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3.1  INTRODUCTION 

In 1993 the Océ Company acquired two works of art (Untitled, 1993), made by the Dutch ar�st 

Mathilde ter Heijne, for their art collec�on. Each work consists of two parts: a drawing on paper 

made with mixed media, covered by a rectangular transparent unsaturated polyester (UP) cast 

frame.  

In 2007 both artworks were in poor condi�on. The unsaturated polyester frames had yellowed 

due to light aging and suffered extensive mechanical damage (broken parts, missing fragments, 

chips, cracks, and scratches) which drama�cally affected the artworks’ appearance. 

Repairing damaged works of art made of transparent plas�cs, such as unsaturated polyester, 

presents par�cular challenges to overcome. Selec�ng suitable conserva�on materials is a very 

complex task since many factors must be taken into considera�on. For instance, some repair 

materials, generally used in conserva�on, can contain solvents, or produce heat during curing, 

that may damage the plas�c. In addi�on, repairs must be invisible to the naked eye and remain 

so - a challenge similar to that encountered in glass conserva�on.  

To circumvent these challenges, cas�ng new UP frames could have been an op�on. However, it 

was rejected by the owner who considered the frames not merely to offer protec�on for the 

drawings, but as an integral and unique part of the ar�st’s crea�ve process, playing an essen�al 

role in the visual characteris�cs of these artworks. 

Recognizing the need for research into the repair of transparent plas�cs, such as unsaturated 

polyester, these two artworks provided the ground for ini�a�ng a treatment study on the 

subject. Specifically, this study aimed to develop a methodology to safely bond broken 

unsaturated polyester works of art while recovering their lost transparency.  

Due to the similari�es with repairing broken glass, a survey among glass conservators was 

carried out. Based on their prac�cal experiences and own literature research, a selec�on of 

adhesives and bonding techniques was made. Since the conserva�on of broken glass also 

involves restoring transparency, the research explored whether the principles used in glass 

conserva�on to achieve an invisible joint could be applied to plas�cs. Conserva�on literature on 

repairing broken glass reports that, to achieve invisible joints, the refrac�ve indices of the 

adhesive and the glass should closely match; otherwise, light striking an interface between two 

materials with different refrac�ve indices will be deflected (Davison 2003). Specifically, it is 

men�oned that, to avoid reflec�on from the surface of a break and create an invisible repair, the 

refrac�ve index of the adhesive needs to match that of the glass, preferably within a margin of 
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±0.01. Experiments in the repair of broken glass carried out with two adhesives having different 

refrac�ve indices showed that the closer the difference is to 0.01, the more the joint can be 

invisible to the naked eye, whereas as it approaches 0.04, it can leave the break or crack readily 

visible (Tennent and Townsend 1984b, 1984a). Based on these considera�ons, in this research 

the significance of the RI of adhesives was inves�gated as a poten�al key factor affec�ng the 

quality of repairs in transparent plas�cs. 

An experiment was setup to establish the most suitable materials and methods for the bonding 

treatment in the following steps: tes�ng bonding materials and methods on both new UP test 

samples and naturally aged objects serving as mock-ups that were deliberately broken to 

evaluate adhesive performance; iden�fying all materials (adhesives, UP artworks, mock-ups, and 

test samples) using Fourier Transform Infrared Spectroscopy (FT-IR); measuring the refrac�ve 

index (RI) of the materials to inves�gate the significance of this property in the repair of 

transparent UP; evalua�ng visual results through naked-eye observa�ons; carrying out 

accelerated light aging to assess the behavior of the adhesives over �me; and performing tensile 

tests to evaluate adhesive strength. 

Based on the results of these experiments, a range of bonding materials and methods was 

selected and further tested on a de-accessioned transparent UP work of art - Untitled (1991) by 

H.A. de Moor - from the Cultural Heritage Agency of the Netherlands (RCE) study collec�on. This 

final step aimed to assess the applicability and suitability of the research findings to a “real-life” 

case study, in order to develop a treatment strategy for bonding broken unsaturated polyester 

artworks—such as Untitled (1993) by Mathilde ter Heijne. 

3.2  ART WORKS  

3.2.1 Examina�on of materials, techniques and condi�on  

The two artworks Untitled, made by Dutch artist Mathilde ter Heijne in 1993, each consist of a 

drawing on paper enclosed in a rectangular transparent unsaturated polyester frame (Figures 

3.1 - 3.3). The drawings were made using mixed media (pencil, fluorescent markers, and 

watercolors) and collage on paper. Each drawing is secured inside its UP frame with tape and 

backed by a cardboard sheet. The frames—also referred to as “polyester bricks”—were cast by 

the artist by pouring unsaturated polyester resin into a mold. Both frames are approximately 2 

cm thick and have nearly identical dimensions but slightly different weights: one measures 47.9 

× 35.1 × 5.3 cm and weighs 6 kg, while the other is 48.1 × 35.3 × 5.5 cm and weighs 7 kg.  



CHAPTER 3  

104 

The cast frames were then polished excluding the front inner corners, as evidenced by fine 

circular scratches visible to the naked eye on the surfaces except in these areas. Furthermore, 

both frames show air bubbles embedded in the polyester, typically caused by entrapped air 

introduced during the mixing of the pre-polymer and catalyst (Figures 3.4 and 3.5). These 

bubbles, along with the polyester’s transparency and the traces of polishing, play an essential 

role in defining the visual character of these works. 

Figures 3.1. and 3.2. Mathilde ter Heijne, Untitled, (1993), mixed media and collage on paper, cast transparent 
unsaturated polyester frame, Océ Company, Amsterdam. Photos: Anna Laganà. Courtesy of Océ Company. 

Figure 3.3. Mathilde ter Heijne, Untitled, (1993), mixed media and collage on paper, cast transparent unsaturated 
polyester frame, Océ Company, Amsterdam. Side view. Photo: Anna Laganà. Courtesy of Océ Company.  
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Figures 3.4 and 3.5. Details of the two Untitled artworks showing a variety of air bubbles embedded in both UP 
frames. Photos: Anna Laganà. Courtesy of Océ Company. 

 
While the drawings appeared to be in good condi�on, both UP frames had yellowed 

considerably due to light aging and showed mechanical damages such as chips, cracks, scratches, 

broken parts, and missing fragments, all of which adversely affect the artworks’ visual 

appearance (Figure 3.6). One work was par�cularly damaged as it had broken into two pieces 

during transporta�on in the spring of 2008 and a�erwards could no longer be exhibited.  

 

Figure 3.6. Mechanical damage on the UP frames. Top row: chips (le�), scratches (center), cracks (right). Botom 
row: broken parts (le� and center), and missing fragments (right). Photos: Anna Laganà. Courtesy of Océ Company. 
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3.3  UNSATURATED POLYESTER (UP) 

Unsaturated polyester, as describe in Chapter 2, is a thermose�ng polymer, o�en referred to as 

unsaturated polyester resin. It comprises a variety of products synthesized from different 

alipha�c and/or aroma�c di-acids and di-alcohols (glycols), with at least one component 

containing reac�ve double bonds in its polymer chain. The forma�on of UP occurs in steps. First, 

the acids react with glycols in a condensa�on reac�on to form a pre-polymer. The pre-polymer, 

can then crosslink in the presence of a monomer - generally styrene, which also acts as a diluent 

- resul�ng in a three-dimensional polymer network (Kessler et al. 2004).

UP is o�en used by ar�sts for its transparency, good workability, easiness to color, and its ability 

to cure at room temperature. Moreover, polyester has good resistance to most organic solvents 

and high temperatures. Regarding its stability, UP generally exhibits good behavior upon aging; 

however, depending on its composi�on, it can be prone to yellowing. Especially when styrene1 

is present in the formula�on, the yellowing can be par�cularly intense (Waen�g 2008).  

Due to its crosslinked molecular structure, unsaturated polyester is known as a strong material 

with favorable mechanical proper�es, such as high tensile and flexural strength and compression 

modulus; however, UP's crosslinked structure also leads to britleness, making it sensi�ve to 

britle fracture and therefore prone to breakage upon falling. UP can be reinforced with glass 

fibers or other reinforcing materials to improve its toughness.  

3.4  EXPERIMENTAL SET-UP  

3.4.1  Test samples and naturally aged mock-ups 

The test samples2 used for the bonding tests were made by cas�ng a 99% crystal-clear 

unsaturated polyester resin (the prepolymer, Poly-Pol PS 230) mixed with 1% Peroxan ME-50 L 

into silicone molds, following the recommenda�ons provided in the UP supplier’s manual (see 

Appendix B for a detailed list of the materials used in this study and their suppliers). 

Two different shapes and thicknesses of test samples were cast: thick, round samples (6.5 × 2 

cm) and thin, flat rectangular ones (12.2 × 4.5 × 0.2 cm) (Figure 3.7). The thin, flat UP test

1 Styrene is frequently used as comonomer for unsaturated polyester resins, for more details see Chapter 2 sec�on 
2.3.1 
2 In this study, the term test sample refer to simple, newly made or fabricated pieces of plas�c. The term mock-up is 
used for made models or purchased objects (e.g. from flea markets or a company) that serve as realis�c stand-ins 
for original works as they closely resemble real objects/artworks in one or more aspects (e.g. form / appearance / 
aging / complexity etc.). 
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samples were specifically prepared to test the tensile strength of adhesives, while the thicker 

samples were made to inves�gate the most suitable applica�on methods for bonding 

transparent, thick polyester objects and to evaluate the visual results. 

In addi�on, naturally aged cast polyester paperweights acquired from flea markets and private 

collec�ons were used as mock-ups (Figures 3.7). These were also used to evaluate the 

performance of the adhesives on aged, yellowed UP objects, such as the aforemen�oned frames 

by Mathilde ter Heijne. 

3.4.2  Damage simula�on  

The flat test samples for the tensile strength test were scratched in the middle using a ruler and 

sharp scalpel. A�er scratching, tension was applied by hand near the incision un�l the test 

sample broke (Figure 3.7). 

The thicker test samples and the aged mock-ups were deliberately damaged using a chisel and 

hammer to simulate the types of breakage observed in the artworks (Figure 3.7). 

 
Figure 3.7. Le� column: UP flat thin rectangular test sample (a), UP thick round test sample (c), and one of the 
naturally aged cast polyester paperweights used as mock-ups (e). Right column: Images showing the damage 
simula�on on the test samples (b, d) and paperweight (f). Photos: Anna Laganà. 
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3.4.3 Adhesives 

Before selec�ng the adhesives, the proper�es and characteris�cs of an op�mal adhesive for 

bonding unsaturated polyester were established. Ideally, the adhesive should be able to bond 

polyester without dissolving it; provide sufficient strength to ensure a secure bond, have a 

refrac�ve index comparable to that of polyester, possess an appropriate viscosity, and offer a 

suitable working �me to allow adhesion over rela�vely large surfaces. Addi�onally, the working 

�me should be long enough to enable the removal of any bubbles caused by air trapped in the 

joint or by solvent evapora�on. Furthermore, the adhesive should be chemically and physically 

stable, preferably non-yellowing, and remain readily reversible (Skeist 1977; Davison 1984; 

Down et al. 1996; Davison 2003).  

As previously men�oned, due to the limited literature on bonding transparent unsaturated 

polyester objects and the similari�es with bonding transparent glass, a selec�on of test 

adhesives was made based on glass conserva�on literature and the results of a survey conducted 

among glass conservators. 

Three adhesives commonly used in glass conserva�on were chosen for tes�ng: HXTAL NYL-1, 

Fynebond, and Paraloid™B-72. 

HXTAL NYL-1 and Fynebond are both crystal-clear epoxy resins, selected for their excellent 

proper�es: transparency, non-yellowing, and high adhesive strength. However, once cured, both 

are irreversible in solvents and can only be removed mechanically. Paraloid™B-72, an acrylic 

adhesive, was chosen for its transparency, versa�lity, (Down et al. 1996) and reversibility in 

solvents that are safe to use on UP like the ones used in this study (see sec�on 3.4.4). Moreover, 

Paraloid™B-72 was also tested as an interface barrier to provide reversibility for epoxy bonds 

made with Fynebond and HXTAL NYL-1 (Podany et al. 2001).  

3.4.4 Bonding tests  

Bonding tests on the broken test samples and mock-ups were carried out with the following five 

adhesive systems selected: HXTAL NYL-1, Fynebond, Paraloid™B-72 (40% in toluene/isopropanol 

1:1)3, HXTAL NYL-1 with a Paraloid™ interface, and Fynebond with a Paraloid™ interface.  

 
3 The solvents used to dissolve Paraloid B-72 were selected based on the solubility parameters of this acrylic resin 
and the chemical resistance of unsaturated polyester. At the �me of the study, no less toxic alterna�ves with the 
necessary proper�es were available. The study was conducted with appropriate respiratory protec�on and 
measures to limit exposure. 
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The interface barrier consisted of a thin brush coat of 5% Paraloid™B-72 in toluene/isopropanol 

(1:1), applied to the broken surfaces before bonding with the epoxy resins. The solvents used 

for preparing both Paraloid™B-72 solu�ons were selected taking into account the chemical 

resistance of unsaturated polyester.  

Two bonding methods, both commonly used in glass conserva�on (Davison 2003; Koob 2006), 

were selected. The first involves the infiltra�on of adhesive with a fine-�pped tool (such a 

stainless-steel straight sewing pin) using capillary ac�on, with the broken elements already held 

in their assembled posi�on with tape. This method is the main and preferred technique in glass 

conserva�on, as it allows the adhesive to be introduced while the fragments are aligned and 

secured, minimizing the risk of misalignment during bonding4. This approach is par�cularly 

advantageous for complex and unstable alignments, which are o�en encountered when 

repairing broken glass, and works well with low viscosity adhesives (Koob 2006).  

The second method involves the direct applica�on of the adhesive to the fractured surfaces, 

followed by the assembly of the pieces. The technique is primarily suggested in glass 

conserva�on as an alterna�ve to the infiltra�on method, when working with high-viscosity 

adhesives or adhesive solu�ons which are not able to flow into the break (Koob 2006).  

3.4.5 Fourier transform Infrared spectroscopy (FT-IR) 

Samples taken from the adhesives tested, as well as the UP artworks, samples and mock-ups, 

were subjected to FT-IR analysis to verify their material composi�on. Spectra were recorded 

from 4000 to 600 cm–1, with 40 scans at a resolu�on of 4 cm–1 using a Perkin Elmer Spectrum 

1000 FT-IR spectrometer equipped with an Atenuated Total Reflectance (ATR) accessory: a 

Golden Gate single Reflec�on Diamond ATR by Graseby Specac. 

3.4.6  Accelerated light aging  

Accelerated light aging5 was conducted on half of the bonded flat UP thin test samples to 

inves�gate yellowing and poten�al changes in tensile strength of the bonded joints. Samples 

were exposed in a Xenotest, Alpha High Energy (Atlas®) to the radia�on of a filtered Xenon-Arc-

lamp (105 klx, T 50°C, 40 % RH) for up to 140 hours to induce photo-oxida�on. 140 hours 

Xenotest is approximately equivalent to 35 years under museum condi�ons at 200 lux.  

 
4 Glass conserva�on literature reports that misalignment can occur if fragments are not secured. This is par�cularly 
likely with low-viscosity adhesives, as their fluidity can act as a lubricant between the glass fragments, causing the 
pieces to slide out of alignment (Koob 2006).  
5 Accelerated light aging was conducted by Suzan de Groot (Senior Conserva�on Scien�st at the RCE) and Thea van 
Oosten (former Senior Conserva�on Scien�st at the RCE). 



CHAPTER 3  

110 

3.4.7 Refrac�ve index measurements 

Samples were taken from the UP test samples, naturally aged mock-ups, the two cast frames by 

Mathilde ter Heijn, and the RCE study object Untitled by H.A. de Moor, and their RI was 

measured using a Rayner illuminated Dialdex refractometer. This refractometer is recommended 

in glass conserva�on literature and by glass conservators, as it offers a cost-effec�ve and simple 

method, with a reported accuracy of ±0.003 (Tennent and Townsend 1984b).  

3.4.8 Tensile strength measurements 

The tensile strength6 of the joints in the bonded UP flat test samples, both artificially light-aged 

and not aged, was measured using a Zwick Dynamometer 1425. The method was adapted from 

the ASTM standard D638, employing a clamping distance of 90 mm and a test speed of 25 

mm/min. The tensile strength applied to the adhered joint until its failure occurred was 

measured in Newton (N) and also calculated in Newton per Square Millimeters (N/mm2). The 

tensile strength tests aimed to provide a general indication of the performances of the selected 

adhesives rather than their exact strength values. Therefore, tests on aged and unaged joints 

carried out with each adhesive were conducted in fourfold.  

3.5  RESULTS AND DISCUSSION 

3.5.1 FT-IR  

FT-IR spectra of the artworks, unsaturated polyester test samples, and naturally aged mock-ups 

show similarity in UP composition (Figure 3.8), as illustrated by the carbonyl absorption bands 

(C=O) at 1716 cm-1, ester absorption bands (C-O-C) at 1062, 1116 and 1253 cm-1, and double 

bonds (C=C) absorptions of aromatic compounds at 740 and 697 cm-1. The infrared spectrum of 

the deaccessioned artwork from the RCE study collection (Untitled by H.A. de Moor) also shows 

the presence of a waxy material on its surface, indicated by C-H3 and C-H2 absorption bands at 

2917 and 2848 cm-1. This waxy material could be a residue of a release agent used in the mold 

during casting, of a finishing product applied after casting, or of a substance used in a previous 

conservation treatment.  

6 The tensile strength measurements were carried out by Suzan de Groot (Senior Conserva�on Scien�st at the RCE) 
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3.5.2 Refrac�ve index 

The refractive index values measured from all polyester artworks, test samples, and naturally 

aged mock-ups are presented in Table 1, along with the refractive index values of the selected 

adhesives, obtained from the literature and technical data sheets (Tennent and Townsend 

1984b; Messinger and Lansbury 1989; Augerson and Messinger 1993). The RI measurements 

showed variations in the UP refractive index of up to 0.011. These data were key to evaluating 

the treatment tests and assessing the degree of match or mismatch between adhesives and UP 

substrates, aspects that are further discussed in Section 3.5.4. The only limitation encountered 

when using the refractometer was its requirement for samples with flat and smooth surfaces. 

 

 

Figure 3.8. FT-IR spectra: RCE study object (deaccessioned artwork) (1), polyester resin test sample (used as 
reference) (2), naturally aged mock-up (3), and artwork by Mathilde ter Heijne (4). Image by Thea van Oosten.  

Table 1. Refrac�ve index values of UP samples, mock-ups, artworks and adhesives. 

UP Samples, Mock-ups, Artworks  Refractive index (nD) 
Test samples – Flat rectangular thin 1.541 
Test samples - Round thick 1.548 
Naturally aged mock-up: Paperweight, Ship  1.548 
Naturally aged mock-Up: Paper weight, Fruit 1.541 
Art Works (frames), Mathilde ter Heijne 1.552 
RCE study object (deaccessioned artwork Untitled, H.A. de Moor) 1.549  
Adhesives  
Fynebond 1.565 
HXTAL NYL-1 1.520 
Paraloid™B-72  1.49 
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3.5.3 Accelerated light aging 

HXTAL NYL-1 and Paraloid™ B-72 proved to have a good light fastness. After 140 hours of 

exposure, no color changes were visible to the naked eye on samples made with both  

adhesives, while Fynebond exhibited a slight yellowing that was just perceptible. When 

assessing the significance of this result, it is important to bear in mind that unsaturated 

polyester itself yellows significantly upon aging, as also shown by all the objects and artworks 

showcased in this research. Moreover, regarding its potential impact on bond appearance, 

previous research on repairing broken glass has shown that in a bond, a yellow adhesive with a 

matching refractive index is less visually disturbing than a colorless adhesive with a mismatched 

RI (Tennent and Townsend 1984a). In addition, as mentioned in the glass conservation 

literature, it should also be noted that the yellowing only becomes visually disturbing in a joint 

when the adhesive is applied in a thick layer, whereas it is imperceptible when used as a thin 

layer filling a narrow crack (Tennent and Townsend 1984b).  

3.5.4  Tensile strength 

The results of the tensile strength tests are reported in Table 2. Only the average of three values 

is shown, as some samples broke during testing. Tensile tests showed that HXTAL NYL-1 

exhibited the highest bond strength (1386 Newton) and Fynebond showed comparable results 

(1359 Newton). Both adhesives can be suitable when high bond strength is required, such as for 

repairing the heavy broken UP artworks by Mathilde ter Heijn. Conversely, Paraloid™B-72 

showed the lowest bond strength (356 Newton); 75 % lower than the strength exhibited by the 

epoxy joints. Overall, the bond strength values of the epoxy adhesives HXTAL NYL-1 and 

Fynebond showed a slight decrease after light aging, while the acrylic adhesive Paraloid™ B-72 

exhibited a slight increase in strength. Test samples bonded with both epoxy adhesives using a 

Paraloid™B-72 interface were not subjected to mechanical testing.  

Table 2. Results of tensile strength test showing the average bond strength of each selected adhesive in aged and 
not aged samples.  

Adhesive Tensile strength 

(N)  

Not aged  

Tensile strength 

(N)  

Aged 

Tensile strength 

(N/mm2)  

Not Aged 

Tensile strength 

(N/mm2)  

Not Aged 

HXTAL NYL-1 1386 1236 12.6 11.1 

Fynebond 1359 1328 12.4 12.1 

Paraloid™B-72 356 392 3.2 3.5 
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3.5.5 Applicability and visual observa�on  

3.5.5.1 Evaluation of bonding methods  

The infiltration of adhesive using capillarity, often used for the repair of broken glass, proved to 

be the best method for bonding the very thin, flat rectangular UP test samples (0.2 cm thick), 

particularly when using the low-viscosity epoxies. The method involved first tightly assembling 

the broken pieces with small strips of masking tape and then applying the adhesive along the 

break edges with a stainless-steel straight sewing pin, where it flowed into the joint surfaces by 

capillary action.  

In contrast, bonding tests carried out on the thick round UP test samples (2 cm thick) showed 

that capillary action, even when using low viscosity adhesives, did not work well on these large 

and thick unsaturated polyester surfaces. It did not ensure a uniform distribution of the 

adhesive, most likely due to the thickness and roughness of the fracture surfaces, which 

impaired the adhesive’s ability to flow consistently along the break.  

Therefore, the thick round test samples and naturally aged mock-ups, were ultimately bonded 

with the direct application method which ensured even adhesive distribution across the fracture 

surfaces, including rough areas. The adhesive was applied on one of the fracture surfaces of the 

two pieces to be joined, using a spatula. When bonding with the direct application method, the 

main issue observed was the formation of bubbles in the joint caused by air infiltration, which 

is particularly problematic in transparent materials, as any trapped air remains visible and 

affects the visual quality of the bond. This often occurred during the positioning of clamps used 

to hold the two broken pieces together after they were joined. Moreover, the placement of 

conventional clamps directly over the bond line made the immediate removal of excess 

adhesive difficult. Therefore, to avoid the use of clamps, the direct bonding method was 

adjusted as followed. First, one broken piece was placed horizontally so that its broken surface 

would be parallel to the working table; second, the adhesive was applied on this surface; and 

finally, the other broken piece was placed on top of the broken surface covered with the 

adhesive to create the joint (Figure 3.9). If the second piece is well posi�oned and fits the first 

one precisely, the pressure from its weight alone is sufficient to hold the pieces together, 

elimina�ng the need for clamps and minimizing the risk of air infiltra�on. Pieces of polyethylene 

foam (Ethafoam®) were shaped and used to hold each test sample and mock-up in a horizontal 

position so that their broken surface could be parallel to the working table allowing the use of 

this bonding procedure developed. It was also observed that an ample amount of adhesive 

should be used to prevent air from easily penetrating the bond. 
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Figure 3.9. Images showing the bonding method used on the UP thick mock-ups: first, one broken piece was 
placed horizontally using Ethafoam® (top le�); a�er the adhesive was applied on its surface the other broken 
piece was placed on top of the broken surface covered with the adhesive to create the joint (top right, botom 
le�, botom right). Photos: Anna Laganà. 

3.5.5.2 Evaluation of bonding materials 

The assessment of the bonding materials, as previously mentioned, was carried out on the thick 

UP test samples. The adhesive that provided the best result was further tested on the naturally 

aged cast polyester paperweights.  

Paraloid™ B-72 

The bonding tests carried out on both unsaturated polyester test samples and naturally aged 

mock-ups using Paraloid™ B-72 at 40% in toluene/isopropanol (1:1), showed unsatisfactory 

results. This adhesive showed the tendency to form bubbles in the joint as the solvent 

evaporates (Figure 3.10). To prevent bubble formation, the time between the application and 

the adhesion of the broken parts was prolonged. However, the adhesive solution dried too fast, 

and it became difficult to work with. Making a more concentrated adhesive solution could have 

been an option; however, this would result in an inadequate viscosity for joining rather large 

breaks. In addition, Paraloid™ B-72 proved unable to recover the transparency; all bonded joints 

were very visible to the naked eye, most likely due to the large differences between the 
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refractive index of the Paraloid™ B-72 (RI 1.49) and that of the unsaturated polyester test 

samples (RI 1.548). Due to this refractive index mismatch, the joints carried out using Paraloid™ 

as an interface for Fynebond and HXTAL NYL-1 were not successful either.  

 
Figure 3.10. Bond appearance a�er adhesive applica�on with Paraloid™ B-72 on one of the broken thick UP 
test samples, showing the presence of bubbles in the joint. Photo: Anna Laganà. 

 

HXTAL NYL-1 

HXTAL NYL-1 showed good workability. Its low viscosity allowed for an optimal application on 

large and thick breaks. It has a long curing time of approximately a week, which might be a 

disadvantage when the time available for the treatment is limited. Bonds carried out with HXTAL 

NYL-1 were free of bubbles; however, in all the bonds, even though the surface of the break 

became less evident than before the treatment, it still remained visible (Figure 3.11). HXTAL 

NYL-1 has a refractive index of 1.520, which is relatively close to that of the polyester samples 

(RI 1.548), but - as shown by these tests - not close enough to provide an invisible joint.  

 

 

  
Figure 3.11. UP broken test sample (RI 1.548) (le�). The appearance of the bond before (center) and a�er the 
applica�on of HXTAL NYL-1 (RI 1.520) (right). Photos: Anna Laganà. 
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Fynebond 

Fynebond showed very good visual results and also good workability. This adhesive was very 

easy to apply due to its low viscosity and has a convenient curing time of about 40 hours at room 

temperature. The bonds carried out with Fynebond did not show the presence of air bubbles, 

and appeared perfectly transparent; in these bonds, the fracture became invisible (Figure 3.12). 

The refractive index of Fynebond is 1.565, which matches the refractive index of the unsaturated 

polyester thick sample tested by approximately 0.02. Only the break line sometimes remained 

faintly visible, as occurs when repairing broken glass.  

Half Fynebond, half HXTAL NYL-1 

To investigate whether the roughness of fracture can influence the visual performance of 

adhesives, half of a break in one of the UP test samples was adhered with Fynebond and the 

other half with HXTAL NYL-1. After bonding, the surface of the large break was still visible in the 

area adhered with HXTAL NYL-1, while it was invisible in the portion where Fynebond was used 

(Figure 3.13). Therefore, this experiment confirmed that the most important property that 

determines the final visual result when bonding transparent unsaturated polyester is the 

refractive index of the adhesives.  

Figure 3.12. UP broken test sample (RI 1.548) (le�). The appearance of the bond before (center) and a�er the 
applica�on of Fynebond (RI 1.565) (right). Photos: Anna Laganà. 
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Figure 3.13. Bond appearance before (le�) and a�er (right) adhesive applica�on with HXTAL NYL-1 (RI 1.520) 
and Fynebond (1.565) on the UP broken test sample (RI 1.548). The red arrows indicate the large surface area 
before and a�er bonding. The green area indicates an untreated sec�on where fragments are missing. Photos: 
Anna Laganà. 

Fynebond on naturally aged UP mock-up  

To observe the behavior of Fynebond (RI 1.565) also on a naturally aged and yellowed 

unsaturated polyester (RI 1.548), a broken edge of one of the damaged paperweights which 

served as a mock-up, was bonded with this epoxy resin. The result was highly successful. The 

adhesive was easy to apply, and after bonding, the surface of the break was no longer visible, 

and consequently the transparency was recovered except in a small area where a fragment of 

the unsaturated polyester was missing (Figure 3.14). 

  

Figure 3.14. Bond appearance before (le�) and a�er adhesive applica�on (right) with Fynebond (RI 1.565) on one 
broken edge of naturally aged paperweight/mock-up (RI 1.548). A�er the bonding treatment the break is no 
longer visible, and the transparency is fully recovered. The only area that remains visible is a missing fragment. 
Photos: Anna Laganà. 

 

Based on this result, Fynebond was also used on the same mock-up to repair two blind cracks 

to determine whether the outcome would be equally successful. These cracks - also referred to 

as blind end cracks (Davison 2003; Koob 2006) - do not run right through the entire object and 
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do not fully penetrate its thickness. Tiny drops of Fynebond were applied by slowly moving a 

stainless-steel straight sewing pin with the adhesive along each crack. The adhesive flowed 

slowly into each crack by capillary action. As it penetrated, the blind cracks immediately became 

almost invisible (Figure 3.15). To avoid air bubbles forming, the adhesive was first applied onto 

one end of the crack only, allowing the air to escape from the opposite end while the adhesive 

penetrates. Once the adhesive filled the majority of the crack, it was applied to the remaining 

area. 

Figure 3.15. Blind cracks in the naturally aged mock-up (RI 1.548) before (le�) and a�er filling with Fynebond (RI 
1.565). Photos: Anna Laganà. 

3.6   APPLICATION TO A CASE STUDY 

The final step of this study consisted in applying the results of the experiments to a de-

accessioned work of art from the study collection of the RCE, which served as a “real-life” case 

study. The RCE study collection consists of de-accessioned objects which can no longer be 

exhibited but are available for research.  

The sculpture Untitled (49 x 39 x 28 cm) was made by the Dutch artist H.A. de Moor in 1991. 

(Figure 3.16). The artwork consists of UP resin, cast in a symmetrical mold of a specific shape 

with two cavities on the sides, which represents two shoulders touching each other. The cast 

was built up by pouring 13 consecutive layers of UP resin, each 2 cm thick, into the mold. The 

unsaturated polyester layers differ in color and are more visible at the top and the bottom parts 

of the sculpture, especially when viewed from the side (Figure 3.17).  

The sculpture was broken into six pieces, exhibited a blind crack, and had a few missing 

fragments. Due to its poor condition, it had been de-accessioned and became part of the RCE 

study collection. 
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Figure 3.16. H.A. de Moor, Untitled, 1991, cast 
unsaturated polyester, (49 x 39 x 28 cm), Cultural 
Heritage Agency of the Netherlands study collec�on. 
Photo: Anna Laganà. Courtesy of the Cultural Heritage 
Agency of the Netherlands.  

 

Figure 3.17. Botom view of Untitled, where the cast 
layers are clearly visible. Photo: Anna Laganà. Courtesy 
of the Cultural Heritage Agency of the Netherlands. 

Before treatment, samples were taken from the object and subjected to FT-IR analysis and 

refractive index measurements. As described in section 3.51, FT-IR analysis confirmed that the 

object is made of UP and also showed a similar composition to that of the two artworks by 

Mathilde ter Heijn and the naturally aged unsaturated polyester mock-ups. Moreover, the 

analysis revealed the presence of a waxy material on the object’s surface (see section 3.51). The 

refractive index measured for the UP resin is 1.549 as reported in Table 2.  

The treatment of this case study started with determining the proper order in which the broken 

unsaturated polyester pieces should be reassembled. Once the sequence was determined, the 

surfaces to be joined were cleaned. The use of cotton swabs with isopropanol appeared to be 

sufficient for the removal of superficial dirt. After cleaning, Fynebond was infiltrated into the 

blind crack with a stainless-steel straight sewing pin using the method previously described. 

Then, it was directly applied with a brush onto the surfaces of the broken pieces. The object was 

placed horizontally to avoid the use of clamps, using the pressure created by the weight of the 

UP pieces to be joined.  

Adhesive residues were removed using a cotton swab moistened with isopropanol, a solvent 

that can be safely used on UP. The repairs carried out on the blind crack and on the first broken 
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piece were nearly invisible (Figures 3.18 and 3.19), in line with the results obtained during the 

tests on the UP test samples and mock-ups. 

Figure 3.18. Details showing the blind crack before (le�) and a�er (right) infiltra�ng the epoxy resin Fynebond. 
Photos: Anna Laganà. Courtesy of the Cultural Heritage Agency of the Netherlands. 

Figure 3.19. Details of the first broken piece before (le�) and a�er (right) bonding with Fynebond. The images 
show how the bond became nearly invisible. Photos: Anna Laganà. Courtesy of the Cultural Heritage Agency of 
the Netherlands. 

However, the bonds carried out with Fynebond to repair the second and third broken piece 

provided unsatisfactory results; both bonds remained partially visible. Several factors were 

considered to explain this unexpected result: possible interaction between the cleaning solvent 

and the adhesive, the presence of micro-air bubbles in the joint, or a mismatch between the 

refractive indices of the adhesive and the adjacent UP layers.  

It was crucial to determine why these bonds were partially visible, therefore they were 

immediately disassembled for further evaluation. The bonding process was repeated, extending 

the time between cleaning and adhering and carefully avoiding the presence of air bubbles. 

Nonetheless, the joints remained visible (Figure 3.20). Therefore, the discrepancy in the 

obtained results could only be attributed to a difference in refractive index between the UP 

layers of the cast object.  
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Figure 3.20. Images showing the second bonding atempt. The broken pieces before (on the le�) and a�er (on 
the right) bonding with Fynebond. The bonds are s�ll visible, sugges�ng a RI mismatch between the adhesive and 
some of the UP layers. Photos: Anna Laganà. Courtesy of the Cultural Heritage Agency of the Netherlands. 

To verify if there were any difference in the RI of the UP layers, further investigations were 

carried out. Tiny samples of each layer were taken and studied at the Netherlands Forensic 

Institute (NFI) using their experience in measuring the refractive index of small glass fragments. 

The tiny samples of each unsaturated polyester layer were measured at the NFI using a GRIM® 

3 (Glass RI Measurement) refractometer. GRIM® 3 is an instrument for high precision RI 

measurement (standard deviation: 0.00002 RI) and works using the oil immersion temperature 

variation method. By varying temperature to alter the refractive index of calibrated oil, the RI 

of an immersed fragment of glass or unsaturated polyester can be determined at the point of 

null refraction, the point at which the RIs of the fragment and immersion oil match. The sample 

size can be as small as 50 microns. 

Measuring the RI of tiny fragments from the various unsaturated polyester layers of the RCE 

study object at the NFI indicated that the various layers did indeed have different RIs. Standard 

calibration oil for unsaturated polyester was not available at the time, and full measurement of 

the RI could not be carried out. According to literature, a possible refractive index variation 

between 1.54 and 1.57 can be expected in unsaturated polyester resins. To match this variation 

in RI an adhesive with an average refractive index of about 1.55 is needed, which can be 

obtained by mixing two epoxies (Augerson 1993). 

Therefore, a 1:1 mixture of Fynebond (RI 1.565) and HXTAL NYL-1 (RI 1.520) was prepared7. The 

measured RI of the 1:1 Fynebond and HXTAL NYL-1 mixture was 1.55. To verify the behavior of 

the mixture at aging, samples made from this mixture were exposed to 160 hours of artificial 

 
7 The mixture was made by first preparing the two epoxy resins separately - following the instruc�ons in the 
datasheets – and then mixing them in a 1:1 ra�o by weight. 
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light aging. Results showed negligible yellowing, and no change in the refractive index of the 

epoxies mixture has been observed.  

Based on these results, the mixture was used to re-adhere the broken parts of the sculpture, 

with satisfactory result; the RI index of the mixture closely matched the refractive indices of all 

the unsaturated polyester layers (RI match within a range of 0.01-0.02), recovering the lost 

transparency (Figure 3.21).  

Figure 3.21. Detail showing one of the broken pieces before (le�) and a�er bonding (right). The piece was re-
adhered using a 1:1 mixture of Fynebond and HXTAL NYL-1, which closely matched the refrac�ve indices of all 
UP layers, crea�ng a nearly invisible bond and successfully recovering the overall transparency. Photos: Anna 
Laganà. Courtesy of Cultural Heritage Agency of the Netherlands. 

3.7   CONCLUSIONS 

Through this research and the designed experimental setup, a methodological approach to 

identify materials and techniques for safely and successfully bonding broken unsaturated 

polyester artworks and restoring their transparency was established. 

The results of this study proved that for bonding transparent UP objects, either new or aged, 

the main property to consider for obtaining an invisible joint is the refractive index. The bonding 

tests carried out showed that a difference between the refractive index of the adhesive and 

unsaturated polyester close to 0.03 (0.028) or higher can leave the break visible, while a match 

of approximately 0.02 can lead to an almost invisible repair. These results align with the previous 

experiments carried out on glass; the closer the difference in refractive indices is to 0.01, the 

more the joint tends to visually disappear, whereas as the difference increases toward 0.04, the 

visibility of the joint becomes progressively more pronounced.  

This study also highlights the importance of measuring the refractive index of damaged 

transparent plastic objects before selecting an adhesive for their repair. In the case of 
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unsaturated polyester, this is particularly relevant because—unlike other plastics—its refractive 

index can vary significantly (from approximately 1.54 to 1.57). 

Epoxy resins are a suitable class of materials for bonding unsaturated polyester because they 

can match this RI range, as well as fulfilling other requirements such as good working properties, 

appropriate curing and working time and high strength. This was demonstrated in the 

experiments by the overall very good results obtained with the crystal-clear epoxy resin 

Fynebond, which closely matched the RI of the majority of the UPs tested. The only downside 

of this adhesive is that it showed yellowing, even if just perceptibly, after 140 hours of direct 

exposure to light. However, when assessing the consequences of this aging behavior, it should 

be considered that for crack mending, the adhesive’s tendency to yellow is visually less critical 

than how closely its refractive index matches that of the material being repaired (Tennent and 

Townsend 1984a). Moreover, as discussed above, UP is prone to more significant yellowing than 

this adhesive. Conversely, HXTAL NYL-1 showed very good stability, but its RI did not closely 

match that of the UP pieces used in this study. However, this adhesive should still be considered 

as a good option for repairing broken UP objects with a lower RI (1.54). 

The experiments also showed that all techniques used to repair UP, some of which were 

adopted from glass conservation, were more or less successful depending on the joint thickness. 

Furthermore, the modified direct bonding method developed in this study proved to be a good 

alternative to clamps when bonding large and thick transparent surfaces. It ensured effective 

bonding with no air infiltration, allowed easy cleaning and good visibility of the joint during 

curing. Finally, the application of results on the real-life case study further confirmed the 

importance of matching refractive index. It showed that RI varia�ons can be found within a cast 

polyester object made of mul�ple layers, and that these varia�ons can be matched using a 

mixture of epoxies; tailoring the adhesive’s refrac�ve index to the specific RI of the damaged UP 

proved essen�al for achieving almost invisible repairs. 
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