dry spots when the space between pieces is small and the bond
nterface large (e.g. lap joints with CHL, MDC). While bonding mate-
ials with low solvent power generally tend to form joints free of
oids regardless bond interfacial dimension (e.g. GAA, TCA, TCE).

Mock-ups made with the glue method, showed the fewest and
maller voids, except with the solvent based adhesive Weld-On
6 and Acryfix 1R 0192. With polymerizable adhesives, bubbles
eemed to be caused by air entrapped during the mixing, during
pplication of the adhesive or, as mentioned in literature, they
ight have been generated by the evaporation of monomer. Dry

pots were also sometimes observed at mock-ups corners due to
mproper adhesive spreading.

Comparing all mock-ups, it was also noticed that bubbles can
how differences in depth depending upon the bonding material
sed. Bubbles in mock-ups bonded with low solvent power mate-
ials generally appeared flat (e.g. GAA), while bubbles from higher
olvent power materials were deeper (e.g. CHL). With CHL, bubbles
ften had characteristic crater-like rings with a depression in the
iddle, regardless of the bubbles’ size (Fig. 3). These structures

re generated during solvent evaporation when the dissolved poly-
er  flows out with the solvent and is finally deposited at the rim,

s described in macromolecular literature [55]. The shape of the
vaporation structures is primarily determined by the dissolution
f polymer, solvent evaporation-driven flow, diffusion of dissol-
ed polymer molecules, and polymer swelling. Depending of which
f these processes dominates different topologies can be formed.
enerally, if the evaporation-driven flow dominates, crater-like
tructures prevail.

Moreover, regardless of material and method used, very com-
on in each type of bonded mock-ups was the presence of

ir bubbles entering from the bonds edges, showing a variety
f patterns. This bubbles formation, recurrently observed during
he surveys, occurred when non-uniform pressure was applied
uring bond setting. While the formation of different patterns
an be attributed to a fluid dynamics phenomenon known as
Saffman-Taylor instability’, ‘fingering instability’ or ‘viscous finge-
ing’ which is the unstable displacement of a more viscous fluid
y a less viscous fluid. Specifically, when a low-viscosity fluid
air) enters into a space containing a high-viscosity fluid (bonding

aterial), the low-viscosity fluid will begin to form fingers as it
oves through the more viscous one. Depending on the contai-

ed space and the fluids involved, the finger-like pattern can have
ifferent shapes [56,57] (Fig. 4). Over time fingering instability
an also develop in the de-bonding of pieces joined by adhesives

58,59].

Another defect recreated in the bonded mock-ups was  crazing.
his phenomenon, recurrently stated by manufactures’ sources as
he most frequent PMMA  failure, has also been extensively dis-
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Table  3
Overview of main defects observed in the PMMA  mock-ups (butt and lap joints).

n, and
ated t

a
a
s
z
P
c
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Bold is for those most extensive and recurrent, Regular is for those that are commo
The  table does not include air bubbles entering from the bonds edges as they are rel
bonding materials or the methods used to apply them.

cussed in polymer engineering and science literature, even though
some of its aspects are still unclear. Crazing is defined as a mode
of plastic deformation or an underlying mode of fracture which
involves the formation of crazes. Crazes are narrow zones of plas-
tically deformed and highly voided material (40–60%) bridged by
fine (5–30 nanometer diameter) polymeric fibrils. In transparent
PMMA, crazes appear as fine silvery or white lines, depending on

the angle of observation, due to the reflection of light off the voi-
ded areas. As a craze grows in width, this fibril structure may  break
down, leading to a crack [60,61]. Therefore, crazes can be distingui-
shed from cracks when there is no noticeable separation (visible
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 Italic is for uncommon.
o the geometry of the sample and the bonding pressure and are not intrinsic to the

nd tactile) of the fracture faces. Crazing can be caused by stresses
lone, or by the synergistic action of stresses and contact with
pecific fluids, commonly referred to as ‘Environmental Stress Cra-
ing / Cracking’ (ESC) [62] and it is known to occur frequently in
MMA  bonds [7,8,63]. Stresses and strain can be internal, introdu-
ed during manufacture or external, due to mechanical load during
onding [section 3.1.1]. These areas of localized stresses in PMMA

an enhance the absorption of certain fluids (e.g. solvents, mono-
ers, catalysts or plasticizers contained in bonding materials and

ven water in the atmosphere) which locally plasticises the poly-
er  and reduces its yield strength, allowing the local release of
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Fig. 3. Flat bubbles in mock-ups bonded with GAA (left column), deeper bubbles with CHL (center column). Bubbles in CHL showing crater-like rings with depression in the
middle,  visible in coaxial light (bottom center) and in an SEM image of an open-face sample (right column, texture and cracks due to sputtered coating).

 GAA, 

w
t
m

Fig. 4. Air bubbles entering from the edges of bonds made with CHL,

stresses thought deformation/yielding and craze formation. Type
and amount of stresses, the chemical composition of the fluids, their
MW,  their concentration in which they are absorbed by the poly-
mer, their retention in the bond, and how long the plastic is exposed

to them are some of the factors that play a role in the crazing for-
mation and grow [62,64]. Because low molecular weight fluids (e.g.
solvent and monomer residues) can stay in cured adhesive joints
over long period of time, time-delayed crazing can occur.
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and EDC showing different shapes due to Saffman-Taylor instability.

In the mock-ups, as in the surveyed objects, two forms of crazing
ere observed. The first one occurred at the joint interface, along

he edges as well as in the middle, and was especially recurrent in
ock-ups bonded using glacial acetic acid, which was highlighted
n literature as a potential cause of crazing. It occurred particularly
hen the soak method was used.

This form of crazing consisted of crazes on the order of milli-
etres, often visible as parallel lines. Additionally, in cast PMMA
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Fig. 5. Mock-ups bonded by soaking with GAA showing crazing: parallel crazes in ext
in  star-like patterns (center column) and chain-like structures (right column) in cas

mock-ups, more toward the center of the interface, crazes fre-
quently developed with other orientations. These crazes radiated
from a single spot forming a star-like pattern (with three or more
points) that in some cases further developed over years into a chain-
like structures, radiating crazes (Fig.5).

The second form of crazing developed in mock-ups made with
all bonding materials months after bonding, except with GAA
(solvent with the lowest molecular weight) in which it started to
appear only after two years. It occurred more frequently and exten-
sively in extruded PMMA  mock-ups than cast. This form of crazing
consists of micro-crazes on the order of micrometres which only
developed at the joint interface, from bond edges or dry spots.
Microscopic observations of mock-ups revealed that this form of
crazing may  grow and even change patter over time. It initiates as
branched micro-crazes with silvery bush-like patterns, which often
develop forming a densely packed three-dimensional structure of
branched micro-crazes with a white cloud-like pattern (Fig.6). At
the naked eye, this latter pattern appears as hazy spots due to scat-
tering of light of the very densely packed micro-crazes. These clouds
were observed in the museum objects surveyed and were initially
classified as a form of haziness (hazy spot with cloud-like pattern),
before microscopic exanimation of the mock-ups revealed that they
were in fact a form of crazing.

It is important to mention, that although this particular form of
crazing evolving in a cloud pattern seems to be a recurrent defect
in museum objects, its morphology, formation and causes are not
previously reported in the extensive literature on the subject.

Beyond the cloud-like pattern, the other form of haziness obser-
ved in the museum objects consisting in hazy flat patches/areas
with undefined outlines were also reproduced in the mock-ups.

This type of haziness occurred primarily on bonded mock-ups
and open-face samples made with the soak method, and in a few
mock-ups bonded by the glue method with solvent-based adhesive

Weld-On 16. In the soaking method this haziness was pronounced
and common with MDC  and the monomer-solvent containing it
(Weld-On 3), less with CHL and EDC, and minimally with TCA. No
haziness of this type was  observed with GAA and TCE. Haziness
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 (top, left column) and cast PMMA  (bottom, left column); random crazes developing
A.

ppeared on the PMMA  surface, immediately after the soaked piece,
r the piece covered with the adhesive (Weld-On 16), was exposed
o air, before bonding.

Microscopic examinations showed that what to the naked-eye
ppeared as hazy patches/areas are actually dense agglomerations
f micro-voids in the surface. These micro-voids scatter the light so
hat what the eye perceives is a white surface, rather than transpa-
ent.

According to some of the sources reviewed, haziness can be cau-
ed by the condensation of water on the plastic surface due to fast
vaporating solvents. Condensation of water vapor occurs when
he temperature is lowered to the dew point of air. Therefore, to
nvestigate if the evaporation of solvents was cooling the plastic to
he dew point, a PMMA  piece soaked in MDC  was measured at its
urface with a thermocouple. The temperature detected while MDC
as  evaporating and the PMMA  surface turning hazy was  -2 ◦C, far

elow the dew point (7.8 ◦C), proving that water was condensing
n the plastic.

This can explain the presence of micro-voids on the PMMA sur-
ace as condensed water droplets are known to be able to sink
nto solvent swollen PMMA  leaving voids on its surface after water
roplets and solvent evaporate [65] (Fig.7). This phenomenon is
eferred to in the coating industry as blushing or solvent blu-
hing.

SEM examination of the soaked PMMA  surfaces confirmed that
aziness on each sample consisted of micro-voids. Specifically,
aziness/micro-voids appeared in soaked samples in proportion
ith the solvent evaporation and cooling rate. However, this exami-
ation showed that solvent power also plays a role. Voids formation

s a combination of the number of water droplets condensed on the
urface and how deeply water can penetrate the plastic due to the
ower of the solvent to soften the PMMA.

As evaporation and cooling rates as well as solvent power

ncrease (e.g. MDC, EDC, CHL) more numerous, deeper, and larger
oids were observed in the PMMA  surface, whereas when these
roperties are sufficiently low (eg. TCE, GAA) no micro-voids (hazi-
ess) were detected (Fig. 8).
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Fig. 6. Bush-like micro-crazes in normal (top, left column) and coaxial light (bottom, left column) in extruded mock-ups bonded with Weld-On 16. Bush-like micro-crazes
developing to a cloud-like pattern over time in extruded mock-up bonded by soaking with CHL: four months after bonding (center column), and two years after bonding
(right  column).

DC  (
ht): P
t eva

i

Fig. 7. Haziness in extruded PMMA  mock-up bonded with soaking method using M
Diagram showing void formation during “solvent blushing” (bottom row, left to rig
sinking into swollen PMMA, voids on PMMA surface after water droplets and solven

Mock-ups bonded in higher humidity did not display any addi-
tional defects compared to those bonded at lower RH. However

the humidity ranges used were quite narrow, therefore it cannot
be excluded that higher relative or absolute humidity values will
cause haziness during bonding.

i

m
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upper left) and detail showing dense agglomeration of micro-voids (upper right).
MMA soaked sample, condensed water droplets on PMMA  surface, water droplets
porate.

Photoelastic stress analysis revealed tiny interference patterns
n all mock-ups indicating the presence of stress areas along and

nside the PMMA  bonds carried with all materials.

Generally, the highest level of stresses were noticed in bonds
ade with solvents, or bonding materials containing them (Weld-
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Fig. 8. SEM images of cast PMMA  open-face samples: untreated (a), and soaked in TCE (b), GAA (c), TCA (d), CHL (e), EDC (f), MDC(g). (Cracks on d-g are in the sputtered
coating).

iewe

T

Fig. 9. Extruded PMMA  mock-ups made with MDC  examined with Sharpless Strain v
(left)  and lap joint (right).

On 3 and 16). Within the pure solvents, MDC, CHL, EDC, and GAA
generated the most pronounced interference patterns; CHL and
MDC  particularly in the extruded PMMA,  and GAA and TCE in the

cast. Stresses were often greater in bonds made with capillarity.
Moreover, stresses were particularly pronounced in proximity to
white clouds (micro-crazing), especially in the extruded mock-ups
(Fig. 9).

b
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r, showing interference patterns (stresses) along white clouds (micro-crazing). Butt

hermally aged bonded mock-ups

Thermal ageing confirmed that haziness can also develop in

onds over time due to an improper environment. Hazy flat
atches/areas were observed to develop at the de-bonded cor-
ers of mock-ups made with TCA and the adhesives Caseway
S-30. In previous studies it was  observed that in bonds made
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Fig. 10. Corners of mock-ups bonded with Caseway PS-30 (upper row) and TCA (lower row). From left to right: corner before ageing, after ageing showing the developing haziness along de-bonded areas, and details of
micro-structures in hazy areas.
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with polymerizable acrylic adhesives, high humidity can cause
micro-cracks in the adhesive layer by water absorption and desorp-
tion which result in hazy areas [53]. In this experiment we  could
observe some rounded features (bubbles-like) in mock-ups made
with both bonding materials, and few micro-cracks in the adhe-
sives ones (Fig.10). However, the nature of the haziness reproduced
in the mock-ups was difficult to assess based on optical micro-
scopy and not possible to investigate with SEM as it occurred in
between the bonded PMMA  pieces rather than on an exposed sur-
face.

Conclusions

Through this study, the main recurrent defects in bonded PMMA
museum objects were identified: bubbles, haziness, crazing, and
joint separation. These defects, with the exception of joint separa-
tion, were successfully recreated in the lab. The majority of those
occurred during bonding, with the exception of the cloud-like
micro-crazing which was  found to slowly developing over time,
and the haziness caused by high humidity.

Literature review of trade, craft, and industrial sources provided
a comprehensive overview of the main techniques and materials
suggested over time for the bonding of transparent PMMA.  The
review was key to the historical accuracy of the PMMA  bonded
mock-ups, which led to the recreation of the same defects of those
observed in museum objects, indicating that the bonding materials
and techniques used were most likely the same.

Additionally, the information provided in these sources direc-
ted this study towards the investigation of specific materials and
methods as the cause of bonding defects which led to further
research into physics and macromolecular literature, allowing
a better understanding of each defect formation mechanism.
Often these mechanisms cannot be identified by eye as the
defects are the result of micro-voids or micro-crazing and there-
fore it was found that microscopy and SEM are fundamental to
understanding the true morphology and causes of these defects’
formations.

Finally, although all the bonding materials examined here are
frequently recommended to artists, craftsmen, and designers by
manufactures and plastics bonding literature, this work demons-
trated that every one of these materials can cause defects and
damages immediately or over time.

Further research

The second part of this study will focus on the examination,
analysis and comparison of the bonding defects reproduced in
the reconstructed mock-ups and those of the most representative
objects surveyed in museum collections. This will also include the
development of a PMMA  Bonding Defects Atlas to provide conser-
vators a tool to easily recognize and classify bonding issues in
PMMA museum objects.

Additional research to further assess the specific physical and
chemical mechanisms of cloud-like micro-crazing and the hazi-
ness caused by thermal ageing would be needed to fully understand
these novel phenomena, however they are beyond the scope of this
research project.
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