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Abstract 

Conservators have long been aware of the problems associated with the preservation of 

rubber objects due to inherent instability that can be attributed, in part, to the presence 

of additives. Inorganic additives, such as fillers, accelerators, stabilizers, and special 

ingredients are necessary in manufacturing to alter the properties of natural rubber. 

These materials all have different interactions with the rubber, and each other, and 

differing effects on the ageing process. To date, the most effective and accepted 

methods to preserve rubber are cold, dark storage of objects, or the use of low oxygen 

environments. While these methods are effective, they greatly limit access. The 

application of coatings to the surface of rubber objects can slow deterioration and 

greatly increase the ability of an institution to handle and display rubber objects. While 

numerous coatings for preventive and interventive treatment have been tested, none 

have been so successful to warrant routine use. The first section of this research 

highlighted the relationship between the inclusion of certain additives in natural rubber 

objects and the accelerated or slowed down overall degradation. In the second part of 

this research, the acrylic varnishes Golden Polymer Varnish with UVLS, Lascaux Acrylic 

Transparent Varnish-UV, Sennelier Matte Lacquer with UV Protection, and Liquitex 

Soluvar Varnish containing ultraviolet light absorbers or stabilizers were tested as a 

preventative coating for rubber. Through testing the visual and physical properties of the 

samples, as well as compound analysis the results of this research suggest that acrylic 

varnishes do provide protection, each to varying degrees. The results also provided 

insight into the behavior of rubber and these varnishes with continuing light exposure. 
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Chapter 1 

Introduction 

Raw, or uncured latex quickly coagulates and deteriorates. Curing, a process that 

stabilizes the latex, removes excess water and this initiates the formation of crosslinks 

between the polymer chains, making the rubber soft and elastic. Historically the 

indigenous peoples of South America who were using rubber by 1600 B.C (Hosler, Burkett 

and Tarkanian 1999), accomplished this by smoking the material over an open fire or 

painting thin strips onto their bodies and removing them once dry (Kaminitz 1988). Only 

a limited number of crosslinks are formed during curing, thus dry rubber can become 

tacky when warm, and brittle when cold (Allington 1988).  

 

The tackiness, and brittleness of rubber was an obstacle of great importance for the 

rubber pioneers of the 19th century. They were attempting and competing to make novel, 

useable consumer products. They searched for methods to alter the properties of the 

material, starting with the testing of surface coatings that contained lead, zinc, 

magnesium, and talc (Loadman 2005). Testing eventually led to the incorporation of 

additives into mixtures used in the manufacturing of products.  

 

Improvements to the working properties of natural rubber had been achieved through the 

inclusion of additives. As in other manufacturing sectors the purpose of additives is not 

to extend the normal lifespan of the material, but to facilitate the processes of 

manufacturing. The amount of additives employed in rubber production varies, but 

typically, less than 50% of a manufactured rubber is pure rubber (Loadman 1993). The 

most common additives for rubber are those used in the process of vulcanization. Cross-
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linking between polymer chains is induced through the introduction of elemental sulfur, 

a base oxide such as lead or zinc oxide, and heat, or peroxides and irradiation (Linos et 

al. 2000). The crosslinking increases elasticity and decreases plasticity (Coran 2005). 

Vulcanization has been integral to the continued use of NR, since the process was 

discovered in the 1840’s.  

 

Other additives, depending on their intended purpose, fall into one of the following 

groups: fillers, accelerators, stabilizers, and special ingredients. The incorporation of 

these materials can affect either the physical or chemical properties, or both. Additives 

have been employed for other reasons, for example the addition of lead to NR to increase 

the weight, thus increasing the wholesale price, but leading to detrimental health effects 

for the users (Woshner 1999).   

 

The first section of this research will highlight the relationship between the inclusion of 

certain additives in natural rubber objects, and the accelerated or impeded overall 

degradation. Through the analysis of elemental and functional groups in samples of 

historic rubber, additives will be identified, and will be related back to the deterioration 

processes occurring. These results will then be discussed with reference to the actual 

condition of the sampled objects.  This should highlight trends in the causes of 

deterioration.  

 

The degradation of rubber results in cross linking, or chain scission. These processes 

can occur simultaneously and are initiated primarily by oxidation, but other reactions may 

occur e.g. with sulfur compounds or ozone. Deterioration is accelerated by the addition 

of energy through heat, and by the presence of metal impurities. The physical effects of 
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cross linking, and chain scission include: hardening, discolouration, softening, flaking 

and crumbling. Rubber is a very photosensitive material and deterioration can easily be 

initiated, and accelerated by light energy. While rubber will degrade slowly in the dark, 

deterioration will be highly accelerated in the presence of ultraviolet and visible light.  

 

To date, the most effective and accepted methods to preserve rubber are cold, dark 

storage of objects, or the use of low oxygen environments. Cold storage requires a walk-

in or chest freezer. Low oxygen storage involves sealing each object in an impermeable 

membrane with the appropriate amount of oxygen scavenger, such as Ageless, in each 

package. The efficacy of the system can be increased by ‘rinsing’ the object and bag, with 

nitrogen before sealing (Waentig 2008, 201). The scavenger should be replaced, at a 

minimum, every five years (Shashoua 1999).  While both methods have proven to be 

effective in minimizing degradation over time, especially the low oxygen environment 

(Dyer et al. 2011), there are a number of drawbacks. For the author, the greatest drawback 

is the limited access to the objects that these methods cause. 

 

The application of coatings to the surface of rubber objects can slow deterioration and 

greatly increase the ability of an institution to handle and display rubber objects.  In 1990 

Shashoua and Oddy tested coatings as preventative treatments for rubber objects at the 

British Museum. They found the most effective products to be Armor All and BM 

Protective Coating. Marketed for vehicle care, Armor All is a combination of silicone, 

esters, and hindered amine light stabilizers (HALS). Aside from acting as ultraviolet light 

stabilizers (UVLS), HALS also act as free radical scavengers, absorbing alkyl radicals 

created during oxidation. Although an effective protectant, Armor All penetrated the 
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rubber surface and thus was irreversible. It also caused some swelling of the surface 

during application and left the surface somewhat shiny (Shashoua and Oddy 1990).  

 

BM Protective Coating was an in-house mixture of paraffin wax and Tinuvin P, a powder 

form of hydroxyphenyl benzotriazole ultraviolet absorber. This material absorbs energy 

from ultraviolet light in the 300-400nm range, and is often used in the manufacturing of 

a variety of polymers (Ciba Inc. 2008; BASF Corporation 2010; de la Rie 1988). Samples 

were briefly immersed in molten BM protective coating to coat the surface. The paraffin 

wax remained reversible and prevented deterioration through heat and light ageing, but 

as it was opaque, it obscured surface details. Although not mentioned in the text, the brief 

exposure to heat through the application of a molten wax may have caused some 

changes in the rubber.  The brittleness of the coating also prevented handling, as it 

cracked easily, exposing the surface of the rubber (Shashoua and Oddy 1990).  

 

Several investigations have been carried out into the use of Irganox applied to the surface 

of rubber objects, as both preventative and interventive measures. Irganox is an 

antioxidant, created through the combination of several polymer stabilizers, some of 

which do not perform well in the presence of light. Work done by Pfenninger tested the 

effectiveness of Irganox 1520 and 565 on a pre-vulcanized, natural rubber emulsion. Both 

versions tested can prevent the formation of hydroperoxides, however only Irganox 1520 

decomposes existing hydroperoxides. In these tests, multiple concentrations of Irganox 

were employed, either dissolved in solvents or dispersed in sorbitane derivatives and then 

emulsified in water.  Pfenninger noted that the results of the tests were positive; the 

coatings did halt oxidative deterioration (Pfenninger 2006). It must be noted that 
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migration of the stabilizer into the rubber is inevitable, although minimal, and the solvent 

does cause swelling of the surface. 

 

As is clear in the examples above the results of coatings tests have not been positive 

enough to initiate widespread use. As the quantity of rubber in museum collections will 

continue to increase, further research into this area is warranted. Water-based acrylic 

varnishes containing ultraviolet light absorbers or stabilizers may provide a simpler 

solution for the protection of rubber. They are widely available, inexpensive, easy to apply, 

and should be relatively easy to remove.  

 

In the second section of this research, the effectiveness of Golden Polymer Varnish with 

UVLS, Lascaux Acrylic Transparent Varnish-UV, Sennelier Matte Lacquer with UV 

Protection, and Liquitex Soluvar as protective coatings for rubber will be assessed. 

Samples of rubber, of a known composition, will be coated with the four acrylic varnishes 

containing ultraviolet light absorbers or stabilizers. Artificial ageing will be induced 

through light exposure. The protective, and detrimental effects of each coating will be 

determined. 
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Chapter 2 

History of Natural Rubber 

The earliest sample of rubber is a fossilized 60 million year old fragment (Loadman, 

2005). Mesoamerican cultures were the first to use rubber for ritualistic, utilitarian, and 

recreational purposes, from numerous plants depending on the specific geographic 

location. Objects found in Chichén Itzá1, particularly in the cenote or sacred well on the 

site used by the Mayan people for centuries to deliver offerings, demonstrate the 

ritualistic uses of rubber. Used with copal it proved an effective means of lighting, and it 

also kept incense alight during rituals. Rubber was also used in combination with 

pigments to decorate skulls, copal figures, and wooden figures. Edward Thompson2, 

whose work was largely supported by the Peabody Museum, dredged many of these 

objects from the cenote in the early 1900s.  Some of the objects remain in the collection 

of the Peabody Museum, while others have been repatriated to Mexico. Unfortunately 

many of the rubber objects Thompson described did not survive the environmental 

changes that accompany excavation (Coggins 1992).   

 

Rubber also served a number of utilitarian purposes in the lives of Mesoamericans. 

Torches that could burn for almost twenty-four hours, cloths waterproofed with latex, 

shoes, and bottles are among some of the objects they created using rubber3.  By far the 

                                                      

1 Chichén Itzá is a Mayan site in the Yucatan region of Mexico. It is one of the largest Mayan sites in Mexico. 
2 Edward Herbert Thompson (1856-1935) was an American diplomat and amateur archaeologist living in the 
Yucatan region of Mexico. He purchased the site, and lived there while excavating and documenting the ruins of 
Chichén Itzá. Most of his work was supported by the Peabody Museum, especially by the director Frederic Ward 
Putnam. 
3 In the article Sur la Résine élastique nomée Caoutchouc (1751), which is based on the findings of François 
Fresneau and Charles de la Codamine, they recount numerous uses of the material in the different areas of South 
America that they travelled. 
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best-known ancient Mesoamerican use of rubber is for the solid rubber balls used in the 

recreational and ritualistic game ōllamaliztli (also known as ulama)4.  

 

2.1 European Rediscovery 

Charles Marie de la Codamine5 and François Fresneau6, the men who introduced rubber 

to 18th century Europe, were not the first Europeans to report on the material. Christopher 

Columbus, Pietro Martine d’Aghiera, Gonzalo Fernandez de Oiviedo, Antonio de Herrera 

Tordessilas, Bernabé Cobo, and Juan de Torquemada had previously described it, but the 

reports by the two Frenchmen were the first to provoke serious interest (Von Hagen 1945, 

34; Loadman 2005, 12-13).   

 

Charles Marie de la Codamine set off from Paris in 1735 with a group of Academicians 

from the Académie des sciences, on a mission to collect measurements around the 

equator as a means to determine the shape of the earth.  This was happening at the same 

time that Newton was working to prove his own ideas about the shape of the planet. 

South America had been colonized for over 200 years at the time this expedition set off, 

but under the control of Spain and Portugal it had been closed off from other nations. The 

exception made by Spain to allow these onto the continent was an unusual occurrence. 

researchers 

                                                      

4 In his book Tears of the Tree, Loadman (2005) describes the game and its origins in great detail. 
5 Charles Marie de la Codamine of France (1701 – 1774) joined the Académie des sciences in 1730 and has been 
credited with the presentation of works on many subjects. He is best known for his work on quinine derived from 
the Cinchona tree, which was used to treat malaria (Académie des sciences n.d.). 
6 François Fresneau of Marennes, France (1703– 1770) was a state engineer. In the 1730s he travelled to Cayenne, 
Guyana. Upon his return to France many years later, he rebuilt his home, la Gataudière, which still stands, and 
created a lab space for continued work (de Chasseloup Laubat 1942). 
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It is reported that de la Codamine first encountered rubber, identified by the local people 

as hevé, while travelling through the Esmeraldas (costal Ecuador) on his way to Quito 

(interior Ecuador). Inspired by the local peoples and the incredible properties of this 

material, he created a rubber pouch in order to keep his instruments dry during the trek 

(Von Hagen 1945, p. 34).  He sent a sample of the cured material to the Académie des 

sciences in June of 1736, with a description of the tapping procedures and uses. This 

description did not become public until 1751 or 1755 (de Chasseloup Laubat 1942, p. 84). 

To end his tenure in South America, de la Codamine voyaged down the Amazon River 

between 1743 and 1745. There he encountered the material again as the trees were 

growing along the banks of the river, and brought samples of this cured rubber back to 

France. At the end of the river voyage he spent six months in Cayenne, Guyana, before his 

return to France in 1745, and there he met François Fresneau. 

 

Many plants produce latex like fluids, which caused much confusion among early 

explorers and experimenters. The rubber de la Codamine encountered in the Esmeraldas 

in 1735-1736 and identified as hevé (hevea), may not have been from a hevea tree, but 

actually from a Castilla tree which is also native to that area (Polhamus 1962; de 

Chasseloup Laubat 1942). By the end of the 18th century at least four species of rubber 

producing plants had been recognized: Hevea brasiliensis, Hevea guianensis, Castilla 

elastica, and Urceola elastic (Polhamus 1962). Most natural rubber (NR), and the rubber 

that Charles Marie de la Codamine and Francois Fresneau described, is harvested from 

the Hevea Brasiliensis tree. This tree, which reaches a mature height of 25-30 metres and 

a width of 1 metre (Barlow 1978) is native to the Amazon but now is cultivated in many 

locations outside of South America, the most notable being Malaysia. Hevea latex, a 
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dispersion of rubber particles in water, flows as a milky white material from cuts made in 

the tree. The composition of the latex in its unadulterated state is described as: 60% 

water, 36% solid components, 1-1.5% proteinaceous substances, 1-2.5% resinous 

substances, 1% sugar, and less than 1% ash (Waentig 2008). The bulk of the solid 

components, cis-1,4-polyisoprene, makes up about 90% of the dry weight of natural 

rubber (Linos et al. 2000). 

 

Raw, or uncured latex quickly ferments, becoming dark and coagulated (Labreuche 2011), 

a property that was noted by the early explorers. When European explorers first 

discovered latex, this rapid deterioration was the cause of many unsuccessful attempts 

to transport the raw material from South America for study before the discovery of a 

suitable solvent. Curing, which stabilizes the latex, removes excess water, initiating the 

formation of crosslinks between the polymer chains, making the rubber soft and elastic. 

Historically the indigenous peoples of South America, who were using rubber by 1600 B.C 

(Hosler, Burkett and Tarkanian 1999), accomplished this by smoking the material over an 

open fire, or painting thin strips onto their bodies and removing them once dry (Kaminitz 

1988).   

 

François Fresneau was assigned to repair and construct fortifications in Cayenne, 

Guyana. Due to political delays, his work did not start for a number of years and he had 

the time to pursue other endeavors. The engineer conducted many experiments with the 

rubber, highlighting some of the properties that had been previously overlooked. When 

he submitted his reports on the material to the Académie des Sciences, they were almost 

disregarded, but luckily the information came to the attention of de la Codamine who 
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supported the work. In 1751, they jointly submitted the document Sur la Résine élastique 

nomée Caoutchouc to the Académie based on their observations in South America. Upon 

his return to France Fresneau continued to experiment with rubber and in 1762 he was 

asked by a government official to submit the results of his ongoing work with rubber. 

This report included research into solvents and was published in 1763. With the help of 

de la Codamine, it was presented to the Académie in 1765 (Loadman 2005). Through his 

testing Fresneau discovered that turpentine was the best solvent for rubber, however, 

other chemists claimed to have found the answer to the problem of dissolving solid 

rubber before or at the same time.  

 

In 1770, many people in the sciences began to find other uses for the material. An optical 

and mathematic instrument maker in London, Edward Nairne, started selling cubes of 

rubber to erase pencil marks, however this discovery can also be attributed to Joseph 

Priestly.  Rubber had also been used to create catheters, which, although quite useful, 

were expensive to produce and thus not commercially viable. Researchers and chemists 

also experimented with other medical applications, such as inhalation devices, tubing, 

syringes, and early breast pumps (Schurer 1982). Little serious progress was made in 

terms of commercially viable rubber goods in Europe until turpentine was found to be the 

best solvent for rubber and industrial tools were developed increasing the possible 

applications. As rubber was shipped to Europe cured it had to be viscous prior to use. 

Samuel Peal’s7 1791 patent for the waterproofing of shoes and leather goods with rubber 

                                                      

7 Samuel Peal of England (1754 – date of death unknown) established Peal’s boots and shoes, later Peal and 
Company. The success of the waterproof shoe established the company’s longevity, and continued to operate in 
London for 174 years (The National Archives 2013). 
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has been cited as the first significant patent, however the cost of the finished product 

limited the consumer base (Schurer 1982, p. 47).  

 

Research into solvents continued in the hopes of discovering something better than 

turpentine. In time, ether and rectified petroleum were both found to be successful 

(Barlow 1978, p. 11). Even with the use of a solvent, certain items could not be made, or 

made cost effectively, in this manner, and objects produced of rubber dissolved in 

turpentine tended to be sticky.  The most widely known use of dissolved rubber was in 

the waterproofing of fabrics.  This was popularized by Charles Macintosh8, the Scottish 

chemist and inventor, who was contracted in the early 1820s by the Glasgow Gas Works 

to find a use for coal tar which was being produced in great quantity due to the use of 

coal gas for lighting (Macintosh 1847, p. 82).  Macintosh produced naphtha from coal tar 

and used it to dissolve rubber. The naphtha evaporated leaving just a rubber film behind, 

without the tackiness caused by turpentine (Barlow 1978, p. 13). This liquid rubber could 

then be used to laminate layers of cloth together, waterproofing them in the process.  

Although naphtha resolved the tackiness caused by turpentine, it was noted that the cloth 

had a very strong and lingering odour (Hancock 1856, p. 22). 

 

Thomas Hancock9 made the next considerable step forward in the processing and use of 

rubber.  He had created a business of incorporating rubber thread into the cuffs and 

                                                      

8 Charles Macintosh (1766 - 1843) was a Scottish chemist who started in his father’s lichen dye works. He is best 
known for the creation of waterproofed fabrics, still known as Mackies or Mackintoshes, but also contributed to 
advancements in bleaching, iron works, and dyeing (Trager-Cowan and Maas n.d.). 
9 Thomas Hancock of England (1786 – 1865) was in business as a coachmaker with one of his brothers when 
his desire to waterproof fabric led him to begin research into rubber in 1819. His brothers were also contributors 
to the industrial history of Britain, having been involved with developments related to steam vehicles and 
underwater cables (Loadman, n.d.). 
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edges of clothing, such as gloves and stockings, to hold them in place. In the process of 

overcoming the limitations of the material, such as cracking along cut edges, he had 

become quite familiar with methods of manipulating rubber through heat and pressure.  

“I have no very clear recollection when I first began to notice 
the peculiar qualities of India-rubber, but well remember 
that the more I thought about it and tested its properties the 
more I became surprised that a substance possessing such 
peculiar qualities should have remained so long neglected, 
and that the only use of it should that of rubbing out pencil 
marks.” (Hancock 1856, pp. 1-2) 

 

As previously mentioned, rubber arrived in Europe already cured, commonly in the shape 

of a bottle or sheet. Hancock had an issue with the amount of waste he was producing 

cutting into the bottle shaped rubber, and he began looking for a solution to that issue.  

As he had experimented at length with cutting and pressing pieces of rubber together 

with heat, he came to the conclusion that tearing might work better than cutting. From 

this idea he created his ‘pickle’, a masticator that through mechanical action, heat, and 

pressure would combine shreds of rubber into a solid mass.  In all correspondence and 

manufacturing information Hancock referred to the masticator as the ‘pickle’ as he 

endeavored to keep it a secret until it was patented. The first masticator he produced in 

1820 could only work with a few ounces of rubber, but with improvements and demand, 

he increased the capacity of the machine to one pound, then 15 pounds, and then to 200 

pounds by the time Hancock published his memoirs in 1856. In 1837, Hancock patented 

his masticator, along with a spreader for the preparation of rubberized fabrics. 

 

The increasing number of articles being produced by Hancock provided him the 

opportunity to continue pushing the limits of rubber through testing the inclusion of 
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colourants and other materials during the masticating process.  He also noted that 

masticated rubber was made soluble more readily by solvents and was more easily 

spread on fabric. He presented this information to Charles Macintosh, however, the 

improvement was not used until they started doing business together in 1826. By 1834 

Macintosh and Hancock had formed a partnership, with Hancock as the director of the 

company. Even with the great improvements to manufacturing, consumers were 

dissatisfied due to the drawbacks of rubber, such as the tackiness in the heat and 

brittleness in the cold.  By 1840 the fledgling rubber industry was suffering greatly. The 

solution to this problem may have been found by Charles Goodyear in America10, but the 

first patent belonged to Thomas Hancock. 

 

Goodyear, as summarized by Loadman (2005), had in 1834 purchased a rubber life 

preserver from The Roxbury India Rubber Company store in the hopes of creating a better 

valve for the product. In the end the valve was not the real project, as he discovered that 

buyers had been “disappointed too often with goods turned out in the pre-vulcanizing 

era, when rubber became brittle from cold until it cracked. In humid summer weather it 

could become a limp, smelly mess from heat, equally uncomfortable or distasteful to the 

wearer” (Roberts 1954, p. 13).   

 

He worked on this project for several years, and in 1839 discovered that sulfur and white 

lead along with heat caused rubber to harden and hold its shape; but he had not been 

able to make the process repeatable. Hancock, in his memoirs, states that he was given 

                                                      

10 Charles Goodyear (1800 – 1860) was an American who began his career in the hardware business, but upon 
its failure in 1830 turned to rubber.  
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a sample of Goodyear’s hardened rubber in 1842, and having dealt first hand with the 

business problems associated with the deterioration of rubber, he set to work on figuring 

out how to harden the material. He deduced that sulfur was involved and spent months 

working out the process of vulcanization before his patent was finalized in 1843. 

Goodyear was only a step behind Hancock and was granted a US patent for the process 

in 1844.  

 

Although vulcanization greatly increased the range of products available, the last step in 

ensuring the place of rubber as an everyday item was the introduction of the rubber tire. 

The first rubber tires were solid, and although they did somewhat reduce the shocks of 

the road, they did not produce a comfortable ride. Robert William Thompson11 patented 

and sold a pneumatic tire in Scotland between 1845 and 1847.  The tire did not catch on 

and he returned to his original business producing solid tires.  In 1888, after the 

introduction of the bicycle, J.C. Dunlop patented another pneumatic tire that became 

quite popular due to necessity, and was improved upon in 1891 by the Michelin Company. 

According to Michelin: 

A cyclist comes to the plant to buy the materials needed to 
repair the Dunlop tires on his bicycle. It takes three hours of 
labor and overnight drying to repair the tire and glue it to 
the rim…. Michelin files its first patents for detachable tires 
that can be repaired in a quarter of an hour. (Michelin 2013) 

 

In 1895 the first car was run on pneumatic tires, and to this day, car tires continue to 

contain a portion of natural rubber. 

                                                      

11 Williams Thompson (1822 – 1873) was a Scottish scientist and engineer credited with the invention of the 
pneumatic tire, along with numerous patents covering a variety of disciplines. 
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By 1900, due to massive improvements in rubber manufacturing during the 19th century, 

rubber was becoming an everyday item and its place in the industrial world was assured. 

Boots, shoes, waterproof clothing, medical equipment and household first aid supplies, 

hard rubber goods, and mechanical goods such as tires were a part of everyday life. The 

rubber boom had become quite profitable and the procurement of rubber increased in 

scale to meet the demand.  

 

2.2 Wild Rubber 

As previously mentioned, most natural rubber is extracted from the Hevea Brasiliensis 

tree. The same Hevea tree can be tapped frequently for up to 50 years and using the 

traditional tapping methods, each tree could produce an average of 10kg of latex per year 

(Barlow 1978, p. 17). In the 19th century, from June to January, indigenous tappers or 

seringuieros would each work a trail of 100-200 trees several kilometers long, collecting 

latex. The tapper would begin by cutting into the bark of each tree and attaching a bowl 

or cup to catch the dripping latex. Once he had come back to the start of the trail, he 

would collect the latex and pour it onto, or form it into a ball that was then cured in the 

smoke of an open fire. When the ball had reached a significant weight, it would be passed 

to the landowner or local merchant who would pay them based on the amount collected. 

The wild rubber industry provided all of the world’s rubber until the 1880s. Many parties 

were involved: the tappers, the landowners from whom they leased their trails, the local 

merchant to whom they sold the rubber, the agent working for a large enterprise, the ship 
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owner who brought the goods down the river, the aviador house12 and the export house, 

and finally the importer.  The tapper received very little for the rubber he collected, and 

would often have to pay up to 50% of the value of the rubber as a service charge to the 

local merchant.  

 

The manufacturing discoveries of the 19th century prompted demands for increased 

quality of rubber, as not all rubber plants, or rubber plants from different areas, produce 

a material as low in resin content as hevea latex. Those higher in resin content, such as 

Castilla at 25% resin, were much harder to combine with vulcanizing agents or additives. 

The demand for rubber goods was also increased as vulcanization eliminated many of 

the problems that had been turning consumers away. A total of 388,260 kg of rubber was 

exported from the Amazon in 1840, 1,446,550 kg in 1850, and increased to 2,673,300 kg 

in 1860 (Weinstein 1983, p. 9).   

 

Africa, and especially the Congo, was also a contributor to the world’s supply of wild 

rubber from the late 19th century until the First World War. The main source of African 

rubber was woody Landolphia climbing vines, of which there are many species. The 

flowering vines grow up the trunks of trees and into the canopy. The export amount was 

small in comparison to Amazon hevea rubber: in 1890 17,000,000 kg of rubber was 

exported from South America, and 2, 8000,000 kg from Africa (Barlow 1978, p. 16).  

 

                                                      

12 The aviador is a rubber exporter (individual or firm) who generally worked from a large city in South America. 
They sometimes owned the land on which the seringuieros worked. 
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King Leopold II of Belgium gained control of the Congo in the latter half of the 19th century 

and his focus was on the export of natural resources from this state, which was mainly 

ivory and rubber.  The officials and soldiers stationed in the Congo were awarded 

bonuses for exceeding their rubber quotas and for doing so under budget. Two excerpts 

from E.D. Morel’s book Red Rubber (1906) illustrate the states approach of the time to 

rubber collection. In the first excerpt from 1898, an officer in the Belgian Force Publique, 

Lieutenant Tilkens, writes to his mother:  

“Commandant Meeus, my District Commissioner, is about 
to return and Commandant Verstraeten, the friend of Major 
Lenssens, replaces him. It is he who inspected my station 
and who complimented me highly. He told me the nature of 
his report would depend upon the quantity of rubber 
produced. When he left me he told me to employ myself 
actively in collecting rubber and from 360 kilos in 
September, my production rose to 1,500 kilos in October, 
and this month I trust it will be over 2,500 kilos…. By 
January I shall be making 4,000 kilos per month, which 
makes 500 francs profit above my salary…. I really am a 
lucky fellow, and if I play at rubber for two years I shall make 
12,000 francs over and above my salary.” (Morel 1906, p. 
62) 

And in the second excerpt, also from 1898, a Commandant Verstraeten wrote to the 

officials in the district he oversaw: 

“I have the honour to inform you that from January 1, 1899, 
you must succeed in furnishing 4,000 kilos of rubber every 
month. To this effect I give you carte blanche. You have, 
therefore, two months in which to work your people. Employ 
gentleness first, and if they persist in not accepting the 
imposition of the State employ force of arms.” (Morel 1906, 
p. 37) 

 

According to the information provided in the statements published by Morel (1906), and 

more recently Loadman (2005), it is estimated that 10,000,000 – 15,000,000 people were 

killed, or died as a result of Belgian involvement in rubber exports from the Congo, which 
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spanned roughly a 50 year period13. Despite calls for action against officials and the 

government, the industry and associated atrocities only ended with the rise of plantation 

rubber in other areas of the world.  

 

2.3 Cultivated (Plantation) Rubber 

In April 1875, Henry Wickham14, a British explorer, was asked to collect as many Hevea 

Brasiliensis seeds as possible for the price of £10 per thousand seeds. He shipped 70,000 

seeds, which arrived at Kew Gardens in June of 1876.  Of those 70,000 only 2,397 

germinated, and 1,919 were sent to Sri Lanka; 1,700 hundred survived shipment and were 

planted in Colombo. Of the 1,700 seedlings planted in Sri Lanka, 22 were sent on to 

Singapore, and 10 continued forward to Malaysia. Those 22 seedlings are known to be 

the beginning of the Asian rubber industry. One of the seedlings still stands in the city of 

Kuala Kangsar, Malaysia, outside the office of the Department of Lands and Mines. The 

rubber industry in Malaysia prospered: in 1898 there were 2,000 acres devoted to 

cultivated rubber, 6,000 acres in 1900, 540,000 acres in 1910, and 2,180,000 acres in 

1920.  The industry also prospered in other areas of Asia, most notably South Vietnam. 

Finding enough labour to meet the needs of the plantations was an issue, and much of 

the work was carried out by immigrant labourers or indentured locals. 

 

                                                      

13 In his work on this subject published online Loadman (n.d.)  indicates the population of the Congo was 
25,000,000 in the 1880s, 8,500,000 in 1911, and 8 to 10,000,000 in the 1930s.  
14 Henry Wickham (1846 – 1928) was an English explorer and botanist. In popular culture he is known as a bio-
pirate for his extraction of hevea seeds from Brazil, which is rumored to have been theft as opposed to legal export. 
He was given a knighthood for his part in establishing the cultivated rubber industry (Loadman n.d.).  
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2.4 Searching for an Alternative 

The world had become dependent on natural rubber. Countries with rubber producing 

colonies, such as England, France, and the Netherlands were far removed from the 

tropical locations of their plantations (Waentig 2008, p. 177). Those countries without 

rubber producing colonies, such as Germany, Russia, and America were dependent on 

imports to meet their needs and were the real force behind research into synthetic 

alternatives. The beginning of the synthetic industry involved many stops and starts, but 

eventually emerged as an industrial staple.  

 

Prior to the First World War early alternatives were found, however they were not very 

good in comparison to natural rubber. When Germany was cut off from its supply of 

natural rubber during the First World War, the research into synthetic rubber continued 

and manufacturing started in 1916. When the war ended, production ceased as the 

colonial plantations had enlarged, driving down the price of natural rubber. The 

production of synthetic rubber was time and resource consuming making it quite 

expensive. For example, methyl rubber produced in Germany during World War I had a 

polymerization time of two to six months (Morton 1981, p. 1290).  Research started again 

in the 1920s when the British introduced measures to control and increase the price of 

natural rubber. This did not last long as the Dutch increased their output of natural rubber 

to drive the price down again and the economy of the 1930s drove the price even lower15.  

 

Despite the high cost of synthetic rubber, Hitler made research and production a priority 

in Germany in 1934 (Waentig 2008). German scientists improved on the synthetics that 

                                                      

15 Morton cites a price change in America from 15¢ per pound for natural rubber, to 2.7¢ in 1932. (Morton 1981, 
1293) 
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had been produced before and after the First World War. When the Second World War 

began, America also made synthetic rubber a priority, putting government funds into 

research and production: 2,000 tons of synthetic rubber were produced in 1939 and 

10,000 tons were produced in 1941 (Loadman 2005). The US government had authorized 

the production of 40,000 tons in 1941 and after being cut off from natural rubber sources 

by Japan, increased the authorized amount to 800,000 tons (Morton 1981, p. 1294). 

Although significant improvements had been made to the manufacturing process and 

finished products, synthetic rubber production was dropped again after the war in favour 

of natural rubber, due to costs.  

 

The full synthesis of cis-1, 4-polyisoprene became possible in the 1950s, increasing the 

quality of synthetic rubber and reducing the cost of production. This full synthesis was 

achieved through the use of a titanium tetrachloride catalyst (a modified Ziegler-Natta 

type catalyst), which increased the cis-1,4 content of the rubber to same amount as is 

found in hevea rubber (Morton 1981). By the 1960s synthetic rubbers were everywhere.  

According to The Rubber Economist (2008), the use of synthetic rubber (as compared to 

natural rubber) peaked in the 1980s with 70% of the market, but it continues to be more 

widely used than natural rubber and in 2008 held 57.5% of the market. 
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Chapter 3 

Rubber:  Composition, Manufacture and Deterioration 

 

3.1 Rubber 

Most natural rubber (NR) is harvested as latex from the Hevea Brasiliensis tree. This tree 

is native to the Amazon, but is now grown in many locations. Hevea latex, a dispersion of 

rubber particles in water (cis-1, 4-polyisoprene), flows from cuts made in the tree as a 

milky white material. The composition of this latex in its unadulterated state is described 

as: 60% water, 25-40% solid components, 1-1.5% proteinaceous substances, 1-2.5% 

resinous substances, 1% sugar, and less than 1% ash (Waentig 2008; Baker and Fulton 

2012). The solid components make up about 90% of the dry weight of natural rubber 

(Linos et al. 2000). Rubber (C5H8) particles are the solid components of latex. They range 

in size from 0.15 - 3µ and weigh between 105 to 107 g/mol (Baker and Fulton 2012).  

 

Raw, or uncured latex quickly coagulates after collection, which may be due to an 

increase in acidity caused by bacterial activity (Franta 1989). Upon collection, latex has 

a pH of 6.5- 7 and coagulation can be induced by the addition of acids to increase the pH 

to 5 (Baker and Fulton 2012). To prevent coagulation, latex can be stored in ammonia, 

which was discovered around 1871. Prior to this date, the transportation of raw latex was 

not possible.  

 

Curing, a process that stabilizes the latex, removes excess water and initiates the 

formation of crosslinks between the polymer chains, making the rubber soft and elastic. 
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Historically the indigenous peoples of South America who were using rubber by 1600 B.C. 

(Hosler, Burkett and Tarkanian 1999), accomplished this by smoking the material over an 

open fire or painting thin strips onto their bodies and removing them once dry (Kaminitz 

1988). Only a limited number of crosslinks are formed during curing, thus dry rubber will 

easily become tacky when warm and brittle when cold (Allington 1988).  

 

Natural rubber is a versatile material with high tear resistance, high tensile strength, and 

resistance to dilute acids and alkalis. Rubber (cis-1, 4-polyisoprene) and gutta percha 

(trans-1, 4-polyisoprene) are very close in composition, but have different properties. Cis 

and trans describe the orientation of functional groups within a molecule. As is visible in 

Figure 3.1, the methylene groups are on the same side of the molecule in rubber whereas 

in gutta percha, they are on opposing sides. While rubber is elastic and flexible at room 

temperature, but becomes hard and brittle at lower temperatures, gutta percha is hard at  

room temperature, only gaining plasticity above 100°C.  

 

The structure of rubber is very regular and it crystallizes easily, at which point it becomes 

hard and inelastic. Stress-induced and temperature-induced crystallization play an 

important role in the elastic properties of rubber. At low temperatures or under strain, up 

to 30% of the amorphous structure of rubber will become crystalline. This occurs most 

rapidly at -26°C and will reach a maximum within a few hours. At even lower 

1 2 

Figure 3.1: Rubber (1) and Gutta Percha (2) 
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temperatures the speed at which this occurs decreases due to a reduction in the mobility 

of molecules within the rubber, reaching a minimum speed at -50°C (Shashoua 2004). 

The thawing of rubber does not occur at a definite temperature, as it is dependent on the 

amount of time and the temperature at which it was frozen. Allington (1988) suggested 

that crystallization also occurs slowly at room temperature, over several decades, 

however this may be a result of ongoing cross-linking induced by light, ozone, or residual 

sulfur.  

 

When elongated, crystalline regions will be oriented in the direction in which the rubber 

is being stretched. The formation of crystals and the liberation of energy when tension is 

released produce heat.  The elasticity of rubber is one of the properties that makes it 

valuable as a commercial product. Natural rubber can be stretched to between 500% and 

1000% times its original length; by comparison ebonite can only be stretched between 

3% and 6% of its original length.  Upon release of tension due to stretching or 

compression, rubber returns to nearly its original condition. The percentage of elongation 

that remains depends on the conditions under which the stress was applied, such as 

temperature and time, but is also dependent on the degree of vulcanization. 

 

3.2 Vulcanization 

The tackiness and brittleness of rubber due to temperature or degradation was an issue 

of great importance for the rubber pioneers of the 19th century. They were attempting 

and competing to make novel, useable consumer products. They searched for methods 

and materials to alter the properties of rubber, starting with the testing of surface 

coatings that contained lead, zinc, magnesium, and talc (Loadman 2005). Successful 



 

 

 

24 

testing eventually led to the incorporation of additives into mixtures used in the 

manufacturing of products. Although the incorporation of mixtures into the process did 

improve the properties somewhat, the real breakthrough came with vulcanization.  Since 

the process was discovered in the 1840’s, vulcanization has been integral to the 

continued use of NR.  

 

The process of vulcanization works through the creation of cross-links between polymer 

chains (Figure 3.2). This is accomplished through the introduction of sulfur, an oxide 

such as lead or zinc oxide (which acts as an activator), and heat. Crosslinking causes the 

rubber to change from a plastic-like material, to an elastic-like material. One crosslink 

every 200 monomers will result in successful vulcanization (Stephens 1973), although 

the degree of crosslinking can be increased above this level. Ciesielski (1999, p. 106) 

provided an excellent analogy, in which he likened vulcanization to a mattress:  

If the coils were not linked (uncured rubber), the mattress 
would distort and wobble drastically. Linking the coils 
(vulcanization) makes the mattress firm (dimensionally 
stable) and provides it with plenty of bounce (elasticity).  

 

Figure 3.2. The effect of vulcanization. (Mark and Erman 2005, 322) 
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In Goodyear’s 1843 patent, his vulcanization recipe was reported to be 25 parts rubber, 

five parts sulfur, and seven parts white lead. The higher the amount of sulfur, the harder 

the end product. For example, ebonite which has a sulfur content of 25-50phr has a 

Durometer hardness of 100, as compared to a door seal which would have a sulfur 

content of around 3phr and has a Durometer hardness of 55 (Loadman 2005, p. 232). As 

understanding of the process evolved, the amount of sulfur required decreased.  

 

As summarized by Loadman (2005, 210-211), vulcanization occurs in two steps. In step 

one the sulfur, accelerator and activator combine to form an active sulfurating agent. In 

the second step, each end of the sulfurating agent or sulfurating chain, attaches to a 

carbon in the monomer unit, within the larger chain of rubber molecules to form links 

(Figure 3.3).  An accelerator/activator is necessary for the process to initiate and 

depending on the choice of accelerant, it can greatly decrease the time required. In early 

work with vulcanization, an accelerator/activator was not added to the mixture, however 

naturally occurring fatty acids allowed the process to initiate, although much less 

effectively.  

 
Figure 3.3. Steps of the vulcanization process 
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The effectiveness of activators/accelerators is demonstrated by Mark and Erman (2005) 

and also by Heideman (2004): an early vulcanization recipe of eight parts sulfur to one 

hundred parts rubber (phr)16 required five to six hours to react at 140°C to 142°C. The 

addition of zinc oxide, an activator, reduced the time required to three hours, and by 

adding 0.5phr of accelerator, it was further reduced to several minutes. Aniline, the first 

accelerator, was introduced in 1905 (Heideman 2004) but due to its toxicity, was quickly 

replaced by thiocarbanilide in 1907. The use of accelerators continued to evolve over time 

to include those which could provide delayed action.  

 

The deterioration of rubber results in cross linking, or chain scission. These processes 

can occur simultaneously and are initiated primarily by oxidation, and the presence of 

ozone. Rubber is a very photosensitive material and deterioration can easily be initiated, 

and accelerated by light energy. Deterioration is also initiated or accelerated by the 

addition of energy through heat, by the presence of metal impurities, and mechanical 

flexing. The physical effects of cross linking and chain scission include hardening, 

discolouration, cracking, softening, tackiness, flaking and crumbling. 

 

3.3 Rubber Deterioration  

3.1.1 Oxidation 

Oxidation is the primary process through which the deterioration of rubber occurs. The 

oxidation induction time (OIT), which is the amount of time between exposure to oxygen 

and initiation of oxidation varies, however the process will always start at the weakest 

                                                      

16 phr = parts per hundred rubber, commonly used method of measurement in rubber formulations 
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bond in the polymer chain, in the amorphous regions. The energy required to break many 

of the bonds is relatively low. For example a CH3 – R bond is broken through the 

introduction of 88.4 kcal/mol (3.8334 eV) which is available through light just outside the 

visible spectrum (Gui-Yang and Koenig 2005). Light energy, especially UV light, increases 

the rate at which oxygen is absorbed by rubber. Additives also have an effect on the 

absorption of oxygen, as is visible in table 3.1 from the work of Huntink (2003). As 

oxidation occurs radicals are created due to the absorption of energy and oxygen. The 

absorption of oxygen causes a reaction in which peroxy radicals are formed through 

breakage of the C-H bonds. These peroxy radicals then combine with free radicals to 

create peroxide. The peroxide may then transform to hydroperoxide through the 

abstraction of a hydrogen atom. If trace amounts of peroxides are already present in the 

rubber, very little energy is required to initiate oxidation (Huntink 2003), and it may occur 

at low temperatures or in low light settings.  The presence of trace amounts of heavy 

metal oxides, such as lead, manganese, copper and iron may also act as a catalyst for 

the oxidation of rubber. Metal ions may also increase the rate at which it occurs by 

speeding up the decomposition of peroxides.  

 

 

Table 3.1. Absorption of oxygen in NR in the presence of UV light, 46°C. (Huntink 2003, 10) 
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It has been suggested that in the early phases of oxidation the amount of chain scission 

and crosslinking is equal (Gent 2012, p. 26). The research of dos Santos, Suarez and 

Rubim (2005) also demonstrated that specific wavelengths can determine the reaction 

type, between 300 – 350 nm chain scission predominates and under 253 nm cross linking 

occurs.  

 

Figure 3.4 The sections of the electromagnetic spectrum that effect rubber 

 

 

 

A side effect of oxidation is the creation of a very thin, hard layer on the surface due to 

cross-linking. This phenomenon is sometimes described through the by-product, which 

is a crust, or oxidative layer, but may also be described using the term shelf ageing. This 

layer may reduce the permeability of the surface to oxygen, slowing the deterioration, as 

long as it is not changed or removed (Waentig 2008). As mentioned on the previous page, 

certain wavelengths are preferential to certain actions of deterioration, this is the same 

for the formation of an oxidative surface. If the majority of actions result in rapid cross-

linking, a hardened surface will form. Consequently, if the reaction is slow, and results 

mainly in chain scission, this surface will not occur (dos Santos, Suarez and Rubim 2005).  

 

Mechanical stress can contribute to the oxidation of rubber. It has been determined that 

alkoxy radicals can be formed in rubber under repeated stress. Energy created during 

deformation may result in the formation of macroalkyl radicals, which may then react 

with oxygen to form alkyl peroxy radicals (Huntink 2003), contributing to the oxidation. 

UV - C

100 - 280 nm

12.4 - 4.43 eV

UV - B

280 - 315 nm
4.43 - 3.94 eV

UV - A

315 - 400 nm
3.94 - 3.10  eV

Visible
400 - 750 nm
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Currently there are thousands of antioxidants available to use in rubber manufacturing.  

As summarized by Huntink (2003) the antioxidants function in the following five ways: 

metal deactivation, light absorption, decomposition of peroxides, halting free radical 

chain propagation, and the regeneration of inhibitors.  Antioxidants do not function 

forever, and not under all circumstances or synergistically with all other additives. Many 

have specific parameters in which they function properly, for example in some cases the 

presence of too much antioxidant in a material can have a detrimental effect (Huntink 

2003). Other materials added to rubber to alter the properties may also provide some 

protection against oxidation. For example carbon black, as well as zinc oxide and 

titanium dioxide, act as antioxidants by preventing the penetration of light into the rubber.  

 

3.1.2 Ozone 

Ozone, the other main cause of rubber deterioration, reacts rapidly with rubber by adding 

double bonds at the surface, forming ozonides. This creates a hardened and possibly 

discoloured layer on the surface. Very little ozone is required to initialize the formation of 

ozonides due to the very low ozone resistance of rubber. The low ozone resistance is due 

to the fact that the methyl group on the rubber molecule is electron donating, and 

cleavage of the ozonide will occur most readily where an electron is available (dos 

Santos, Suarez and Rubim 2005; Huntink 2003).  In the summer the ozone concentration 

in a Canadian city can fluctuate from 30 to 40 ppb, with the indoor levels being slightly 

lower. This is still sufficient to cause deterioration. 
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The ozonides formed at the surface are very brittle (Shashoua and Skals 2004, 60), but 

do not extend deep into the rubber. Work done by Rodrigues, Santos and Feitosa (2004) 

demonstrated that within ozonated rubber all of the double bonds within the upper 0.5µm 

had reacted and there was a very high ozone content. In the next layer, 0.5 – 170 µm, the 

ozone concentration was low and very few double bonds had reacted with ozone, and the 

layer below had not reacted with ozone at all.  The hardened layer formed at the surface 

protects the interior from the diffusion of ozone, however ozonides decompose very 

easily under strain leading to intense cracking.  Ozonides may also react with moisture 

in the air to form esters, aldehydes and ketones (Mark & Erman 2005). 

 

Figure 3.5. The effect of ozone on rubber. (Mark and Erman 2005, 429) 

 

 

Certain additives in rubber cause the rate at which ozonides are produced to increase in 

the presence of ultraviolet light and oxygen (Grattan 2012).  Since the 1950s 

antiozonants have been added to rubbers, replacing the use of wax (Huntink 2003). Wax 

protected against ozone by migrating to the surface with time and making it less 

permeable. Antiozonants slow deterioration of ozone through increasing the amount of 

stress required to produce cracks, or through slowing the rate at which cracks grow. They 
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can be divided into two categories: those for rubber in static applications, and those for 

rubber used in dynamic applications (Huntink 2003).  

 

3.1.3 Temperature 

As previously mentioned heat can provide the necessary energy for oxidation to occur, 

and allow reactions to occur at an increased rate, but also allows vulcanization to 

continue. This secondary vulcanization is temporary, initially increasing the hardness, 

but then resulting in softening (Stern 1967). Waentig (2008) suggests that vulcanization 

may continue at a reduced rate in ambient conditions. This allows for the continued 

formation of cross-links over time until enough bonds have been created to significantly 

reduce the elastic properties. Residual sulfur from vulcanization can also result in the 

creation of hydrogen sulfide, ketones, aldehydes, and acids (Nuttgens and Tinker 2000). 

Reversion of vulcanization can occur if a significant amount of heat is introduced. This 

is most severe at 155°C (Mark & Erman 2005), however it can occur at lower 

temperatures. The reversion of vulcanization of natural rubber occurs as polysulfide links 

between the polymer chains are broken by heat, resulting in a loss of hardness and shape. 

 

Although the temperature is well controlled in purpose built collections storage facilities, 

smaller institutions, such as local museums or historic homes may have seasonal 

fluctuations, and less than adequate space. For example, an attic in a historic home may 

reach very high temperatures in the peak of the summer, resulting in significant periods 

of accelerated deterioration. 
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Low temperatures also have an effect on rubber, causing crystallization that in turn 

causes hardening. It has been suggested that, at room temperature, a rubber object can 

reach 30-40% crystallinity in 30 to 40 years (Nuttgens 2000) the process being much 

faster below -10°C. Although some of the crystalline areas formed at low temperatures 

can be reversed with heat, a fraction will always remain. Care must be taken not to cause 

distortion in rubber objects in cold storage, through handling or placement, as 

crystallized rubber may be brittle.  
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Chapter 4 

The Conservation of Rubber Objects in Museums 

Interest in the conservation of modern materials began in the 1980’s and spurred 

meetings such as Modern Organic Materials17 in 1988 and Symposium ’91: Saving the 

Twentieth Century: The Conservation of Modern Materials18. The publications from these 

conferences are still considered to be valuable sources of information on the 

conservation of modern materials. More recent projects and conferences have provided 

a platform for continued research into treatment methods. The 2005 conference entitled 

The Future of the 20th Century19 provided an opportunity for textile conservators to 

discuss issues related to modern natural and synthetic fibres in collections. Antiaging 

für Kulturgut mit Elastomeranteilen20, a project that ran from 2008 to 2011, provided 

resources for the research and conservation of over 50 rubber objects, and disseminated 

the information through workshops.  The Future Talks21 conferences hosted in 2009, 

2011, and upcoming in the fall of 2013 provide an excellent platform for the dissemination 

of information and continued conversations regarding the conservation of modern 

materials in objects collections.  

 

                                                      

17 Modern Organic Materials was organized by the Scottish Society for Conservation and Restoration, held at the 
University of Edinburgh, April 14-15, 1988.  
18 Saving the Twentieth Century: The Conservation of Modern Materials was organized by the Canadian 
Conservation Institute, and held in Ottawa, Canada, September 15-20, 1991. 
19 The Future of the 20th Century: Collecting, Interpreting and Conserving Modern Materials was organized by the 
Arts and Humanities Research Council Research Centre for Textile Conservation and Textile Studies, and held in 
Winchester, United Kingdom, 2005. 
20 Organized by the Deutsches Bergbau-Museum Bochum (DBM) and the Fachhochschule für Technik und 
Wirtschaft Berlin (FHTW) 
21 The Future Talks: Technology and Conservation of Modern Materials in Design conferences are organized by 
Die Neue Sammlung, (The International Design Museum) and held at the Pinakothek der Modern, Munich. Past 
conferences were held October 22-23, 2009, October 26-28, 2011.   
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4.1 Preventative Conservation 

 

4.1.1 Anoxic Storage 

To date, the most effective and accepted method to slow the deterioration of rubber is 

anoxic storage in a cool and dark environment. To achieve this, an oxygen scavenger 

such as Ageless, is sealed with the object in an impermeable enclosure. The impermeable 

membrane may be a polymer barrier film such as Cryovac (ethylene/vinyl acetate 

copolymer laminated with Nylon), or a ceramic-coated film such as Escal (vacuum-

deposited ceramic on polyvinyl acetate). Ageless, a product of the Mitsubishi Gas 

Chemical Company, consists of finely divided iron particles packaged in sachets. There 

are several types available for use in the food, technology, manufacturing and retail 

industries; however, Ageless Z is typically used in the museum sector. Research carried 

out by Grattan and Gilberg (1994) determined the system to be composed of finely 

divided iron powder (containing sulfur and coated in sea salt), which has been mixed with 

a zeolite and impregnated with sodium chloride. The researchers also assessed the 

sachet film and determined it to be non-woven polyethylene laminated to paper, with 

pinholes on one side to control the amount of oxygen reaching the iron powder.  

 

Ageless absorbs oxygen through the oxidation of the iron powder and the formation of 

the corrosion products magnetite (Fe3O4), and akaganeite (β- FeOOH). The amount of 

oxygen that can be absorbed depends on the amount of iron in the package, thus Ageless 

is available in several package sizes, the numbering of each relating to the amount of 

oxygen that may be absorbed (Z100 = 100ml of oxygen, Z200 = 200ml of oxygen, Z1000 

= 1000ml of oxygen). Calculating the total estimated volume of air and multiplying this 
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number by 20% can determine the amount of Ageless required for a specific project22. 

The efficacy of the system can be increased by reducing the amount of oxygen present 

in the enclosure at the time of sealing through ‘rinsing’ the object and bag with nitrogen 

before sealing (Waentig 2008, 201). Although this is effective in reducing the oxygen at 

the start of sealing, Shashoua (1999) determined that rinsing with nitrogen can result in 

an increased pH when the iron in the Ageless packet reacts with air. A proprietary 

indicator, the Ageless Eye, can be placed in the sealed package and will indicate the 

presence of oxygen through colour change; however, the author has noted that these 

indicators have a shelf life, and may not be effective for use after a number of years in a 

lab environment or cold storage. The indicator also has a service life and should not be 

used to measure the continued effectiveness of a system after six months (Shashoua 

1999). The scavenger itself has a service life as well and should be replaced, at minimum, 

every five years. The service life of Ageless was determined through a study carried out 

by Shashoua (1999) in which rubber objects were sealed with Ageless for three and a half 

years. Within that time frame the objects were assessed monthly and it was noted that 

the majority of the objects had exhausted only half of the Ageless with which they were 

enclosed. Using this information as a guide, the service life was predicted.  

 

The Ageless system has proven to be effective in minimizing degradation over time. A 

field trial for the use of Ageless for the preservation of rubber objects was established at 

the British Museum in 1991 and an initial assessment in 1995 determined that it was 

successful in the short term. In 2011, the objects were assessed again after 15 years. 

                                                      

22 Keepsafe Microclimate Systems, a Canadian supplier of microclimate products and consultant, suggests 
multiplying by 30% for use in the conservation of cultural property. 



 

 

 

36 

The authors found that some oxidative degradation had occurred, determined by the 

presence of acids and other volatiles. Also, oxygen was present, indicating that the 

Ageless had been exhausted at some point. Nonetheless, those objects that had been 

enclosed in Cryovac film with Ageless were in much better condition than those that had 

not (Dyer et al. 2011), even if the Ageless had been exhausted. This may not be true for 

composite objects. If a composite object remains sealed in an enclosure after the 

exhaustion of the Ageless sachet and the degradation of the rubber resumes, the 

products of degradation may build up and be detrimental to other materials present. The 

effectiveness of the system can be assessed visually: if the system is working, the 

package will be compressed with the packaging film close to the object; if not working 

properly, there will be air present and the package will be enlarged. 

 

Although extremely effective, the Ageless system has limitations and drawbacks. Larger 

objects, such as those found in industrial or modern art collections cannot be 

encapsulated, as the maximum recommended enclosure size is 100 litres, or 0.1 cubic 

meters (roughly the size of a bean bag chair). Objects required for research or display 

must be removed from the encapsulation, at which time degradation resumes. The 

preparation of enclosures must be done very carefully, as any gaps in the sealed edge 

will render the system ineffective. Continual monitoring must be undertaken to ensure 

the seal has not failed, or pinholes have not resulted in resumed deterioration.  

 

In the author’s experience, the greatest drawback is the limit to access that 

encapsulation causes. As an example, during the recent treatment of a World War II 

painted rubber terrain map from the battleship North Carolina, conservators at East 
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Carolina University stated that the object, on an acrylic mounting system, sealed in an 

oxygen free environment within an Escal bag, facilitated the museums need for access 

(Grieve, Wittig and Powell 2013). While the mounting system will allow for easier handling 

and transportation, the sealed, oxygen-free package will have to be opened each time the 

object is to be displayed or researched. This could lead to four scenarios: in the first, the 

museum would need to purchase Escal, oxygen scavengers, and a heat sealer to facilitate 

the opening and resealing of this package. In the second scenario, the museum contracts 

conservators to open and reseal the package when necessary. In the third, the museum 

opens the package for display or research, and does not reseal it, resulting in resumed 

deterioration. Finally, the fourth scenario, the museum decides not to use the object for 

display or research in order to preserve the current preservation system. Considering the 

economic situation many museums are currently in, the latter two scenarios are most 

likely, resulting in deterioration of the object and a loss of access due to its condition, or 

loss of access due to its storage limitations. 

 

4.1.2 Cold Storage 

Cold storage has been presented as an option for rubber and plastic objects in museums. 

It is well known that each reduction in storage temperature 5°C doubles the lifespan of 

an object by reducing the rate at which degradative chemical reactions occur (Michalski 

2011). It must be considered however that shrinkage can occur, and the crystallization of 

rubber at low temperatures can cause hardening.  

 

As highlighted by Shashoua (2004), upon cooling some shrinkage of the rubber will occur, 

which is reversible; however, problems may arise if the difference in the time required to 
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cool the surface and the interior of an object is too different. As the surface cools and 

shrinks around the interior material, cracks may occur resulting in a resumption of 

deterioration inside the rubber. This can be avoided by controlling the cooling process 

through gradual temperature decreases. Work on the Apollo spacesuits demonstrated 

that cold storage resulted in irreversible stiffening of the rubber components due to 

increased crystallization (Shashoua 2004; Lantry 2001). It has been suggested that 

crystallization can be reversed through the application of heat but this can initiate or 

increase the rate of other deterioration processes. Current approaches to the 

conservation of the spacesuits include dark storage at around 18°C which inhibits mould 

formation on other parts of the suits while preventing the rubber from becoming brittle 

(Jones 2011).  

 

The reduction in moisture caused by cool storage is not an issue when it comes to rubber 

objects. If, however, condensation forms through rapid environmental changes and 

moisture or wet packing materials surrounding the object are not removed, mould or 

other biological growth could be supported through the creation of a humid 

microenvironment. Degradation products may also combine with condensation, 

affecting the rubber or other materials present. These degradation products can include 

acetic acid and carbon disulfide (Dyer, Ward, Rode, Hacke and Shashoua, 2011). Acetic 

acid has a profound effect on cellulosic materials and metals, while carbon disulfide is 

very detrimental to copper and leather (Grzywacz 2006).  Sulfur, migrating fillers and oils 

may also be present. Sulfur and sulfur dioxide may react with water to form sulfuric acid, 

which has a detrimental effect on many types of object types, and on storage and display 

materials. Migrating fillers and oils are not particularly harmful due to the fact that they 
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are unlikely to combine with water to form new products; they may, however, may be 

carried by moisture to other locations on the objects causing accretions or staining. 

 

4.1.3 Coatings for Rubber Objects 

In 1990, Shashoua and Oddy tested a variety of coatings as preventative treatments for 

rubber objects at the British Museum.  They found the most effective to be Armor All, and 

BM (British Museum) Protective Coating. The Armor All consumer brand offers a variety 

of products for interior and exterior care car, including the original Armor All Protectant 

product, with improved UV resistance. The Armor All used by Shashoua and Oddy in 1990 

was a combination of silicone, esters, and hindered amine light stabilizers (HALS).  The 

current formulation of the protectant is unknown.  Aside from acting as ultraviolet light 

stabilizers, HALS also act as a scavenger of free radicals, absorbing alkyl radicals created 

during oxidation. Although it was found to be an effective protectant, and rejuvenator for 

everyday applications, there are several points that make Armor All unsuitable for use in 

conservation. First, the protectant penetrates the rubber surface and thus is irreversible, 

second, continual application seems to be required in everyday use, however the 

frequency would likely be reduced without exposure to the elements, and the third point, 

as it is a commercial product the components are likely to change without notice. It also 

causes some swelling of the surface during application, leaving the surface smooth and 

shiny (Shashoua and Oddy 1990).  

 

BM Protective Coating was an in-house mixture of paraffin wax and Tinuvin P (2-(2-

hydroxy-5-methyl-phenyl)-2 H-benzotriazole). The latter material absorbs energy from 

ultraviolet light in the 300-400nm range and is often used in the manufacturing of a 
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variety of polymers (Ciba Inc. 2008; de la Rie 1988). The BM Protective Coating was 

applied as a molten dispersion to the surface of rubber samples. The paraffin wax 

remained reversible and prevented deterioration from heat and light but as it was slightly 

opaque, and was not absorbed into the surface, it obscured surface details. The 

brittleness of the coating also prevented handling, as it cracked easily, exposing the 

surface of the rubber (Shashoua and Oddy 1990).  

 

Irganox, in combination with a carrier coating, and applied to the surface of rubber 

objects has been investigated as both a preventative and interventive measure. Irganox 

is an antioxidant created through the combination of several polymer stabilizers, some 

of which do not perform well in the presence of light. This material was initially introduced 

as a possible solution to rubber deterioration by Grattan (1987). To introduce the 

material, he applied 0%, 0.01%, 0.1%, and 1% solutions of Irganox 1076 in acetone to latex 

gloves and a 1940s breathing mask. Accelerated ageing using heat was then employed 

to test the effectiveness of the coating. It was determined that the Irganox did prevent 

deterioration, especially when the 1% solution was used. Similar testing was then carried 

out on aged samples, coated with 0%, 1%, 3%, and 10% solutions in hexane, and again 

Irganox was found to be effective in preventing further oxidation.  

 

More recently, thesis research by Pfenninger (2006) involved testing Irganox 1520 and 

565 on pre-vulcanized, natural rubber emulsions, to determine their effectiveness as 

interventive treatments for modern artworks. Both Irganox 1520 and 565 can prevent the 

formation of hydroperoxides, however only Irganox 1520 may decompose existing 

hydroperoxides. In Pfenninger’s tests, multiple concentrations of Irganox were employed, 
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either in a) 2-propanol or b) dispersed in Sorbitan oleate and polysorbat 80 then 

emulsified in distilled water. Pfenninger noted that the results of her tests were positive: 

the coatings did halt the oxidative deterioration (Pfenninger 2006); however, it must be 

noted that, although minimal, migration of the stabilizer into the rubber is inevitable and 

the solvent also causes swelling of the rubber surface. As mentioned in Chapter 3, 

antioxidants do not remain effective indefinitely, nor are they effective under all 

environmental conditions. Thus, any antioxidant coating would have to be removed and 

reapplied in the future. As the lifetime of the material is unknown and varies widely, the 

object would have to be analyzed regularly to detect deterioration products.  

 

 
During the treatment of two deteriorated lithographic rollers made of synthetic rubber, 

Ward (1999) utilized a coating of a different kind.  Silicone-coated polyester film (the 

brand was not identified) was used to cover the rollers which were very sticky, to prevent 

dust from sticking to the surface. At the same time, the film limited the amount of oxygen 

and ozone reaching the surface.  In this case, the film remained on the objects for a few 

months before conservators decided to proceed in a different direction due to significant 

deterioration combined with the need to display the objects.  

 

 

4.2 Treatment Methods 

Due to the nature of rubber deterioration, conservation treatments are not often 

undertaken. Even if attempts are made to stabilize the object through cleaning, 

consolidation, support or adhesion, deterioration will continue.  The published cases of 

rubber treatment are varied, but due to the physical effects of rubber deterioration, they 
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generally involve the following steps: cleaning, reshaping, and consolidation, adhesion or 

support. As an alternative to treatment, some have opted to replicate or replace the 

rubber components of objects needed for long-term display.  

 

 

4.2.1 Cleaning 

Deteriorating rubber often becomes soft and tacky resulting in dust and other particulate 

matter becoming attached to the surface.  The rubber may attach to materials it is in 

contact with. If the surface of the object is in good condition, it has been suggested that 

mechanical cleaning with a brush, soft cloth, or vacuum is the best approach (Williams 

2013). When considering treatment options for a George Nelson MAA23 chair with natural 

rubber components, treated at the Institut National du Patrimoine, Duboisset (2010) 

tested the mechanical removal of migrated plasticizers and dirt from the surface of 

rubber using blades24 of varying flexibility and a Staedtler eraser.  He also tested methods 

of chemical removal using demineralized water, ethanol, acetone, petroleum naphtha, 

isooctane, ethyl acetate, and a 0.5% aqueous solution of triammonium citrate. 

Demineralized water proved to be the most effective, in combination with mechanical 

removal using a Teflon microspatula. During the treatment of a Halkett inflatable boat 

(Beerling 2002), when surface dirt could not be removed mechanically, water was 

employed. Although it was effective, the author noted that the treatment had an 

immediate effect on the rubber surface, resulting in softening and tackiness. The author 

                                                      

23 The MAA style of chair was designed by George Nelson in 1958 as part of the Swagged Leg Group. The chair 
was recently reintroduced by Herman Miller as the Nelson Swag Leg Arm Chair (Herman Miller 2013; George 
Nelson Foundation 2013) 
24 Blade type not specified by author in the publications available at the time of this research. 
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also noted that upon drying, the rubber returned to its regular state and areas did not 

display any adverse reactions following cleaning. Water was also employed to remove 

surface dirt in the previously mentioned treatment of a World War II painted rubber terrain 

map (Grieve, Wittig and Powell 2013). For the previously mentioned lithographic rollers 

treated by Ward (1999), the softened and actively deteriorating rubber was effectively 

cleaned with acetone. The rubber in this case was very tacky and flowing.  In the object’s 

very poor condition, any negative effects of the solvent on the surface may not have been 

apparent.  

 

During the treatment of Belts by artist Richard Serra at the Guggenheim Museum, 

researchers Wolfe and Nagy (2001) conducted solvent cleaning tests in conjunction with 

adhesive lining tests. The artwork Belts is composed of nine collections of tangled 

industrial synthetic rubber belts, varying in colour.  The authors tested seven solvents on 

new EPDM25 rubber, Neoprene, and butyl rubber samples: water, isopropanol, ethanol, 

toluene, acetone, Shell mineral spirits 135, and Duro-Clean26. Wolfe and Nagy noted that 

all the solvents tested caused the swabs to turn black, as they had caused dissolution of 

the surface. Of the solvents tested, isopropanol and ethanol were the least damaging to 

EPDM rubber; isopropanol and Duro-Clean were the least damaging to Neoprene; and 

water and Duro-Clean were the least damaging to the butyl rubber. As part of this testing, 

the authors then exposed the samples to sunlight for one and half years and determined 

that the solvents did not cause deterioration to accelerate. The authors also conducted 

tests on the aged rubber of one of the belts using the same solvents, and observed some 

                                                      

25 ethylene propylene diene monomer rubber 
26 Duro-Clean is a commercially available cleaner marketed for use on vinyl and leather. Wolfe and Nagy (2001) 
noted it to be composed of water and Cellosolve. 
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immediate and short term changes, such as colour change when exposed to water, 

isopropanol, and mineral spirits 135. Ethanol caused no immediate, short, or long term 

negative effects.  

 

The cleaning of archaeological rubber, which has its own sets of challenges, is becoming 

more common as the introduction of rubber as a commercial product recedes further and 

further into our past. Grieve (2008) published an article on the conservation of rubber 

artifacts from the USS Monitor, which were displaying signs of copper and iron corrosion 

on the surface, as well as marine deposits. The objects, a mix of hard and soft rubber 

products, were desalinated, some through immersion in 1% aqueous sodium hydroxide 

and others in a 5% aqueous solution of ethylenediaminetetracetic acid (EDTA). 

Concretions and other marine deposits were softened using a 3% aqueous solution of 

hydrogen peroxide, a 5% aqueous solution of oxalic acid, or a 2% aqueous solution of 

phosphoric acid. The removal of iron corrosion stains was facilitated through the use of 

a 2% solution of dibasic ammonium citrate. Grieves noted that her approach was 

successful and without negative effects on the rubber. The author has also employed 

hydrogen peroxide to soften corrosion products adhered to archaeological rubber. After 

application the surface was thoroughly rinsed and the softened corrosion products were 

successfully removed mechanically without damage to the rubber.  

4.2.2 Reshaping 

Rubber objects which are stored without support or in incorrect positions, often require 

reshaping after crosslinking renders them stiff and inflexible. This has been 

accomplished in three ways, through the use of water, solvent vapours, or heating.  The 

single textured fabric of a Mary Quant raincoat treated at The Gallery of English Costume 
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in the early 1990’s had become distorted in storage. The neoprene (polychloroprene 

synthetic rubber) backing of the houndstooth cloth had distorted into the shape of the 

folds of the fabric. Stoughton-Harris (1993) reported that 30 minutes of washing in a 

0.1% solution of the non-ionic detergent Synperonic N27 in water, with an added 0.05g per 

litre of sodium carboxymethyl cellulose, allowed for the smoothing of folds in the 

neoprene. While this may have been very effective, the smoothing effect was no doubt 

related to the swelling and softening of the rubber due to solvent action, however no 

adverse effects following drying were noted by the author. When treating a diving suit, 

Allington (1988) exposed rubberized cloth to ammonia vapours for periods varying 

between 30 minutes to two hours to increase the flexibility and then reshaped the rubber 

by stuffing it with Mylar. She noted that exposure to ammonia vapours did not have a 

negative effect on the rubber, but that it did not work on rubber containing carbon black. 

She also noted that this process may work through the removal of sulfur chloride or 

hydrochloric acid, and that the reversal to a flexible state will not be permanent as the 

products of degradation build up again.  

 

Maltby (1988) used warm sandbags and a spatula heated to 55°C to reshape stiffened 

areas of a pair of rubber bathing shoes. This was effective, however the shoes started 

rapidly degrading soon after. Although the conservator noted that degradation was 

occurring in areas not heated, it can still be assumed that the introduction of heat 

provided the necessary energy to speed up degradative processes. As highlighted above, 

reshaping can cause further deterioration and should not be used as a long-term solution 

to the problem of deformation. As an alternative to reshaping during the treatment of 

                                                      

27 The non-ionic detergent Synperonic N was discontinued in 2000-2001. 
F
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Belts, Wolfe and Nagy (2001) modified the artwork’s mounting system for the piece. As 

previously mentioned, this artwork is composed of nine sections of rubber belts, and each 

weighs around 40 pounds (Figure 4.1). The large strips of rubber had hardened and 

distorted in storage, and no longer hung flush against the wall when displayed as the 

artist had intended. Through a modification of the artist’s mounting system, they were 

able to ensure that the rubber hung in the intended manner while avoiding extreme 

intervention.  They also modified the flat storage method to support the rubber in its 

hardened shape. Soft and tacky rubber objects may collapse and no longer hold the 

required shape. To reform rubber in this condition, a support can be created and inserted, 

or placed below the object. 

 

 

 

Figure 4.1. Belts, 1966–67, Richard Serra. Solomon R. Guggenheim Museum, New York, Panza 
Collection, 1991, 91.3863. Photo: Attilio Maranzano. 
http://annex.guggenheim.org/collections/media/full/91.3863_ph_web.jpg 
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4.2.3 Adhesion and Support 

The sensitivity of rubber to solvents greatly limits the types of adhesives that can be 

employed during treatment. Water-based adhesives have been successful, with reported 

uses of sodium carboxy methyl cellulose (Allington 1988; Stoughton-Harris 1993; Maltby 

1988), wheat starch paste (Maltby 1988), Beva D-8 (Wolfe and Nagy 2001), Mowlith DM4 

(Cloughley 2001), and acrylic water-based adhesives (Bergmann 2013).   

 

During the treatment of the previously mentioned May Quant raincoat, Stoughton-Harris 

(1993) used Reemay adhered with a 5% aqueous solution of Klucel G to support 

weakened areas of the neoprene interior of the coat. Wheat starch paste (7% w/v) in 

combination with Japanese tissue was employed by Maltby (1988) when treating a pair 

of rubber bathing shoes. Areas requiring support were backed with several layers of the 

tissue and wheat starch combination, and this was also used to fill losses in the rubber. 

Wolfe and Nagy (2001) tested numerous adhesives for use in the conservation of Belts 

and rated their strength when used to adhere a fabric support lining to rubber in tests as 

good, fair, or poor (Table 1).  

 

Beva D-8, which proved to be the best adhesive for Neoprene and EPDM rubber, is a soft 

and flexible ethylene vinyl acetate co-polymer, with good UV resistance, and increased 

solubility with age. This adhesive is soluble in toluene and xylene, however as it ages, 

many of the crosslinks in the product break (Horie 1987) and the adhesive becomes 

soluble in  
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 Table 4.1 Adhesives tested by Wolfe and Nagy (2001), and Cloughly (2001) 

 

alcohol.  Beva 371 Film28, which was most effective when used with butyl rubber, is a 

solution of the adhesive sprayed into film form. The primary components of this adhesive 

are ethylene vinyl acetate copolymer, cyclohexanone resin, and ethylene vinyl acetate 

                                                      

28 The formulation of Beva 371 was altered in 2010, thus the current product, although very similar, may not 
produce the same results as reported in 2001. 

Adhesive Suitability Author 

Beva D-8 Dispersion Suitable Wolfe and Nagy 

Beva 371 Film 28 Suitable Wolfe and Nagy 

Hide Glue Suitable Wolfe and Nagy 

3M Scotch 300LSE Tape Suitable Wolfe and Nagy 

3M Scotch Grip 847 Suitable Wolfe and Nagy 

3M Pronto CA-40H Suitable Wolfe and Nagy 

3M ScotchWeld DP8005 Suitable Wolfe and Nagy 

Jade 403 Suitable Wolfe and Nagy 

Plextol B500 Suitable Cloughly 

CM Bond M-2 Suitable Cloughly 

Mowlith DM4 Suitable Cloughly 

3M High Temperature Aluminum Foil Tape 433 Unsuitable Wolfe and Nagy 

3M Glass Cloth Tape 361 Unsuitable Wolfe and Nagy 

3M Scotch Grip 1300 Unsuitable Wolfe and Nagy 

3M Scotch Grip 4799 Unsuitable Wolfe and Nagy 

Pliobond 20 Unsuitable Wolfe and Nagy 

Methyl Cellulose Unsuitable Cloughly 

Paraloid B72 Unsuitable Cloughly 

Rhoplex AC33 Unsuitable Cloughly 

Selleys Gelgrip Unsuitable Cloughly 

Bostik Contact Bond Unsuitable Cloughly 

Aquaseal Unsuitable Cloughly 

Plextol D3600 Unsuitable Cloughly 
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copolymer, in toluene and naphtha. It can be reactivated using solvents, but most it is 

often heat (150°C), as was used in the testing cited in this section.  

 

Cloughly (2001) also tested numerous adhesives (Table 1) when considering options for 

the treatment of rubber tubing on the 1964 Colin Lanceley sculpture Gemini. The rubber 

tubing for this piece measured between four and eight millimeters in diameter and many 

broken sections required joining.  Adhesive testing was carried out on rubber pipette 

bulbs, cut in half and then adhered together along the break edge. After 24 hours the 

author attempted to pull the bulb apart to determine the strength of the bond. Mowlith 

DM4 was determined to be the most suitable for the task, although conservators did not 

go through with the treatment due to the brittleness and weakness of the rubber. Mowlith 

DM4 is one in a wide family of polyvinyl acetate emulsions under the same trade name.  

 

Solvent-based adhesives have also been employed in the treatment of rubber, however 

much less often. The object in the previously mentioned treatment of a MAA style chair 

designed by George Nelson was exhibiting large cracks in the natural rubber 

components. Duboisset (2010) tested three resins: ethylene vinyl acetate, ethylene butyl 

acetate in cyclohexane, and an aqueous solution of polyurethane resin. 5% Tinuvin B75 

was added to the resins to improve UV protection. The resins were applied to samples of 

natural rubber and then artificially aged under Xenon lights. Testing determined that 

ethylene vinyl acetate with the added 5% Tinuvin B75 was most effective in terms of 

adhesion, strength, stability, protection, and reversibility. It was employed as a 2-5% 
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solution of ethylene vinyl acetate in cyclohexane to fill losses and injected into the cracks 

using a syringe.  

 

4.2.4 Replication and Replacement 

The replication or replacement of rubber components has been a positive option in many 

treatments. While planning the treatment of a postal cancellation stamp, Frydyn and 

Grattan (1983/84) decided that the rubber components would not be able to withstand 

extended display. The rubber components were replicated using polysulfide rubber 

moulding material and epoxy resin. An oxygen-free storage system was devised for the 

original rubber pieces. The rubber was placed in a glass jar which was then sealed and 

flushed with nitrogen through a vacuum valve, before being placed in cold, dark storage.  

Replacement was also the best option during the previously mentioned treatment of 

lithographic rollers. Unable to arrest the continuing and significant deterioration of the 

rubber components, Ward (1999) replaced the pieces altogether so the object could be 

displayed.  When considering the future of Belts, Wolfe and Nagy (2001) noted that 

conservators began collecting rubber samples of similar composition in anticipation of 

the day the rubber would require replacement. 

 

While the replacement of rubber components is an effective method of facilitating the 

long-term display of objects, it does not address the initial problem of the deterioration 

of original components.  In terms of modern art, many artists have expressed their wish 

to have their work maintained through replacement of original pieces. From the artist’s 

perspective the originality of the components may not be necessary to continue to 
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convey the intended message. However, if the artist is no longer able to make their 

position on this clear, or their assistants, family or friends are no longer available to 

provide input it becomes much more ethically complicated. When considering historic 

objects, the importance of the originality of components will depend on the importance 

of the material itself. In the case of the rubber cancellation stamp, the rubber was not as 

important as the image on the stamp. Alternatively, a gas mask carried or used in battle 

has value because it is an original object.  

 

As demonstrated in this chapter, the current treatments for rubber are limited and varied 

in their approach. A recurring theme in the research of treatment and preservation 

methods is the protection of rubber against continued deterioration as caused by regular 

environmental conditions. Interventive measures to slow deterioration or treat degraded 

objects are limited, and there are no standard practices in the field as of yet. Preventive 

measures are much more effective, especially the use of anoxic storage to slow 

deterioration. The publications Conservation of Plastics: Materials Science, Degradation 

and Preservation (Shashoua 2008), and Plastics in Art: A Study from the Conservation 

Point of View (Waentig 2008) demonstrate that many solutions have been found to the 

problems presented by modern materials, however for rubber objects there is much work 

yet to be done. 
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Chapter 5 

Acrylic Varnishes: An Overview  

Acrylic resins, first developed by Otto Rohm, are created through addition polymerization 

of, most commonly, acrylic acid (C3H4O2 ) or methacrylic acid (C4H6O2) (Horie 1987). 

Addition polymerization functions through the generation of free radicals which causes 

the acrylic monomers to react and attach to the radical and to each other resulting in 

long polymer chains (Shashoua 2008). Plexiglas (polymethyl methacrylate) was the first 

acrylic to be developed by Rohm and Haas and was widely used during the Second World 

War. Following the war the company looked to diversify, and due to improvements in the 

polymerization process, and the post war housing boom they decided to pursue acrylic 

emulsions for paints (American Chemical Society 2008).  

 

 

 

 

 

 

 

 

 

Acrylic resins were chosen for use on rubber in this research as they are readily available, 

inexpensive, easy to use, and stable. Acrylic resins are compatible with rubber, which is 

demonstrated by the availability of polymethyl methacrylate rubber blends for industrial 

purposes. Not only should the resins provide protection against photo-induced oxidation 

Poly (alkyl acrylate)                                               Poly (alkyl methacrylate) 

Figure 5.1. Acrylic polymer monomer units. (Horie 1987, 103) 
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of the rubber, but they should also provide limited protection against damage caused by 

ozone.   

 

Due to the sensitivity of rubber to solvents, the use of a water-based material is ideal. 

Although the acrylic resins do not remain soluble in water and may crosslink with time, 

they can be swollen by mixtures of water and ethanol, ethanol, or isopropanol, facilitating 

mechanical removal. Unlike paintings made of acrylics or incorporating acrylics, any 

slight discolouration that may occur in the acrylic coating will not change the 

interpretation of rubber objects, which are for the most case dark or slightly yellowed.  

The migration of surfactants in acrylic coatings may carry carbon from the rubber into 

the coating as pigments can be carried from paint films in this manner (Ormsby, 

Kampasakali and Learner, 2013). This could result in a loss of material; the possibility of 

this occurrence will be assessed in this thesis.  

 

5.1 Acrylic Emulsion Paints 

Artwork created with acrylic emulsion paints are prone to the accumulation of imbibed 

surface dirt.  The application of a coating by the artist or the conservator may, therefore, 

be warranted, but this remains extremely controversial.  The use of synthetic resins as 

varnishes for oil paints is not new, with Feller, Jones and Stolow (1959) reporting that, by 

1939, eight or nine proprietary synthetic varnishes were available to artists. Polyvinyl 

acetate was the first polymer to be used as a varnish in the early 1930s; however, it often 

resulted in tackiness and darkening, leading artists to look for alternatives. Acrylic 

polymer varnishes (n-butyl methacrylate, iso-butyl methacrylate homopolymer or 

coplymers) were then used as an alternative but they became insoluble after only a few 
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years.  It was not until copolymers including ethyl acrylate and methyl methacrylate were 

created in the 1960s that these materials became more stable (Chiantore and Rava 2012; 

Ormsby and Learner 2009).  

 

Water-based acrylic coatings are formed through emulsion polymerization. After 

application, film formation takes place in four steps (Figure 1): 1) the evaporation of 

water, 2) the ordering of polymer particles, 3) the creation of contact between polymer 

molecules and their deformation from a spherical to a more hexagonal shape, and finally 

4) the coalescence of polymer molecules into a continuous film (Ludwig et al. 2009). The 

film is more stable if it has formed slowly and at room temperature.  

 
 
The glass transition temperature (Tg) of acrylic polymer products and the minimum film 

formation temperature (MFFT) are closely related. The glass transition temperature (Tg) 

of a polymer indicates the temperature at which a polymer will begin to display more 

rubber-like properties. Below the Tg a polymer may become more brittle. The minimum 

film formation temperature (MFFT) is the minimum temperature at which a polymer can 

form a continuous film with the intended properties while drying. If the film forms below 

the MFFT, it may be more porous or result in a powdery surface (Jablonski, Learner, 

Hayes and Golden, 2004). The Tg of acrylic artists materials are fairly low, with the 

optimum temperature for use and film formation generally being around room 

temperature. Many additives may be present in the coating for a variety of reasons. As 

summarized by Jablonski et al. (2004) these can include initiators, chain transfer agents, 

buffers, surfactants, protective colloids, preservatives, coalescing solvents, wetting and 

dispersing agents, defoamers, thickeners, and freeze/thaw stabilizers. 
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Many additives will remain in the final dry polymer film, with various long-term effects. 

The Tg which has been found to rest generally around 5-15°C also causes dry acrylic 

paints and coatings to become tacky, resulting in imbibed dirt or damage through 

contact. At another extreme, the films may become brittle and crack in cold 

environments. This can present problems for the transportation and display of acrylic 

paintings. The Tg will increase with cleaning and light, due to loss of surfactants from the 

dry film, which can act as plasticizers to some extent (Ormsby and Learner 2009). 

 

One of the biggest issues in the use of acrylic paints and coatings is the migration of 

surfactants. Surfactants, usually a polyethylene oxide or a polyethylene glycol, are added 

Figure 5.2. Acrylic emulsion film formation. (Ormsby and Learner 2009, 30) 
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to the acrylic medium to act as an emulsifier, but they remain in the dry film. The amount 

present in a dry film varies between products and individual applications. The surfactants 

are known to concentrate at interfaces, such as the film and substrate or the film and air 

(Ormsby and Learner 2009). Thus in the dry film, surfactants will rise to the surface and 

can crystallize, appearing as matte spots or as a hazy film (Ormsby, Kampasakali and 

Learner 2013) and resulting in an altered level of gloss and appearance. Surfactants may 

also attract dirt to the surface and may allow the dirt to become imbibed in the acrylic 

layer. Loose pigment from the substrate may also be carried to the surface resulting in 

removal during cleaning (Ormsby, Kampasakali and Learner 2013; Ormsby, Smithen and 

Learner 2007).  Surfactants at the surface of water-based acrylic mediums can be 

removed through aqueous cleaning. Hayes, Golden and Smith (2007) noted that both 

Golden and Liquitex were recommending the use of an isolation layer over acrylic paint 

to facilitate the removal of surfactants from the surface without removing pigment.  

 

Apart from the migration of surfactants and the low Tg, acrylic water-based media are 

fairly stable. Although they resist yellowing and degradation from UV-light exposure, 

unpigmented films of acrylic emulsion have discoloured slightly in the dark. This may be 

due largely to transfer of colourants from the canvas below (Whitmore, Colaluca and 

Morris 2002), but may also be attributed to changes caused by additives (Ormsby and 

Learner 2009). The amount of discolouration is dependent on the thickness and age of 

the film, and can be reversed through exposure to light (Whitmore, Colaluca and Morris 

2002). Once dry, the films are insoluble in water, although water may still swell the 

material depending on the amount of surfactant remaining in the film and previous 

exposure to solvents. Work done by Chiantore and Scalarone (2007) showed that even 
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after a prolonged period of accelerated ageing resulting in crosslinking, the acrylics 

tested remained reversible.  The solvents required for removal vary depending on the 

composition of each product. 

 

5.2 Protectants against Photo Oxidation 

Many acrylic varnishes, both proprietary and those designed for conservation use, 

contain materials that extend the lifespan of varnishes when exposed to light and protect 

the paint layers below them.  Ultraviolet light absorbers (UVLA), stabilizers (UVLS), and 

hindered amine light stabilizers (HALS) are commonly used in the manufacture of 

plastics, rubbers, and coatings to protect against photo oxidation.  Ultraviolet-light 

absorbers absorb light in the ultraviolet range and in most cases turn the light into heat 

(Brydson 1989). They can be used in low concentrations of 0.25 – 3%, however the films 

must not be too thin or they will not be effective; an example given was of a film 20µ thick 

(de la Rie 1988). The ability of these materials to absorb light varies from one product to 

another, with each having a range in which they perform best. For example, Tinuvin P, a 

hydroxyphenyl benzotriazole ultraviolet absorber supplied as a powder, takes in energy 

from ultraviolet light in the 300-400nm range (Figure 2) before it interacts with other 

materials present (Ciba Inc. 2008; BASF Corporation 2010; de la Rie 1988).  Instead of 

absorbing light energy directly from the source, an ultraviolet-light stabilizer (Figure3) 

transfers the light energy from the polymer and then absorbs it. Once absorbed the 

stabilizer releases the energy as heat (Lafontaine 1975-1976).  An ultraviolet-light 

absorber can be used in a coating or combined with a polymer, while an ultraviolet-light 

stabilizer works only when combined with a polymer, ensuring contact with the 

molecules that require protection (Lafontaine 1975-1976).  
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HALS act both as ultraviolet light stabilizers and also as free radical scavengers. Using 

nitroxyl radicals, HALS scavenge alkyl radicals created during photo oxidation. The 

nitroxyl radicals continue to be regenerated allowing the HALS to have long term 

effectiveness (Gugumus 1993). The effectiveness of this stabilizer was demonstrated by 

Gijsman, Hennekens and Tummers (1993).  They quote an example in which the lifespan 

of a thin film of polyethylene was extended from three months to five years using HALS. 

In many cases, HALS are used in combination with an UVLA to increase the effectiveness, 

as they can work synergistically.  

 

Light hits the material Light energy is absorbed Energy is released as heat 

Figure 5.3. Action of ultraviolet light absorbers 

The material absorbs the light 

energy 

Light hits the material 

Light energy is absorbed by the stabilizers Energy is released from the stabilizers as heat 

Figure 5.4. Action of ultraviolet light stabilizers 
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5.3 Acrylic varnishes tested in this research 

In this research, three commercially available water-based acrylic varnishes were tested 

for their effectiveness in preventing the deterioration of rubber caused by artificial and 

natural ageing using light. The water-based varnishes used were Golden Polymer 

Varnish with UVLS; Lascaux Acrylic Transparent Varnish-UV; and Sennelier Matte 

Lacquer with UV Protection.  One solvent-based varnish, Liquitex Soluvar Varnish, was 

included in this testing to allow for comparisons to be made between the effectiveness 

of the solvent and water-based systems. 

 

Golden Polymer Varnish with UVLS contains both a HALS and an ultraviolet absorber 

(benzotriazolylOH butylphenyl propionate). It is a water-based system that is 

removable using alkaline solvents, the simplest being an ammonia and water mixture. 

According to Dehaut (2013) the resin component is a copolymer of ethyl acrylate, butyl 

acrylate, and methyl methacrylate, also containing less than 5% styrene. This varnish was 

studied at Queen’s University by Min in 2007 (Cyr, Min and Murray 2013) and was found 

to remain soluble in ammonia; however, the pH had to be increased with the age of the 

coating and the solvent had an effect on the paint layer below. Dilution in water is required 

prior to application and the varnish can be brushed or sprayed onto the surface. Company 

literature (Golden Artist Colors, n.d.) indicated that in testing, the varnish did not discolour 

and remained soluble after 400 hours of ultraviolet light exposure.  Like other matte 

varnishes, this product will lighten dark surfaces, due to the matting agent that changes 

the refractive properties of the layer below it.  

 

Lascaux Acrylic Transparent Varnish-UV is a water-based system that, based on FTIR-
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ATR analysis performed by H.F Shurvell and the author at Queen’s, is likely a poly (butyl 

methacrylate) resin (Figure 5.5). The resin component may be Plexisol, as the Lascaux 

Company is a reseller of Plexisol and offers two Restauro acrylic varnishes based on the 

product. This varnish also contains the ultraviolet absorber Tinuvin 113029, which differs 

from the previously mentioned Tinuvin P in that it was formulated especially for use in 

coatings. According to the manufacturer, the varnish is suitable for use both indoors and 

outdoors (Lascaux Colours & Restauro, 2011).  

 

Sennelier Matte Lacquer with UV Protection is also based on a poly (butyl methacrylate) 

resin (Figure 5.5), but also contains styrene. Although the resin component may be very 

similar to the Lascaux varnish, the appearance and behaviour of the two materials are 

very different. The Sennelier coating is glossier and much more flexible, which may be 

attributed to the presence of styrene, or a difference in matting agent or to the amount of 

matting agent present.  

                                                      

29 Tinuvin 1130 is a 50/50 mixture of: β-[3-(2-H-benzotriazole-2-yl)-4-hydorxy-5-tert.butylphenyl]-propionic 
acid- poly(ethylene glycol) 300-ester, and Bis{β-[3-(2-H-benzotriazole-2-yl)-4-hydroxy- 5tert.butylphenyl]-
propionic acid}-poly(ethylene glycol) 300 –ester. 
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Figure 5.5 Infrared spectra of Lascaux and Sennelier coating materials compared with a spectrum 
of poly(butyl methacrylate). Spectra compiled by H.F. Shurvell  

 
 

 

The final varnish tested was Liquitex Soluvar varnish, an n-butyl and isobutyl 

methacrylate copolymer emulsion. According to The Painter’s Handbook and the 

Conservation & Art Materials Online database, this varnish is a mixture of Paraloid B-67 

and F-10 resins. The solvent base of the Liquitex varnish may cause swelling of the 

rubber surface; however, during observations swelling of the rubber surface was not 

visible under 4x magnification. The manufacturer suggests mineral spirits or turpentine, 

as solvents for thinning and removal. The reversibility of Soluvar was assessed at 

Queen’s University in 2007 (Cyr, Min and Murray 2013). The varnish was found to be 

insoluble in the recommended solvents, but was found to be soluble in a 1:1 xylene: 
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ethanol mixture. For this research the coating needs only to be swollen by solvents to 

facilitate mechanical removal.  

 

The ultraviolet-light inhibitor employed in the final two varnishes could not be determined 

through a literature search; however, the author is fairly confident that they are similar to 

the combinations used in the Golden and Lascaux varnishes, The Golden varnish 

contained both a HALS and a UVLA, and Lascaux the UVLA Tinuvin 1130. 

 

Acrylic emulsions are often used outside of paintings conservation as adhesives, such 

as Lascaux (360HV, 498HV), Acrysol (WS-24), Plextol (D498, B500), and Rhoplex (1950, 

AC2235M, MC-76) among others. Conservation-grade acrylic emulsion varnishes are 

also occasionally used outside of paintings conservation. For example during the 

treatment of a majolica plate, Dehaut (2013) employed Golden Polymer Varnish with 

UVLS to coat an acrylic inpainting that had been carried out. This research will highlight 

some of the properties of acrylic mediums, and how they may be applied outside of 

paintings conservation. 
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Chapter 6 

Experimental 

 

6.1 Correlating Additives to Deterioration in Historic Samples 

Samples were acquired from the collections of five different museums. The objects were 

in various conditions when the samples were collected (Section 6.1.1, Table 6.1). All 

samples except for those acquired from the Henry Ford Museum in Dearborn Michigan 

were collected onsite by the author using a scalpel and tweezers. The amount of sample 

collected depended on the condition and shape of the object. In the science labs of the 

Master of Art Conservation Program at Queen’s University, analysis using Fourier 

transform infrared (FTIR) spectroscopy and x-ray fluorescence (XRF) determined the 

type of additives in the rubber and relative quantities. Once the components of the 

objects were determined, literature searches confirmed that materials found had been 

used by manufacturers. Using knowledge of the causes of deterioration, it was possible 

to link the components to the chemical processes occurring in these specific samples.  
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6.1.1 Materials: Historic Samples 

Table 6.1 outlines the objects sampled for analysis in this research, followed by a 

description of the objects. 

Table 6.1. Samples of historic rubber used in this research 

The Institution Objects Period of Use Notes Sample 

Museum of Healthcare 
at Kingston 

Ice pack n.d. Red, natural rubber 1 
Medical tubing n.d. Uncoloured, natural 

rubber 
2 

Medical tubing n.d. White, natural rubber 3 
   
Canadian Museum of 
Science and 
Technology 

Carriage mat n.d. Black, natural rubber 4 
Carriage mat lettering n.d. White, natural rubber 5 

   
Canadian Museum of 
Civilization 

Hot water bottle 1900-1940 Red, natural rubber 6 

   
Queen’s University 
Archives 

Rugby ball bladder 1915-1930 Natural and red 
rubber 

7 

   
The Henry Ford 
Museum 

Hansom cab mat 1880-1925 Black, natural rubber 8 
Fire engine mat 1895-1928 Black, natural rubber 9 
Skeleton break mat 1900 – n.d. Black, natural rubber 10 

 

The objects that were sampled from the Museum of Healthcare at Kingston were to be 

de-accessioned and discarded. In the case of the red ice pack, this was due to its 

extremely poor condition, and in the case of the tubing this was due to object type 

repetition within the collection. The red ice pack (Sample 1) had become hardened, flat, 

and extremely brittle. The metal stopper was still in place and deterioration in the 

immediately adjacent area was the same as in other areas. The surface had areas which 

had cracked, and areas that remained smooth. Samples were collected from shattered 

sections in several locations on the object. The uncoloured medical tubing (Sample 2) 

was discoloured having become a dark yellow. It was not clear whether the 

discolouration was attributed to use, or to deterioration, as the historical use had not 
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been defined by the museum. The tube retained much of its flexibility and, although the 

surface was slightly hardened, it had not cracked. Using a scalpel, samples were 

collected from the end of the tube. The white medical tubing (Sample 3) had a hardened 

exterior but a flexible interior. It had been stored in a purple velvet lined case, and the 

colour had transferred onto some small areas of the surface. In a similar fashion to 

sample 2, a scalpel was used to collect fragments from the end of the tubing.  

 

The samples from the carriage mat and lettering (Samples 4 and 5) were obtained from 

a single object at the Canadian Museum of Science and Technology in Ottawa. The 

rectangular carriage mat was manufactured from black rubber and had a woven organic 

backing, with white lettering in the center. The black rubber had hardened along the edges 

and the corners had curled, although; the interior was softer and retained flexibility. Some 

cracking was visible in numerous locations. The white lettering, also made of rubber, had 

hardened and was separating from the black rubber along the edges of the letters. 

Samples of the black rubber were taken from within a curled corner and samples of the 

white rubber were also taken from the edge of a letter that was hidden from view by a 

curled edge of black rubber. In both cases the samples were removed using a scalpel. 

 

Several objects were sampled at the Canadian Museum of Civilization in Gatineau, 

however analysis later proved that only one, sample 6, the red hot water bottle, was 

natural rubber. This hot water bottle was somewhat flexible, but had areas of increasing 

brittleness at the surface resulting in delamination. Samples were collected from the 

delaminated pieces.  
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Sample 7, from a rugby ball bladder in the Queen’s University Archives, is a mixture of 

uncoloured and red rubber. The bladder had shattered within the leather rugby ball due 

to a lack of flexibility caused by increased crystallization. The rugby ball was stored in 

the refrigerator of the Master of Art Conservation’s Object Lab at Queen’s University. 

Fragments were removed from the rugby ball using a pair of long tweezers and samples 

were left to acclimatize in the lab before being placed in a vial for storage.  

 

The final samples, from a hansom cab mat, fire engine mat, and skeleton break30, were 

collected by Clara Deck of the Henry Ford Museum in Dearborn, Michigan and sent to 

Queen’s University for use in this thesis.  Sample 8 is from the mat of a hansom cab that 

was manufactured between 1880-1890. The original owner died in 1896 and it was sold 

to Henry Ford in 1925.  The object from which sample 9 was collected is a chemical fire 

engine mat that was manufactured in 1895; the fire engine was in use until 1928. The 

object file indicated that the mat was severely degraded and crumbling. The skeleton 

break from which sample 10 was obtained was manufactured in 1900, but the length of 

use is unknown. 

 

 

6.1.2 Analysis of Historic Rubber Samples Using Fourier Transform Infrared 

Spectroscopy – Attenuated Total Reflectance (FTIR-ATR)  

ATR works by reflecting a beam of infrared light through a crystal, which is in contact 

with the surface of a sample. As the beam reflects within the crystal, in this case a 

                                                      

30 A skeleton break is a type of carriage that was commonly used in stables for the training of young horses and 
to provide exercise to teams. 
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diamond, an evanescent wave is created which extends into the sample. The wave is 

attenuated in regions that are absorbed by the sample. The detector gathers information 

regarding which regions of the infrared beam have been absorbed, and these are 

characteristic of various compounds, allowing them to be identified.  

 

The samples of historical rubber were analyzed using a Nicolet Avatar 320 FTIR 

spectrometer with a Golden Gate, single pass diamond Attenuated Total Reflectance 

(ATR) attachment, operating with 32 scans and at a resolution of 4cm-1. This technique 

was employed to determine the chemical composition of the rubber and to identify some 

of the deterioration mechanisms that may have occurred.  

 

Samples that retained some flexibility were sectioned prior to analysis. Those that had 

hardened or become brittle were ground and analyzed a second time to compare 

differences in the spectra that may have been caused by the depth limitation of the ATR 

method. The depth limitation is caused by the evanescent wave that emanates from the 

IR beam, as it extends only a few microns into the surface of the sample. If the surface of 

the sample differs greatly from the interior, as can occur with rubber, only the surface 

composition will be detected. 

 

 

6.1.3 Analysis of historic rubber samples using X-ray fluorescence (XRF) 

Analysis using X-Ray Fluorescence (XRF) functions through the emission and 

identification of characteristic energy from an element and the intensity of the energy 

released. When a sample is exposed to energy in the form of x-rays, this energy causes 
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the ionization of the atoms present and through ionization, an inner electron is ejected. 

When an inner electron of an atom is ejected, electrons from other orbits fall in to replace 

it. When these electrons move from orbit to orbit, they release energy as photons, which 

are characteristic for different elements. A silicon drift detector within the handheld XRF 

picks up the characteristic energy emitted, and transfers this information to 

accompanying software. To enhance the results, the user can increase or decrease the 

energy, time of exposure, and filters. 

 

A Bruker Tracer III Handheld XRF was used to conduct qualitative elemental analysis of 

historic rubber samples.  Measurements were taken by H.F. Shurvell. The unit was 

secured in an upright position on a stand, with the cap placed over the sample to prevent 

the escape of x-rays. The samples were scanned for 20 seconds at 40keV, using the 

yellow filter (12mil Al + 1mil Ti). This is a much shorter collection time than the 60 

seconds suggested by Shugar and Sirois (2012), however the exposure was long enough 

to gather good and comparable data. It was not possible to calibrate the XRF analyser 

using reference samples with the same elements and morphology because reference 

samples do not exist for all materials, however comparisons could be made between 

these historic samples and XRF spectra of the Akron rubber used in this thesis. 

 

There are many factors that affect the results of analysis using handheld XRF, including 

the density, porosity, surface geometry and thickness of the samples well as analytical 

parameters. In this case, the surface geometry and thickness were of particular 

importance. As the samples were not flat, they did not fit flush against the window, thus 

the intensity of the spectrum was affected (Shugar and Sirois 2012). To circumvent this 
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issue and to identify differences between the elements present on the surface and the 

exterior, samples were analyzed as collected, and then crushed.  

 

As the samples were quite brittle, most crushed easily using a pestle and mortar to 

varying particle sizes (Table 6.2). These crushed samples were then placed on Mylar for 

analysis. The white medical tubing and the skeleton break mat could not be ground to 

the same texture as other samples, but to a paste-like consistency as they were 

somewhat tacky on the interior. As a result, those particular samples were thicker than 

the others and therefore the matrices may have had a greater contribution to the 

background information than with other samples, which were very thin. The uncoloured 

medical tubing could not be ground at all due to the flexibility of the material, thus 

comparisons could not be made between the original and ground state, as with the other 

samples.  

 

Table 6.2. Range of particle sizes after grinding rubber samples 

Sample Ground Particle Dimensions, (µm) Method of Assessment 
1 668.51, 449.02, 102.50, 35.97 10x magnification, DP2-BSW 

measurement 
3 322.27 10x magnification, ImageJ measurement 
5 978.61, 512.08 10x magnification, DP2-BSW 

measurement 
7 1127.79,330.44, 164.11, 60.82 10x magnification, DP2-BSW 

measurement 
8 585.24 8x magnification, Image J measurement 
9 653.41, 106.42, 60.30, 21.50 10x magnification, DP2-BSW 

measurement 
10 612.70, 214.01, 95.59, 75.45 20x maginication, ImageJ measurement 
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6.2 Assessment of Acrylic Varnishes in Protecting Rubber from Deterioration 

 

6.2.1 Materials: Test Rubber 

The samples used in this project were vulcanized natural rubber samples manufactured 

by the Akron Rubber Development Lab (Akron, Ohio) for a previous thesis by Sandra 

Connors (1998) in the Master of Art Conservation Program at Queen’s University.  The 

rubber was prepared using formula 2A in  the guidelines specified in the ASTM standard 

D3184, Standard Practice for Rubber—Evaluation of NR (Natural Rubber). The material is 

composed of natural rubber, zinc oxide, sulfur, stearic acid, oil furnace black, and n-tert-

butyl-2-benzotriazole sulfenamide (Table 6.3), using a cure time and temperature of 40 

minutes at 284° F.  The unused portion of this rubber from the research by Connors in 

1998 was stored in the dark, in the conservation science graduate student office at the 

Master of Art Conservation Program at Queen’s University.  

  

 

Table 6.3. Components of the 1998 Akron rubber used in this research and the Connors thesis 

Ingredient Amount  (parts per total mass) 
Natural Rubber 100.00 

Zinc Oxide 5.00 
Sulfur 2.25 

Stearic Acid 2.00 
Oil Furnace Black 35.00 

n-tert-butyl-2-benzotriazole sulfenamide 0.70 
                              Total 144.95 

 

6.2.2 Materials: Acrylic Varnishes 

Four acrylic varnishes were chosen for testing in this thesis: Golden Polymer Varnish with 

UVLS, Sennelier Matte Lacquer with UV Protection, Lascaux Acrylic Transparent Varnish 

UV, and Liquitex Soluvar.  These varnishes were chosen for their ease of application, 
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stability, and availability (see Chapter 5). The effectiveness of these coatings in 

protecting rubber from deterioration, mainly by light, was assessed using FTIR, XRF, 

optical microscopy, Durometer tests, and empirical tests before and after natural and 

accelerated ageing.  

 

6.2.2.1 Preliminary Assessment of Acrylic Varnishes 

Prior to testing the effect of these varnishes in the protection of rubber, a preliminary 

assessment of the suitability of these varnishes was conducted. Testing for the 

appropriate varnish concentration involved the application of varnishes diluted in water 

to 4:1, 2:1, and 1:1, to glass slides; Soluvar was employed undiluted.  Applying the 

varnishes to glass slides allowed the following to be assessed:  the evenness of the 

coatings when applied by brush, the thickness, and the opacity.  

 

Applying the various concentrations of varnishes to strips of rubber allowed the following 

features to be ascertained:  the effect of the different amounts of water on the rubber, the 

differences in colour and surface gloss. When applying the various concentrations to 

rubber strips, the strips were divided into the following four sections: control, one coat, 

two coats, and three coats. This was very effective in facilitating comparisons. Using the 

information gathered from that experience, 12 strips of rubber were cut and the following 

concentrations of varnishes were applied:  

 Golden 1:1 
 Golden 2:1 
 Golden  4:1,  
 Lascaux 4:1 

 Sennelier 4:1 
 Soluvar undiluted 
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To confirm the stability of the varnishes in the presence of light prior to official tests on 

rubber, two coats of the Golden, Lascaux, and Sennelier varnishes were applied diluted 

at a ratio of 4:1 with water and the Soluvar was applied undiluted, to four glass slides, 

measuring 27x46mm2, for a total of 16 slides. Three slides with each coating were 

exposed to light using the Q-Sun Xenon Test Chamber (see section 6.2.4), to determine 

their stability and to establish ageing parameters for the coated rubber samples. The 

testing ran for 300 hours (two weeks), using the Window Q filter, an irradiance of 1.40, 

and a temperature of 60°C. The coatings were visually assessed and were also analysed 

using FTIR-ATR, before and after ageing. After ageing, the reversibility was tested by 

attempting to remove the coatings from the glass slides using a 1:1 mixture of distilled 

water: ethanol, and only ethanol.  

 

6.2.3 Sample Preparation for Accelerated Ageing 

A total of 60 rubber squares (Table 6.4), measuring 3.8x3.8cm2 and 3mm in thickness 

were cut from large sheets of rubber, using a template and a scalpel. Following the 

guidelines provided in ASTM D573 – 04 Standard Test Method for Rubber — Deterioration 

in an Air Oven (2010), three samples were created for each step of testing. Each sample 

was numbered using a Sharpie permanent marker on the recto, as chalk and pencil 

crayon were found to wipe or fade from the surface. Samples were rinsed with de-ionized 

water and dried prior to use to remove any particulates from the surface.  

Table 6.4. Sample Numbering Allocation 

Control Samples (Uncoated) Samples 1-12 
Golden Polymer Varnish with UVLS Samples 13-24 
Lascaux Samples 25-36 
Sennelier Samples 37 – 48 
Liquitex Soluvar Samples 49 - 61 
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Based on the results of section 6.2.2.1 Preliminary Assessment of Acrylic Varnishes, the 

Golden, Sennelier, and Lascaux varnishes were diluted with water at a ratio of 4:1; and 

the Liquitex varnish was utilized undiluted.  Three coats of each varnish were applied 

edge to edge by brush to 12 rubber samples, and a further 12 samples were left uncoated 

to be used as controls. Twenty-four hours passed between the application of the first 

and second coats of varnish, and eight days passed prior to the application of the third 

and final coat. The samples were left to dry for six days before accelerated ageing began.  

 

An isolation layer was not employed between the rubber and the varnish, although this is 

recommended by many of the manufacturers, prior to varnish application on acrylic 

substrates. As mentioned in Chapter 6, with regard to the use of acrylic varnishes on 

acrylic paints, the isolation layer functions as a protective barrier between the varnish 

and paint below. This barrier facilitates cleaning of the painting without the removal or 

alteration of the underlying paint layer. When considering rubber objects, the cleaning of 

the applied coating to maintain quality of substrate colour is not a major issue.  

 

6.2.4 Accelerated Light Ageing 

Artificial ageing was carried out using the Q-Sun Xenon Test Chamber. The 420nm 

ultraviolet sensor with the Window-Q optical filter was employed, at an irradiance level 

of 1.40. According to the Q-Sun literature (Q-Lab Corporation, 2011), these settings in 

combination with the xenon arc lamp, reproduced light spectrally equivalent to noon-

hour summer sun through window glass (10,000 lux). The Window-Q filter produces light 

within the range of 250-800nm. This light consists of approximately 8.2% UV and 91.8% 

visible energy (ASTM International, 2005), which is slightly higher than a comparable 
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gallery space with windows or skylights. According to Tracton (2010), employing a 

Xenon-Arc light with the Window-Q filter is a preferred combination for testing light 

stability of various materials. Although the following parameters may have an effect on 

the rate of deterioration, alternating periods of light and dark were not employed, nor were 

fluctuations in temperature or humidity. The parameters mentioned above are generally 

used to approximate exposure to the elements in an outdoor setting, especially 

fluctuations in temperature and humidity. While alternating periods of light and dark 

would occur in a museum environment, the goal of the accelerated ageing was to ensure 

that deterioration occurred.  

 

Assuming the Xenon light in the test chamber operated to manufacturers’ specifications 

and was capable of producing light spectrally equivalent to noon-hour summer sun 

through window glass, this may represent a light intensity of 10,000 lux. Constant 

exposure to light at a level of 10,000 lux for 1,500 hours represents 15,000,000 lux hours. 

Assuming the parameters of light exposure in a museum environment are 50 lux for eight 

hours a day, six days a week, 50 weeks a year, this represents an annual exposure of the 

samples to 120,000 lux.  If we also assume that the effects of light are cumulative, 

15,000,000 lux is equivalent to 125 years31 of light exposure in the museum environment.  

 

Nine samples coated with each type of acrylic varnish and a further nine uncoated 

samples, for a total of 45 samples, were randomly placed on the Q-Sun Test Tray. To 

prevent movement caused by the fans within the chamber, samples were held in place 

                                                      

31 10,000 lux x 1,500 hours = 15,000,000 lux hours 
     8 hours x 6 days x 50 weeks = 2,400 hours a year 
     50 lux x 2,400 hours a year = 120,000 lux annual exposure 
     15,000,000 total lux hours / 120,000 lux annual exposure = 125 years 
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with a thin strip of double-sided tape applied to the tray. The samples were rotated 

weekly, ensuring more even exposure to the xenon lights. Three samples coated with 

each varnish and three uncoated samples were prepared but not artificially aged to use 

as controls.  

 

Ageing was carried out for a total of 1500 hours, broken into 500-hour intervals. At each 

interval, three samples coated with each varnish and three uncoated samples were 

removed from the test chamber and placed in dark storage to limit any further exposure 

to light. At these points, the Q-Sun was also calibrated. Upon removal these samples 

were assessed and at the end of the 1,500 hours all samples were compared.  

 

In the literature, the length of artificial light ageing varies greatly and in some cases the 

length of testing is not reported at all (Wypych 2008). A total of 1,500 hours was chosen 

to ensure that the deterioration of the rubber occurred, considering the low UV output of 

the lamp employed. The photo protective properties of the carbon black in the rubber 

warranted a lengthy ageing period. In the research by Connors (1998), samples of the 

same Akron rubber were aged for four months in the Q-Sun using unknown parameters 

and deterioration was induced. 

 

6.2.5 Natural Ageing 

A total of 12 rubber strips were used for light ageing experiments under natural 

conditions. Twelve strips measuring 15cm x 3cm were cut, and four strips were coated 

with each varnish. Five strips measuring 20.5cm x 3.5cm used uncoated. Three samples 

coated with each varnish were stitched to blotting paper, which was secured to a 
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Coroplast mount. This mount was then supported on the bottom by a ledge and attached 

at the top to the window using two Coroplast hinges to ensure it was sufficiently angled 

to prevent the samples coming into contact with the glass.   The remaining samples were 

placed in an envelope and stored in the dark as controls. The exposed samples remained 

in the unfiltered window32 for seven months. Assuming an average of 12 hours of daylight 

per day, the samples were exposed for a total of 2544 hours. Using the light conditions 

recorded32 and dividing the exposure into three and a half months of spring light 

conditions, and three and half months of summer light conditions, it can be estimated 

that the samples were cumulatively exposed to at least 36,863,832 lux and 1,115,726 

µW/lumen33. 

 

6.3 Assessment of Aged, Coated Rubber Samples 

Removal of the coatings was carried out following accelerated ageing. Solvents 

suggested by the manufacturer and common lab solvents were employed, combined with 

mechanical removal. During and following removal, visual examination was carried out 

to determine if any surface changes had occurred.  

 

The physical properties of the rubber before and after the application of coatings and 

ageing were determined through changes in weight and hardness. Visual examination 

                                                      

32 Measurements were:  6046 lux and 612 µW/lumen recorded on a cloudy summer afternoon; and 22936 lux 
and 265 µW/lumen on a sunny summer evening. Recorded using an Elsec 7650 UV & Light Monitor. 
33  212 days x 12 hrs exposure per day =2544 hours total 
     2544 / 2 to represent both a spring and summer exposure period = 1272 hours each 
     1272 hrs x 6046 lux = 7,690,512 lux 
     1272 hrs x 612 µW/lumen = 778,646 µW/lumen 
     1272 hrs x 22935 lux = 29,173,320 lux 
     1272 hrs x 265 µW/lumen = 337,080 µW/lumen  
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and FTIR-ATR analysis were carried out both prior to and following the application of 

coatings and accelerated ageing. 

 

6.3.1 Reversibility Testing 

 The reversibility of the coatings was assessed through attempted removal and 

determining the effect that removal had on the surface of the rubber. Several solvents 

were chosen for this stage of testing: a 1:1 water/ethanol mixture, reagent grade ethanol, 

1M solution of ammonia in water, and reagent grade isopropanol. The solvents were 

applied by rolling a cotton swab across the surface while monitoring the progress under 

10x magnification34. Whenever possible, a dental tool was employed to lift coatings from 

the rubber mechanically. Once removed, the samples were assessed using the DP2-BSW 

microscope at 10X magnification. FTIR-ATR was used to determine the composition of 

the surface in numerous locations and to identify areas where coatings may have 

remained. 

 

6.3.2 Surface Assessment 

Visual signs of deterioration such as cracking, crazing, flaking and hazing were 

documented and monitored under regular and enhanced magnification. Images of the 

surface were captured using an Olympus DP2-BSW, SZ-61 microscope at 10X 

magnification. Images were also collected using a generic usb microscope at 20x 

magnification in combination with EHE image capturing software. These images were 

                                                      

34 As ammonia required the use of a fume hood, it was not possible to conduct reversibility tests under 
magnification. 
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reviewed and changes in the surface were measured using DP2-BSW software or 

ImageJ. Changes in colour and gloss determined through visual assessment were 

supplemented with measurements using a BYK Gardner Micro Tri Gloss Reflectometer, 

and Minolta Chroma Meter CR-300.  It can be assumed that changes in the gloss and 

colour may indicate a variety of effects that change the reflective and colour properties 

of the rubber surface including the migration of fillers to the surface of rubber, extensive 

micro-cracks, and increased surface porosity.  

 

Measurements were taken with a BYK Gardner Micro Tri Gloss Reflectometer following 

the guidelines found in ASTM D523-08 Standard Test Method for Specular Gloss (2008). 

To determine the most appropriate geometry, measurements were taken of the control 

samples at 20°, 60° and 85°. The geometry indicates the angle at which the reflectometer 

directs light beams to the surface, resulting in a different angle of reflection which is then 

measured photoelectrically. Following the manufacturers’ suggestions, for those 

samples with a gloss unit value of 70 or above at 60°, 20° (high gloss) measurements 

were used. For those samples with a gloss unit value of 10 or below using 60°, 85° (matte) 

measurements were used. The other samples were assessed at 60° (semi-gloss) (Table 

6.5). Since all three geometries were employed, the samples with different geometries 

could not be compared to each other, however comparisons can be made within sample 

sets. The gloss meter was calibrated using the attached black gloss standard (refractive 

index of 1.567 or 100 gloss units) before and after each group of measurements. Three 

measurements were taken on each sample and an average was calculated.  
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Table 6.5. Summary of geometries used in the gloss measurement of samples 

Sample Type Geometry Used 

Uncoated Akron rubber 85° 

Golden coated Akron rubber 85° 

Lascaux coated Akron rubber 60° 

Sennelier coated Akron rubber 60° 

Liquitex coated Akron rubber 20° 

 

Measurements using the Minolta Chroma Meter CR-300 were taken to provide CIE L*a*b* 

data. The L* a* b* system is a method of determining colour, and changes in colour, which 

was created with human perception of colour as a consideration. Using a scale from 100 

to 0, L* represents light to dark. Using positive and negative values a* represents red (+) 

to green (-), and b* yellow (+) to blue (-). Colour change can be determined by calculating 

the ∆E, which represents the total colour difference of the samples compared.  

 

Work was done in a darkened photo studio because the equipment drifted in a bright 

room and the instrument was calibrated prior to each use using a CR-A43 calibration 

plate35. Seven measurements were taken in the same spot for each sample. The 

difference between samples was expressed using the 1976 CIE L*a*b* equation 

(Equation 1). A visually perceptible change was considered a ∆E value difference of one 

or more.  

Equation 1. Calculating total colour difference between two samples using ∆E 

 

                                                      

35 CR-A43 Calibration Plate, C: Y:91.95, X:0.3149, Y:0.3204 
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6.3.3 Analytical Testing 

As in the analysis of the historic samples, the varnish-coated samples were analysed 

using FTIR-ATR to determine any changes in composition, such as oxidative 

deterioration in the rubber or coating before and after ageing. For coated samples, the 

instrument used processed at 32 scans and a resolution of 4 cm-1. The uncoated samples 

of Akron rubber could not be successfully analysed using these parameters due either to 

the amount of carbon black present, or due to the micro-porosity of the surface resulting 

in too great a difference between the refractive index of the sample and the crystal. Using 

64 scans and a resolution of 8 cm-1, limited spectra of uncoated rubber were gathered, 

showing only the strongest absorptions.  From these limited spectra, peaks could 

however be distinguished in the regions mentioned above. 

 

6.3.4 Physical Testing 

The physical properties of the coated and uncoated samples of Akron rubber were tested 

before and after ageing, and also after the removal of the applied coatings. Changes in 

the thickness of the samples were recorded using digital calipers.   

 

A Mandrel like test36 was conducted to assess changes in flexibility. Samples were bent, 

up to 180°(depending on the size of the sample) over a variety of metal and plastic tubes 

decreasing in size, from 1 ½ inches in diameter to ¾ inch in diameter (Table 6.6). As the 

equipment required was unavailable the samples were not conditioned at 23°C  ±  2°C 

                                                      

36 ASTM International . (2008). D522 − 93a (Reapproved 2008): Standard Test Methods for Mandrel 

Bend Test of Attached Organic Coatings. West Conshohocken: ASTM International 
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and 50% RH ± 5% for 24 hours prior to the test, however all samples were stored together 

in a stable lab environment for more than 24 hours before testing. The results of this test 

were conveyed as a pass or fail. Formation of a crack was noted as a fail and the diameter 

of the tube was noted. No crack formation was designated as a pass. The progress was 

monitored at 20x magnification using a usb microscope.  

 

Table 6.6. Tube diameter used in flexibility testing 

Tube Diameter 1 ½ inches 1 ¼ inches 1 inch ¾ inch ½  inch No change 

 

 

The hardness of the rubber was assessed using a Shore A Durometer, as per ASTM 

D2240-05 Standard Test Method for Rubber Property—Durometer Hardness (2010). The 

Durometer is both a method and a unit of measurement for elastomeric materials. Many 

types of Durometers are available (A, C, D, B, M, E, O, OO, DO, OOO, OOO-S), each 

configured to test plastic and elastomeric materials of different hardness.  The A and D 

types are most commonly used for soft and hard materials, respectively. By testing the 

resistance of a material to indentation using a truncated cone, a Durometer can be used 

to determine the hardness of a particular type of rubber. The measurements can be 

conveyed as units of Shore or units of Durometer.  In this work they will be identified 

using the former. 

 

Rubber samples were stacked to increase the overall thickness to approximately 6mm, 

as it was determined that the reading was affected by the thinness of the samples. Five 

measurements were taken in different areas of each sample after ten seconds of contact. 
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From these measurements an average was determined. An increase in hardness can 

indicate cross-linking caused by oxidation or ozone attack in the rubber, while softening 

may indicate chain scission.  
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Chapter 7 

Results and Discussion 

7.1 Correlating Additives to Deterioration in Historic Rubber Samples 

 

7.1.1 XRF Analysis of Historic Samples 

Table 1 outlines the elements found using XRF and quantifies the amount found as major, 

minor or trace. As visible in Table 7.1, zinc was found in all samples. It is related to the 

vulcanization process. As mentioned in chapter three, the addition of around 3phr of zinc 

oxide can drastically increase the efficiency of vulcanization (Franta 1989). Zinc 

compounds can also be used as fillers, reinforcing agents, or pigments (Stern 1967).  

Rubber manufacturers also found it improved the strength, wear resistance, resistance 

to oil, and insulating properties of rubber goods (Schirdrowitz and Dawson 1952). The 

use of zinc compounds as activators is clear from the predominance of zinc as a major 

element in almost every sample. 

Table 7.1. Compounds present, as determined through analysis using XRF 

 Elements Present 
Sample Major Minor Trace 
1: Ice Pack Zn Ca, Fe, Ni Sb 
2: Medical tubing Zn Ni S 
3: White medical tubing Zn Ni, As Ti 
4: Carriage mat, black Zn Pb, Ca Ba, Fe, Ni 
5: Carriage mat, white Zn Ca, Ba, Ni S, Sr 
6: Hot water bottle Zn Ni, Ca Fe, Sr 
7: Rugby ball bladder Zn Ba, Ca, Ni Fe, Pb, S 
8: Hansom cab mat Zn Ni, Ca,Pb Fe, Ti, S 
9: Fire engine mat Pb Ca, Ba Fe, Zn, Sr, Ni, S, Cu 
10: Skeleton break mat Pb, Zn Ca, Ni Fe, S 
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Table 7.2. Possible purpose of compounds detected using XRF 

Element Forms Historical Uses 
   

Zn Zinc oxide Activator/accelerator, filler, reinforcing agent, pigment, oil 
resistance, insulation, wear resistance 

Ca  Component of clay, precipitated calcium carbonate if copper 
or iron oxides are present 

Ba Barium sulfate Component of clay, filler 
Ni  unknown 
Sb  Fireproofing, pigment, reduced oxygen permeability, reduced 

sulfur during vulcanization 
As Arsenic sulfide Accelerator 
Ti  Pigment, filler, whitening agent 
Pb Lead oxide Activator, water resistance, increased density, radiation 

resistance 
Sr  Component of clay, component of lithopone 
Fe  Pigment 

 

Clay was, and still is, often used as an inexpensive filler in rubber production. Barium may 

also be associated with the use of clay, however, barium sulfate was often used as an 

inexpensive filler material that also provided added resistance to acids (Stern 1967). 

Copper, ferric oxide, aluminum, or manganese and calcium in one object, as was seen in 

object nine, may be indicative of the filler, precipitated calcium carbonate (Stern 1967). 

As copper is easily visible in XRF spectra, only a trace amount is required for detection. 

Calcium was detected as a minor element in almost all samples. 

 

Nickel was found in many of the objects in this research. It was often used in combination 

with other vulcanizing agents, such as zinc oxide, to increase the speed of processing 

(Verbanc 1952). The use of nickel compounds and iron compounds were limited after 

1890 as they were found to be among the metals known to have deleterious effects on 

rubber (Schirdrowitz and Dawson 1952). The samples tests in this research cross both 

sides of that date so their presence does not provide further insight into dates of 
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production, but does suggest that the purpose they served was important enough that 

these metals were included despite the known drawbacks. 

 

Antimony, found in sample 1, was used as a fireproofing agent and also as a versatile 

colourant (Blow 1971; Stern 1967; Blank 1988). It was indicated by Schirdrowitz and 

Dawson (1952) that antimony was popular in rubber manufacturing as it was found to 

reduce the amount of sulfur required during vulcanization, and can also reduce the 

permeability of the finished article to oxygen and gas.  

 

Titanium was found in sample 3, which due to the low quantities required and its 

inertness was regularly used as a pigment after 1933, however it can be found in rubber 

articles as early as 1916 (Schirdrowitz and Dawson 1952). Titanium was also commonly 

used as a filler and as a whitening agent in hospital accessories, further validating its 

presence in this particular object (Blow 1971).  

 

Arsenic sulfide was also found in sample 3.  It was a common compounding ingredient 

in rubber in the early 20th century (Schirdrowitz and Dawson 1952), with its efficiency as 

an accelerator being recognized later in 1938 (van Rossem and Bouwens 1938).  

 

Lead was included in rubber for many reasons. Sometimes it was used as an activator, 

but also used to facilitate the creation of high-density, water resistant, or radiation 

resistant rubber (Franta 1989). As all four objects containing lead would have been 

exposed to the elements, it was likely used to increase water resistance in combination 

with accelerating vulcanization.  
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Strontium, which was detected in several samples, can be a component of clay. In 

combination with barium and zinc, which were both detected in sample 5 it may indicate 

the use of lithopone which was used as whitener in rubber production (Blow 1971).  

 

Iron was present in one sample as a minor element, and in several samples as a trace 

element. It was often used as a colourant, and in samples 1, 6, and 7, which are red, this 

may be the case. In other samples the reason for its presence is unknown, however it 

may have transferred by contact from another object, from use, or from storage. 

 

7.1.2 Discussion: XRF Results 

The analysis of these samples described in Chapter 7 allowed for a deeper understanding 

of the manufacture of these objects and allowed for connections to be drawn between 

the additives present and the condition of the objects. Although a wider selection of 

samples would have provided better confirmation of the ideas presented in this research, 

several points about manufacture are clear from the samples available: sulfur is present 

in far lower concentrations than would be assumed, zinc is present in far higher 

concentrations than would be expected, and nickel is present in almost all objects which 

was unexpected. In terms of their effect on deterioration, the following is clear in relation 

to additives: colourants used in manufacture have a major effect on the condition of the 

rubber, those objects containing iron oxides are in much worse condition than those 

containing other metal oxides or those without; and the use of antioxidants does not 

appear to have a significant effect on long term condition. 
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The objects showed only trace amounts of sulfur when analysed using XRF. It is known 

that sulfur, a lighter element with an atomic number of 16 is not easily detected using 

this method and that at least 5% sulfur must be present to be detected at all (Shurvell 

2013). Considering the amount of sulfur reportedly used in the vulcanization of early 

rubbers (see chapter 3), one would expect to see a peak in every spectrum.  

 

Just as sulfur is not detected well using XRF analysis leading to under representation, 

lead is very easily detected and thus may be over represented by comparison to other 

elements present in the samples. XRF analysis of pure lead will cause many thousand 

counts to be detected (Shurvell 2013), whereas the count of lead in the spectrum of 

sample 4 was 795. The other elements present may not have been detected as well, and 

thus it may appear as though, for example, the same amount of barium and lead are 

present, when in actuality the amounts are much different.  

 

In most cases the difference between the amount of each element present in a whole 

sample and a ground sample was negligible. Thus the dispersion of materials within the 

samples is somewhat uniform and particular elements are not concentrated at 

interfaces. The exceptions to this were samples 4 and 5 which displayed higher 

concentrations of sulfur on the surface; however, it is possible that this can be attributed 

to vulcanization after shaping and not to migration of additives with age.  

 

The two white samples, of very different historical background, retained flexibility to 

different degrees, although the surface had clearly deteriorated.  It has been suggested 

by Stern (1967) that white rubbers are more prone to surface cracking due to oxidation. 
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Both samples of white rubber showed this to be true, even though the pigment is 

different. Despite the surface cracking the interior of the white rubbers are in surprisingly 

good condition, especially the medical tubing. The carriage mat lettering was likely 

coloured using lithopone, which was discovered in the 1860s and commonly used after 

that time (Schirdrowitz and Dawson 1952). The medical tubing however was coloured 

using titanium dioxide which is inert (Schirdrowitz and Dawson 1952). Titanium also 

dates this object to the 20th century, providing a possible explanation for the better 

condition of this object.  

 

All three examples of red rubbers in this research were extremely hard and brittle. The 

ferric sulfide was commonly used in concentrations of 2, 5 or 8% of the total mix as a 

pigmenting additive to create shades from yellow to brown (Ayers and Williams 1932).  

Ferric sulfide can increase the rate at which ageing occurs. The extreme brittleness of 

the ice pack and hot water bottle can also be attributed to environmental fluctuations. 

The transition from cold to room temperature was likely the cause of increased 

crystallization in the polymer of the ice pack, in combination with deterioration 

accelerated by the presence of metal oxides. This may have caused the rubber to become 

very brittle and shatter under very light force.  The hot water bottle, which was used under 

different environmental conditions, was brittle at the edges, but did not shatter when 

touched.  

 

7.1.3 FTIR Analysis of Historic Samples 

A range of information was gathered from the sample using FTIR-ATR. This tool 

confirmed the samples were made of natural rubber and it also provided insight into the 
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extent of oxidative degradation in the samples. Organic compounds present for 

numerous reasons were also identified and provided further insight into the manufacture 

and deterioration of the samples. In some cases the organic compound or compounds 

present could not be identified for several reasons: hidden peaks due to overlap, missing 

peaks due to reduced absorption caused by inorganic components, or the presence of 

materials not typically used in rubber production. The full page spectra can be found in 

appendix B. 

  

Peaks characteristic of an aromatic compound were visible in the spectra of samples 1 

and 4 at 1017 cm-1, 871 cm-1, 713 cm -1, 1080 cm-1, and 1077 cm-1. Aromatic compounds 

were commonly used as a solvent for rubber, facilitating the spreading of the material; 

however, this was usually for use on fabric. Sample 4 was on a mat backing, so the 

presence of an aromatic compound is more explainable in that sample. 

 

Cellulose was present in sample 4 and 5. It was sometimes used as a filler, but may also 

have been deposited on the surface due to the deterioration of the brittle woven mat 

backing, and spreading of the loose fibres and particles over the object.  

 

Aniline, indicated by peaks at 1026 cm-1, 155 cm-1, 1379 cm-1, and 1703 cm-1 was found 

to be present in sample 10. Aniline-based amine antioxidants were among the first used 

in the rubber industry in the 1920s (Huntink 2003). The antioxidant indicates that this 

mat is not the original mat from the 1910 skeleton break but was rather a replacement 

mat.   
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Those objects which contained traces of antioxidant demonstrated the ineffectiveness 

of these materials in the long term.  Sample 10, the skeleton break mat (as described in 

Chapter 6), may contain an aniline-based antidegradant. Although this may have 

functioned for some time, the object is now quite deteriorated, suggesting total failure of 

the antidegradant. Consideration should be given to the fact that advances in rubber 

manufacturing do not necessarily result in positive changes in the durability of rubber. 

The antidegradants in objects manufactured in the last few decades will eventually fail 

resulting in deterioration.  

 

7.2 Testing the Effectiveness of Acrylic Coatings on Rubber 

 

7.2.1 Preliminary Testing of Acrylic Coatings – Concentration and Amount 

Prior to testing the effect of these test varnishes for the protection of rubber, a preliminary 

assessment of the suitability of these varnishes was conducted.  Testing for the 

appropriate varnish concentration involved the application of varnishes diluted in water 

to 4:1, 2:1, and 1:1 concentrations to glass slides. Soluvar was employed undiluted.  

Applying the varnishes to glass slides allowed the following to be assessed:  the 

evenness of the coatings when applied by brush, the thickness, and the opacity. Using 

the information gathered from that experience, 12 strips of rubber were cut and divided 

into sections for the application of one, two, and three coats of the following 

concentrations of varnishes: Golden 1:1, 2:1, and 4:1; Lascaux 4:1; Sennelier 4:1; and 

Soluvar undiluted. Applying the various concentrations of varnishes to strips of rubber 

allowed these features to be ascertained:  the effect of the varying amounts of water on 

the rubber, as well as the differences in colour and surface gloss. This was very effective 
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in facilitating comparisons, and also provided information on the amount of coverage 

achieved with the addition of each layer of varnish.  

 

The results of the preliminary tests on rubber offered the following information: The 2:1 

concentration of the Golden Polymer Varnish, did in one case, have an effect on the 

surface of the rubber, causing a mottled appearance due to swelling that was visible 

under low magnification. The author was not able to replicate this effect leading to the 

conclusion that other unknown factors played a role in that result. Some warping 

occurred with the use of a 1:1 concentration of Golden varnish, however the samples 

quickly reverted to their original state. Visually there was very little difference between 

the application of two coats or three coats of varnish in terms of opacity and gloss on 

rubber. There was, however, a difference in the evenness of the coating, as three coats 

produced a more even film. 

 

To assess more accurately the coverage and appearance of numerous layers of coatings, 

one, two and three coats of varnish were applied to glass slides. The varnish was applied 

by brush with alternating horizontal and vertical brushstrokes. These slides were then 

visually compared using ambient, transmitted, and raking light to determine differences 

in thickness and evenness of the coating, and to characterize the appearance of 

brushstrokes. The results of these comparisons are demonstrated visually in Figures 7.1-

7.4.  

 

Very little difference was discernable between two and three coats of the Lascaux and 

Liquitex varnishes. There was however, a big difference between two and three coats of 
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the Golden and Sennelier varnishes. As is visible in Figures 7.1 and 7.2, on the samples 

to which one or two coats were applied brush strokes are clearly defined. Under raking 

light raised areas along the edges of brushstrokes were visible in the samples with only 

one or two coats applied.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. Golden varnish, one, two, and three coats on glass slides 

Figure 7.2. Sennelier varnish, one, two, and three coats on glass slides 

Figure 7.3. Lascaux varnish, one, two, and three coats on glass slides 
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The results of these assessments led to the application of three coats of the Golden, 

Lascaux and Sennelier varnishes at 4:1 concentrations, and the use of the Soluvar 

undiluted in later tests on rubber. 

 

7.2.2 Preliminary Assessment of Varnishes – Light Stability and Ageing Parameter 

Determination 

To confirm the stability of the varnishes in the presence of light prior to use in the official 

tests on rubber, two coats varnishes (Golden, Lascaux, Sennelier 4:1 with water, Liquitex 

undiluted) were applied to four glass slides, measuring 27x46mm2, for a total of 16 slides. 

Three slides with each coating were exposed to light using the Q-Sun Xenon Test 

Chamber (see section 6.2.4), to determine their stability, and to aid in the creation of 

ageing parameters for the coated rubber samples. The control sample for each coating 

was kept in the dark. Testing in the Q-Sun chamber ran for 300 hours (two weeks), using 

the Window Q filter, an irradiance of 1.40, and a temperature of 60°C. The coatings were 

visually inspected, and also assessed using the Minolta Chromameter to determine if 

changes in texture or colour had occurred due to ageing.   

 

Figure 7.4. Liquitex varnish, one, two, and the coats on glass slides 
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The results of the Chromameter measurements varied between samples of the same 

type. When compared to the control samples, this resulted in a different ∆E* for each 

(Table 7.3). Immediately after removal from the Q-Sun the samples appeared yellow. At 

the time the Chromameter was used (24 hours later), the yellow was no longer visually 

detectable in the samples, nor was any other colour change, but there was a difference 

in the ∆L*, ∆a* and ∆b* values of many samples, and in the ∆E* recorded for two of the 

three Lascaux and many Sennelier samples.  

 

Table 7.3. L*a*b* data for aged varnishes on glass slides 

(average value for 7 measurements taken in the same location) 

 

 

 

Sample Type L* a* b* 

        

Background 94.1 0.1 2.1 

  L* a* b* 

Golden unaged 88.8 0.2 2.6 

Golden aged 1 88.2 0.2 3.5 

Golden aged 2 88.1 0.2 3.4 

Golden aged 3 88.2 0.2 3.4 

  L* a* b* 

Lascaux unaged 90.1 0.2 2.5 

Lascaux aged 1 87.7 0.3 3.1 

Lascaux aged 2 88.0 0.3 3.1 

Lascaux aged 3 89.9 0.2 2.7 

  L* a* b* 

Sennelier unaged 87.5 0.2 2.7 

Sennelier aged 1 87.9 0.3 3.1 

Sennelier aged 2 90.3 0.2 2.7 

Sennelier aged 3 90.0 0.2 2.6 

  L* a* b* 

Liquitex unaged 92.3 0.2 2.8 

Liquitex aged 1 92.1 0.3 3.1 

Liquitex aged 2 91.8 0.3 3.0 

Liquitex aged 3 91.6 0.3 3.3 
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Table 7.4. Degree of total difference between aged and unaged samples of acrylic varnishes on 

glass slides 

 Unaged Aged Sample 1 Aged Sample 2 Aged Sample 3 

 L*  a* b* ∆E* ∆E* ∆E* 

Golden 88.8 0.2 2.6 0.6 0.5 0.6 

Lascaux 90.3 0.2 2.5 1.4 1.3 0.3 

Sennelier 87.5 0.2 2.7 1.0 1.7 1.6 

Liquitex 92.3 0.2 2.4 0.8 0.6 0.6 

 

Table 7.5. Degree of difference between in L* a* and b* of aged and unaged samples of acrylic 

varnishes on glass slides 

 Unaged Aged Sample 1 Aged Sample 2 Aged Sample 3 

 L*  a* b* ∆L* ∆a* ∆b* ∆L* ∆a* ∆b* ∆L* ∆a* ∆b* 

Golden 88.8 0.2 2.6 0.6 0 0.9 0.5 0 0.8 0.6 0 0.8 

Lascaux 90.3 0.2 2.5 2.4 0.1 0.6 2.1 0.1 0.6 0.2 0 0.2 

Sennelier 87.5 0.2 2.7 0.4 0.1 0.4 2.8 0 0 2.5 0 -0.1 

Liquitex 92.3 0.2 2.4 -0.2 0.1 0.4 0.5 0.1 0.2 0.7 0.1 0.5 

 

The only difference between testing of samples within the same group was where they 

were initially placed in the Q-Sun test chamber. Furthermore, the xenon light used was 

past its recommended service life, thus the spectral distribution may have been uneven. 

As the difference in colour was not visually discernible and was not accompanied by any 

physical changes, it was not a deterrent for use of the varnish. 

 

7.2.3 Assessment of Varnishes on Rubber – Reversibility of the Coatings 

The reversibility of coatings was assessed through attempted removal using a 1:1 

ethanol:water mixture, ethanol, ammonia, or isopropanol in combination with mechanical 

action. The success of removal is shown in tables 7.6, 7.7, 7.8, and 7.9. The degree of 
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success of removal was documented during the test, afterwards under magnification, 

and also using FTIR. 

 

Assessment of Success of Varnish Removal 

The observations for the removal of the Golden varnish are in Table 7.6. The coating 

appeared to have been completely removed from the surface of all samples coated with 

the Golden varnish (Table 7.6) using 1:1 ethanol:water and ethanol. The use of ammonia 

resulted in partial removal, and isopropanol facilitated the partial removal of the coating 

from one sample.  

Table 7.6. Reversibility of the Golden varnish 

Solvent Unaged 500 hours 1000 hours 1500 hours 

Ethanol:Water removed removed removed removed 

Ethanol removed removed removed removed 

Ammonia no effect partially removed partially removed partially removed 

Isopropanol no effect partially removed little effect little effect 

 

Samples coated with the Lascaux varnish (Table 7.7) were only slightly affected by the 

ethanol:water mixture. Ethanol and isopropanol were effective in removal after 500 and 

1000 hours of ageing, but caused only partial solubility in other samples. Ammonia had 

no effect on the samples. 

Table 7.7. Reversibility of the Lascaux varnish 

Solvent Unaged 500 hours 1000 hours 1500 hours 

Ethanol:Water no effect little effect little effect little effect 

Ethanol partially 

removed 

removed removed partially 

removed 

Ammonia no effect no effect No effect no effect 
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Isopropanol little effect removed removed partially 

removed 

 

The Sennelier varnish (Table 7.8) was not affected at all by the ethanol:water mixture or 

ammonia. The varnish could be removed using ethanol or isopropanol. 

Table 7.8. Reversibility of the Sennelier varnish 

Solvent  Unaged 500 hours 1000 hours 1500 hours 

Ethanol:Water no effect no effect no effect no effect 

Ethanol removed removed removed removed 

Ammonia no effect no effect no effect no effect 

Isopropanol removed removed removed removed 

 

The 1:1 ethanol:water mixture and the ammonia had no effect on the Liquitex varnish 

(Table 7.9). Ethanol and isopropanol did not dissolve or swell the coating, but made it 

contract causing it to dislodge from some areas of the surface in large fragments 

facilitating removal.  

Table 7.9. Reversibility of the Liquitex varnish 

Solvent  Unaged 500 hours 1000 hours 1500 hours 

Ethanol:Water no effect no effect no effect no effect 

Ethanol removed removed removed removed 

Ammonia no effect no effect no effect no effect 

Isopropanol removed removed removed removed 

 

 

Assessment of Varnish Removal under Magnification 

After attempted coating removal the surfaces were viewed at 20x magnification to 

confirm the outcome visually.  The magnified view of the surfaces of the Golden coated 

samples (Figures 7.5-7.8) did not confirm the removal of the coatings. The coating was 
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clearly visible on the 500 and 1000-hour samples cleaned using ethanol:water. It was 

also visible on the surface of 1000 and 1500-hour samples cleaned using ethanol.   

 

The 500 and 1000-hour samples coated with the Lascaux varnish (Figures 7.9-7.12) 

where ethanol and isopropanol were used, appeared to have been cleaned, but images of 

the surface at 20x magnification showed coating present on the surface of the 1000-hour 

samples. Small cracks, which formed in the surface of the rubber aged 1000 and 1500 

hours after cleaning were also visible. The formation of these cracks may have been 

caused by the solvent. Oddly the relationship between appearance of the cracks and the 

age of the samples did not appear proportional, as they were most predominant in the 

1000-hour sample.  
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The coating appeared to have been effectively removed using ethanol and isopropanol 

from the Sennelier samples (Figure 7.13 – 7.16), which was confirmed when viewing the 

surface under magnification. Also visible under magnification was damage to the surface 

of the 1500-hour sample caused by the dental tool.  

 

 

 

Figure 7.5. Surfaces of samples coated with Golden, removal using 1:1 ethanol:water, 20x  

 

Figure 7.6. Surfaces of samples coated with Golden after removal using ethanol, 20x 

Figure 7.7. Surfaces of samples coated with Golden after removal using ammonia, 20x 

Figure 7.8. Surfaces of samples coated with Golden after removal using isopropanol, 20x 

Images in order of age: unaged, 500 hours, 1000 hours, 1500 hours 
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Figure 7.10. Surface of Lascaux-coated samples after removal using ethanol, 20x 

Figure 7.9. Surface of Lascaux-coated samples after removal using ethanol:water, 20x 

Figure 7.11. Surface of Lascaux-coated samples after removal using ammonia, 20x 

Figure7.12. Surface of Lascaux-coated samples after removal using isopropanol, 20x 

Images in order of age: unaged, 500 hours, 1000 hours, 1500 hours 
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At 20x magnification the varnish appeared to have been removed from the unaged, 500, 

and 1000-hour Liquitex samples (Figures 7.17-7.20) using ethanol or isopropanol, 

confirming the results of the cleaning tests.  

 

 

 

Figure 7.13. Surface of Sennelier-coated samples after removal using ethanol:water, 20x 

Figure 7.16. Surface of Sennelier-coated samples after removal using isopropanol 

 

Figure 7.15. Surface of Sennelier-coated samples after removal using ammonia, 20x 

Figure 7.14. Surface of Sennelier-coated samples after removal using ethanol, 20x 

Images in order of age: unaged, 500 hours, 1000 hours, 1500 hours 
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Assessment of Varnish Removal using FTIR-ATR 

FTIR-ATR was used to determine whether acrylic remained on the surface of samples; 

these were the samples that appeared, under magnification, to have been cleaned 

following the reversibility tests. The results of this assessment are outlined in Table 7.10. 

 

Figure 7.17. Surface of Liquitex-coated samples after removal using ethanol, 20x 

Figure 7.18. Surface of Liquitex-coated samples after removal using ethanol:water, 20x 

Figure 7.19. Surface of Liquitex-coated sample after removal using ammonia, 20x 

Figure 7.20. Surface of Liquitex-coated samples after removal using isopropanol, 20x 

Images in order of age: unaged, 500 hours, 1000 hours, 1500 hours 
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Table 7.10. Reversal of Coatings Confirmed using FTIR-ATR (spectra in Appendix B) 

Sample Acrylic Present? 

Golden unaged (ethanol:water) yes 

Golden 500 hours (ethanol:water) yes 

Golden unaged (ethanol) yes 

Golden 500 hours (ethanol) no 

Lascaux 500 hours (ethanol) yes 

Lascaux 500 hours (isopropanol) yes 

Sennelier unaged (ethanol) no 

Sennelier 500 hours (ethanol) no 

Sennelier 1000 hours (ethanol) no 

Sennelier 1500 hours (ethanol) no 

Sennelier unaged (isopropanol) no 

Sennelier 500 hours (isopropanol) no 

Sennelier 1000 hours (isopropanol) no 

Sennelier 1500 hours (isopropanol) no 

Liquitex unaged (ethanol) no 

Liquitex 500 hours (ethanol) yes 

Liquitex 1000 hours (ethanol) yes 

Liquitex 1500 hours (ethanol) yes 

Liquitex unaged (isopropanol) yes 

 

The FTIR spectra of the Golden coated samples showed that only the cleaning of the 500-

hour sample with ethanol was successful, as acrylic was detected on the other three 

samples.  The 500-hour Lascaux coated samples cleaned using ethanol and isopropanol 

appeared to have been cleaned, however a peak due to the presence of acrylic was clearly 
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visible at 1720 – 1730 cm-1 in the spectrum for each.  The success of removing the 

Sennelier varnish using ethanol and isopropanol was confirmed by FTIR-ATR. Although 

not apparent in the previous section, the ethanol employed on Sennelier coated samples 

may have caused damage to the surface of the rubber. The FTIR spectrum indicated that 

the acrylic had been removed, but also that changes in the spectrum in the CH2 stretching 

region indicated that deterioration had occurred. Some carbon was removed during 

swabbing, however the amount removed did not suggest the level of damage shown in 

the FTIR.  

 

Discussion: Reversibility Tests 

Overall the reversibility of these varnishes on rubber, using ethanol:water, ethanol, 

ammonia, and isopropanol was poor. The behavior of the coatings on rubber, in terms of 

reversibility, upon extended accelerated ageing, was much different than in preliminary 

tests on glass slides. In the preliminary tests after ageing for 300 hours, the coatings 

could be completely dissolved using ethanol and isopropanol, and partially dissolved 

using ethanol and water. The Golden coating was partially soluble in the ammonia. It is 

possible that significant changes occurred in the varnishes between 300 and 500 hours 

of ageing affecting the reversibility of the coatings. 

 

Successful removal did occur with the Sennelier coating and the samples coated with 

this varnish were the only ones not to display cracks in the rubber due to either 

deterioration or the solvents used. The appearance of cracks in the Golden and Lascaux 

samples only suggested that the rubber deteriorated and became more susceptible to 

damage through solvent use. The removal of larger amounts of carbon while removing 
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the Golden and Lascaux varnishes, in comparison to removing the Sennelier and Liquitex 

coating, suggests that perhaps the Golden and Lascaux varnishes bonded more strongly 

with the surface of the rubber or that there was a higher level of migration of carbon into 

the coating. 

 

7.2.4 Assessment of Varnishes on Rubber: Visual Properties 

 

Changes in Surface Appearance and Texture 

Changes in the surface appearance and texture of samples were observed under 20x 

magnification. The observations are outlined in Table 7.11 below.  

Table 7.11. Visual observations of surface changes 

Sample Unaged 500 hours 1000 hours 1500 hours 

Uncoated Microblooms 
visible, slight 
mottled and 

bumpy surface 

Smoother surface, 
cracks have 

formed 

Cracks have 
enlarged, and edges 
of cracks are raised 

Cracks are longer but it 
appears there are fewer 

Golden Smooth, 
variations in the 
concentration of 
coating visible 

Very thin cracks 
have appeared in 

the coating 
surface 

Cracks have 
increased in size and 

number 

Cracks have increased 
in size but not in 

number 

Lascaux Somewhat glossy 
and smooth, 

except for the 
presence of air 

bubbles 

Thin cracks have 
appeared in the 

coating 

Cracks have 
increased in size but 

not in number 

Cracks remain, but did 
not increase in size or 

number 

Sennelier Surface smooth, 
small particle of 

what may be 
matting agent 

visible 

No change Surface has become 
somewhat more 

opaque 

No change 

Liquitex Small scratches 
and a few small 

cracks are visible 
in the surface 

Many small crack 
have formed due 
to movement of 

the sample 

Cracks have become 
wider and longer 

Cracks remain but have 
not increased in width 

or length 
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As is visible in Figure 7.21, changes in the surface gloss can be related to changes in the 

texture of the rubber surface due to the formation of small cracks induced by 

deterioration. The surface of unaged rubber was slightly mottled with micro-blooms 

apparent under magnification.  At 500 hours the blooms disappeared and the mottled 

surface was replaced with a smoother but cracked surface, which coincided with an 

increase in gloss. At 1000 hours the cracks became slightly more raised but the change 

was not enough to change the reflective properties of the surface; however, at 1500 hours 

the cracks became much wider and much higher resulting in the sharp drop in 

reflectiveness of the surface. 

 

 

 

 

 

 

 

 

Upon application of the Golden varnish, the surface of the samples was smooth and 

matte. Matting agents or areas of heavy varnish concentration were visible under 

magnification. Upon exposure to light the samples became glossier according to the 

reflectometer measurements, however, the magnified appearance of the surface did not 

suggest this outcome (Figure 7.22). The samples aged 500 hours had small but visible 

Figure 7.21. Changes in the surface of uncoated rubber with accelerated ageing 
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cracks in the surface of the coating. Between 500 and 1500 hours aging, the samples 

became more matte, which can be correlated to an increase in surface cracking. The 

gloss measurements for the Golden-coated samples appeared to remain the same from 

500 to1000 hours of ageing, thus perhaps the particular area from which the gloss 

reading was taken had not yet cracked.  

Figure 7.22. Changes in the surfaces of Golden-coated rubber with accelerated ageing 

 

.  

 

  

 

 

 

 

As is visible in the unaged Lascaux-coated sample in Figure 7.23, the matting agent or 

coating concentration was somewhat unevenly dispersed as seen by lines of dark and 

light in the coating. After 500 hours of light exposure, and perhaps also under the 

influence of the temperature in the Q-Sun chamber, the coatings seemed smoother 

overall, however small cracks formed. Upon further exposure to light, the cracks seemed 

to increase in number, however the increase was not as great as that which occurred in 

the Golden-coated samples. The increasing number of cracks correlated to the decrease 

in surface gloss and the increasing brittleness of the coating. 
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Although the Sennelier varnish did not crack, causing a decrease in reflectiveness, it did 

appear under magnification that something caused the surface to become slightly more 

opaque starting after 500 hours of exposure. 

Figure 7.23 Changes in the surfaces of Lascaux-coated rubber with accelerated ageing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.24. Changes in the surface of Sennelier-coated rubber with accelerated ageing 
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The Liquitex coating (Figure 7.25), which as previously mentioned was quite brittle prior 

to light exposure, became more brittle through continued exposure. On exposure small 

scratches on the surface on the samples disappeared, perhaps caused by smoothing of 

the surface due to heat and large cracks appeared within the first 500 hours. These 

cracks greatly increased in size between 500 and 1000 hours and remained fairly similar 

in size through the final stage of light exposure.  

Figure 7.25. Changes in the surface of Liquitex-coated rubber with accelerated ageing 

 

 

 

 

 

 

 

 

 

 

 

Changes in Surface Gloss 

Changes in surface gloss in many cases followed the opposite pattern to changes in 

hardness. As mentioned in the experimental chapter, several different geometries were 

measured; a specific geometry is appropriate depending upon the gloss measurement, 

as previously outlined. Samples with differing geometries of measurement cannot be 

directly compared to each other, however trends can be identified between all sample 

types. All gloss data recorded is provided in Table 7.12 and Figure 7.26. 
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Table 7.12. Gloss measurements for rubber samples 

Control Samples 

Type Geometry Measurement 1 Measurement 2 Measurement 3 Mean 

Uncoated 85° 15.6 17.8 18.1 17.2 

Uncoated 85° 11.8 11.6 11.5 11.6 

Uncoated 85° 7.4 7.4 7.4 7.4 

Golden 85° 19.9 20.1 20.3 20.1 

Golden 85° 15.9 15.8 15.8 15.8 

Golden 85° 15.8 15.7 15.6 15.7 

Sennelier 60° 28.7 28.7 28.7 28.7 

Sennelier 60° 21 20.9 20.7 20.9 

Sennelier 60° 23.5 23.3 23.2 23.3 

Lascaux 60° 9.4 9.5 9.4 9.4 

Lascaux 60° 16.2 16.1 16 16.1 

Lascaux 60° 10.9 10.9 10.9 10.9 

Liquitex 20° 19.9 19.6 19.6 19.7 

Liquitex 20° 18.1 19.2 19.4 18.9 

Liquitex 20° 17.3 16.5 15.9 16.6 

 

 

500 hours ageing 

Type Geometry Measurement 1 Measurement 2 Measurement 3 Mean 

Uncoated 85° 29.5 30.2 31.3 30.3 

Uncoated 85° 29.8 30.5 30.7 30.3 

Uncoated 85° 25.4 25.6 27.6 26.2 

Golden 85° 25.6 27.2 27.4 26.7 

Golden 85° 13.3 13.4 13.1 13.3 

Golden 85° 24.1 24.7 25.5 24.8 

Sennelier 60° 13.6 13.7 13.6 13.6 

Sennelier 60° 9.3 9.2 9.3 9.3 

Sennelier 60° 25.4 25.4 25.4 25.4 

Lascaux 60° 3 3 3 3.0 

Lascaux 60° 6.7 6.6 6.7 6.7 

Lascaux 60° 10.4 10.4 10.4 10.4 

Liquitex 20° 14.6 14.7 14.6 14.6 

Liquitex 20° 10.7 10.4 10.2 10.4 

Liquitex 20° 13.4 13.4 13.3 13.4 
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1000 hours ageing 

Type Geometry Measurement 1 Measurement 2 Measurement 3 Mean 

Uncoated 85° 9.7 9.6 9.2 9.5 

Uncoated 85° 10.5 11 10.6 10.7 

Uncoated 85° 13.7 13.8 13.7 13.7 

Golden 85° 32.7 32.7 32.7 32.7 

Golden 85° 30.6 30.8 30.9 30.8 

Golden 85° 17.9 18.1 18.8 18.3 

Sennelier 60° 14.7 14.3 13.7 14.2 

Sennelier 60° 16.7 16.2 16 16.3 

Sennelier 60° 8.9 8.4 8.2 8.5 

Lascaux 60° 6.4 6.3 6.2 6.3 

Lascaux 60° 7.8 7.7 7.7 7.7 

Lascaux 60° 7.9 7.8 7.7 7.8 

Liquitex 20° 3.3 3.2 3.3 3.3 

Liquitex 20° 3.7 3.5 3.7 3.6 

Liquitex 20° 3.7 3.7 3.7 3.7 

 

 

1500 hours ageing 

Type Geometry Measurement 1 Measurement 2 Measurement 3 Mean 

Uncoated 85° 11 10.7 10.7 10.8 

Uncoated 85° 13.6 13.1 12.9 13.2 

Uncoated 85° 14.6 14.4 14.3 14.4 

Golden 85° 7.7 7.7 7.7 7.7 

Golden 85° 6.3 6.3 6.3 6.3 

Golden 85° 6.4 6.3 6.3 6.3 

Sennelier 60° 6.7 6.6 6.5 6.6 

Sennelier 60° 13.3 12.9 12.7 13.0 

Sennelier 60° 14.5 14.3 14.2 14.3 

Lascaux 60° 5.9 5.8 5.8 5.8 

Lascaux 60° 2 2 2 2.0 

Lascaux 60° 5.4 5.4 5.4 5.4 

Liquitex 20° 1.9 1.9 1.8 1.9 

Liquitex 20° 5.3 5.3 5.4 5.3 

Liquitex 20° 5.4 5.4 5.6 5.5 
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Figure 7.26. Changes in gloss with accelerated ageing 37 

 

 

 

 

 

 

 

 

As is visible in Figure 7.27, the samples of uncoated and Golden coated rubber started 

the testing quite matte with values at 12.07 and 17.21, respectively. They then increased 

in gloss, but regressed to lower values than at the beginning of the test. While they follow 

a similar trend, the differences in increases and decreases in gloss can be attributed to 

different factors.  

 

The uncoated rubber sharply increases in gloss (16.89 points) between 0 - 500 hours 

light exposure, which may be due to an initial softening of the surface due to heat or chain 

scission causing a reduction in the diffusive properties of the surface. Samples removed 

at the 500-hour interval displayed an oily sheen on the surface, which may also have 

contributed to the change in gloss. The surface gloss remains fairly stable between 500 

                                                      

37 It was not possible to represent statistical analysis of this data in chart format as error bars due to the 
mixed geometries of measurement.  
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– 1000 hours of exposure, with only a slight reduction, however there is a sharp decrease 

in gloss (14.43 points) between 1000 – 1500 hours exposure.   

 

Figure 7.27. Gloss measurements of uncoated and Golden coated samples  

 

 

The Lascaux-coated samples (Figure 7.28) decreased in gloss upon exposure to light. 

Between 500 and 1000 hours of light exposure, the gloss values remained similar. The 

surface gloss then decreased again before 1500 hours of light exposure.  

 

The Sennelier coating (Figure 7.28) behaved much differently from the Golden and 

Lascaux samples. The surface of these samples was twice as reflective as the Lascaux 

samples. Visually the level of gloss of the surface of these samples did not appear to 

change though ageing, however a sharp decrease upon exposure to light and then a 

continued decrease through continued exposure was recorded. 
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The Liquitex varnish (Figure 7.29) sharply decreased in gloss upon exposure to light, and 

again at 1000 hours, however it maintained a low level through to 1500 hours of 

accelerated ageing. Although the values cannot be directly compared because the 

geometries used were different, the Liquitex varnish does follow a similar trend to the 

changes in gloss values for the Sennelier varnish. 

Figure 7.29 Changes in surface gloss of Liquitex varnish, 20°  
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Figure 7.28. Changes in the surface gloss of Lascaux and Sennelier coated samples, 60°  
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Changes in Colour 

Measurements were taken of the naturally aged samples at monthly intervals for four 

months (Table 7.13). In this time, the total colour difference did not reach a value that 

would indicate a noticeable difference in colour. 

 

Table 7.13.  L* a* b* values for window-aged uncoated rubber 

Unaged L a* b* 

Average of 7 measurements (same location) 23.97 0.29 0.63   

    

1 month ageing L a* b* 

Average of 7 measurements (same location) 23.57 -1.64 2.42 

∆E* 0.73    

    

2 months ageing L a* b* 

Average of 7 measurements (same location) 23.38 0.09 0.70 

∆E* 0.85    

    

3 months ageing L a* b* 

Average of 7 measurements (same location) 24.05 0.18 0.79 

∆E*0.45    

    

 

Overall colour measurements were found to be ineffective in determining changes. The 

lack of any significant change in measured colour, at the same time as the surface 

appearance changed, led the author to believe that a significant colour change in furnace 

oil black loaded rubber would not be achieved through natural or accelerated ageing 

within the timeframe of this thesis.  As the gloss measurements were much more 

effective in determining changes in the surface morphology of samples due to 

deterioration, the colour measurements were not continued through the entire 

experiment. Furthermore, any potential deterioration of the varnishes could be assessed 

through other means including physical testing and visual assessment.  
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7.2.5 Assessment of Varnishes on Rubber – Physical Properties 

Due to the small values recorded for changes in physical properties the data in this 

section can only serve as an empirical observations of the changes that may have 

occurred in hardness, elasticity, flexibility, and thickness due to deterioration.  

 

7.2.5.1 Durometer Testing 

Changes in Durometer hardness fluctuated within a small range throughout the test.  A 

standard for the significance of change in Durometer values was not available, thus it 

was assumed that very little to no change occurred in the samples and the test was 

inconclusive.  All 60 samples were tested using this method during accelerated ageing, 

and 16 samples were tested after coating removal. The results of these tests are outlined 

in table 7.14 and figure 7.30 below. 

 

  Table 7.14. Average Durometer values during ageing (Shore A) 

Sample Unaged 500 Hours 1000 hours 1500 hours 

Uncoated 45.3 A 45.7 A 44.9 A 46.7 A 

Golden 46.9 A 45.7 A 46.3 A 47.0 A 

Lascaux 45.7 A 46.7 A 46.2 A 48.6 A 

Sennelier 46.3 A 44.5 A 44.4 A 45.7 A 

Liquitex 47.7 A 45.6 A 46.3 A 47.3 A 
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 Figure 7.30. Average Durometer Hardness with Accelerated Light Ageing38 

 

After successful coating removal, the Shore values of the samples were recorded again. 

The sample pool became substantially smaller due to the low success rate of reversibility 

(total of 19 samples), increasing the potential for error in the measurements however 

testing did demonstrate that the average hardness of the samples after testing was the 

same or lower than that of the uncoated rubber.  Those samples coated with the Sennelier 

varnish demonstrated the most positive results in terms of maintaining the original 

hardness of uncoated unaged rubber after 1500 hours of ageing. 

 

7.2.5.2 Changes in Flexibility and Resistance to Cracking 

The changes in flexibility and resistance to cracking were determined using a Mandrel-

like test in which rubber samples were bent around tubes of decreasing diameter. 

                                                      

38 Statistical analysis of this data was not possible due to the low number of samples available at this point in 
testing. 
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Although it cannot be guaranteed that the samples were conditioned at 23°C  ±  2°C and 

50% ± 5% relative humidity for the 24 hours before the test (ASTM International , 2008), 

all samples were stored in the same controlled lab environment, and the test was 

conducted in this environment.  This test demonstrated changes in the flexibility of the 

rubber samples and the coatings after exposure to light ageing. A decrease in flexibility 

can be related to cross linking (Waentig 2008) caused by deterioration or hardening of 

the surface (Shashoua and Skals 2004) caused by reactions with ozone. Continuing 

flexibility would be necessary to facilitate handling and movement of objects in the 

museum environment. The level of possible error in this test was low as it was conducted 

the same way for each sample, the samples compared were the same size, and the 

environmental conditions did not change during testing. 

Table 7.15. Diameter of tubes used in Mandrel like testing 

inch 1 ½ 1 ¼ 1 ¾ ½ 

cm 3.81 3.18 2.54 1.91 1.27 

      

Table 7.16. Results of flexibility tests – coating intact 

Sample Type Control 500 hours 1000 hours 1500 hours 

Uncoated Pass Pass Fail ¾” Fail 1 ½ “ 

Golden Fail 1 ½ “ Fail 1 ½ “ Fail 1 ½ “ Fail 1 ½ “ 

Lascaux Fail ½”  Fail 1 ½ “ Fail 1 ½ “ Fail 1 ½ “ 

Sennelier Pass Pass Pass Pass 

Liquitex Fail 1 ¼”  n/a n/a n/a 

 

The flexibility of the uncoated rubber samples did not change until 1000 hours of 

exposure and decreased further at 1500 hours. The Golden samples were quite brittle 

prior to light exposure, however there was no change during ageing. The Lascaux coating 
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was initially quite flexible, but this changed upon exposure to light.  The Sennelier coating 

retained flexibility throughout the test, without the appearance of any cracks. Finally, the 

Liquitex coated samples were somewhat flexible prior to light exposure but became quite 

brittle upon exposure to light and were damaged through simple handling. They were 

already extremely cracked upon testing and no new cracks appeared, most likely due to 

the fact that stress in the coating had already been relieved.  

 

As will be highlighted in the next section, many of these samples already had small cracks 

present on the surface, visible only under magnification. The cracks formed during 

flexibility testing were monitored under magnification, and thus are known to be newly 

formed as a result of bending. While this test does not deliver the same level of 

information as a test carried out using a flexometer, it does accurately convey changes 

that have occurred in the rubber or coatings.  

 

 

Changes in the Flexibility of Samples after Coating Removal  

The samples from which coatings were successfully removed were assessed for 

changes in flexibility using the same method as for those samples with coatings intact. 

The only difference in the testing procedure was the size of the samples, which were ¼ 

of the original size, which may have had an effect on the amount of stress applied through 

bending; however, these samples were not compared to any of the larger samples from 

earlier tests reducing possible errors. Changes in flexibility at this stage could be caused 

by ageing or by solvent use during removal. The results of the test showed that the 
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flexibility of all samples from which coatings were removed did not change (Table 7.17), 

retaining 100% of the flexibility the rubber had prior to ageing. 

 

Table 7.17. Results of flexibility testing - coatings removed 

Sample Solvent 

Employed 

Unaged 500 hrs 1000 hrs 1500 hrs 

Uncoated --- pass pass Fail ¾” Fail 1 ½ “ 

Golden Ethanol:water pass  pass pass pass 

Golden Ethanol pass pass pass pass 

Golden Isopropanol pass pass pass pass 

Lascaux Ethanol pass pass pass pass 

Lascaux Isopropanol pass pass pass pass 

Sennelier Ethanol pass pass pass pass 

Sennelier Isopropanol pass pass pass pass 

Liquitex Ethanol pass pass pass pass 

 

Discussion: Flexibility 

Many of the coatings applied did not retain flexibility through accelerated ageing. 

However, as determined after removal, the application of a coating clearly prevented the 

samples tested from losing flexibility due to deterioration in the presence of light. 

Comparing the uncoated rubber and those samples from which the coatings were 

removed after ageing showed a difference in condition. The uncoated samples did not 

retain their original flexibility, cracking with only slight deformation after 1500 hours, 

whereas the previously coated samples retained total flexibility. It did not appear that 

exposure to ethanol or isopropanol had any short-term effect on the flexibility of these 

samples. The coatings, which behaved much differently than the rubber in these tests, 

clearly lost flexibility as exposure to light progressed. The Sennelier coating was the only 

one to remain flexible through lengthy exposure to light.  
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7.2.5.3 Changes in Thickness 

Using digital calipers the thickness of each sample (total of 60) was measured (mm) and 

changes were recorded through the accelerated ageing process. The average difference 

in thickness per sample type was calculated as the change. The results of these 

measurements are outlined in table 7.18 below and figure 7.31 on the next page. 

Table 7.18. Changes in thickness of samples during ageing (mm) 

Sample Control 500 hours 1000 hours 1500 hours 

Uncoated 1.48 1.32 1.31 1.27 

Golden 1.36 1.46 1.27 1.42 

Lascaux 1.50 1.39 1.35 1.38 

Sennelier 1.40 1.42 1.41 1.34 

Liquitex 1.68 1.36 1.39 1.45 

 

Figure 7.31. Changes in sample thickness with age39 

 

 

 

 

 

 

 

 

 

 

One week after attempting to remove the varnishes from the samples, the thickness was 

measured again (total of 19 samples) (see Table 7.19).  

                                                      

39 Statistical analysis of this data was not possible due to the variations between populations. 
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Table 7.19. Average thickness of samples following varnish removal (mm) 

Sample Control 500 hours 1000 hours 1500 hours 

Golden 1.47 1.46 1.25 1.52 

Lascaux 1.54 1.45 1.31 1.40 

Sennelier 1.45 1.56 1.30 1.51 

Liquitex 1.40 1.33 1.43 1.44 

 

Statistical Analysis of Thickness Measurements 

Using single factor ANOVA the variances and the possibility of variance within sample 

groups was determined, and is outlined in Table 7.20.  

Table 7.20. ANOVA single factor analysis of thickness measurements 

Sample Age Average Variance F P-value 

Uncoated Unaged 1.48 0.02 

1.63 0.26 
 500 hours 1.32 0.01 

 1000 hours 1.31 0.03 

 1500 hours 1.45 0.00 

Golden Unaged 1.36 0.01 

3.28 0.08 
 500 hours 1.46 0.00 

 1000 hours 1.27 0.00 

 1500 hours 1.42 0.01 

Lascaux Unaged 1.50 0.00 

3.17 0.09 
 500 hours 1.39 0.00 

 1000 hours 1.35 0.01 

 1500 hours 1.38 0.00 

Sennelier Unaged 1.40 0.01 

0.17 0.91 
 500 hours 1.42 0.04 

 1000 hours 1.41 0.01 

 1500 hours 1.34 0.02 

Liquitex Unaged 1.68 0.38 

0.63 0.62 
 500 hours 1.36 0.00 

 1000 hours 1.39 0.01 

 1500 hours 1.45 0.00 
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According to the P-values obtained, there is a significant difference (more than 0.5) 

between the measurements for uncoated, Sennelier, and Liquitex samples. A significant 

possibility of change was not found for the Golden and Lascaux sample groups, with P-

values of 0.08 and 0.09 respectively. When unaged samples were compared directly to 

1500-hour samples the F and P-values differed substantially, displaying what may be a 

more accurate picture of what had occurred over time. The P-value decreased for 

Lascaux and, drastically, for Sennelier samples suggesting the changes in thickness with 

exposure to light did not occur in a linear manner. The uncoated and Golden values 

increased significantly, while the Liquitex remained fairly similar.  

 

Figure 7.32. Changes in thickness of samples after varnish removal40 

 

 

 

 

 

 

 

 

The measurements taken can only serve as an indicator of changes of thickness, not as 

fact for several reasons. Several anomalous readings were taken of samples that did not 

follow the trend outlined, suggesting that the rubber sheets from which the samples were 

                                                      

40 Error bars not included due to the limitations on statistical analysis due to sample population size. 
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cut were not completely uniform in thickness. The degree to which the material could be 

compressed must also be taken into consideration in terms of sources of error. Although 

the measurements were carefully taken in a manner that did not compress the material, 

it is possible that a small amount of compression did occur. This is highlighted by the 

greater initial thickness of the Liquitex samples, which could not be compressed as much 

as other samples. It could be that the measurement of the Liquitex sample was much 

more accurate due to this factor. Nonetheless the comparative information did provide 

insight into the processes occurring in the rubber and coatings.  

 

7.2.6 XRF Analysis of Samples 

 

Samples of uncoated Akron rubber were analysed using XRF at 40KeV for 20 seconds to 

characterize the elemental components. As per the previously mentioned formulation 

(Chapter 6), the spectrum demonstrated a high level of zinc and trace amounts of sulfur. 

The amount of sulfur is likely much higher than represented in the spectra as it is difficult 

to detect elements lighter than atomic number 22, thus a sample must contain 

approximately 5% sulfur for it to be represented in the spectra at all (Shurvell 2013; 

Natural Resources Canada 2010). 
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Following ageing the samples were then analysed again to semi quantitatively determine 

if any significant changes in inorganic content had occurred due to migration. As XRF is 

a surface test, the migration of zinc or sulfur to the surface would be indicated as an 

increase in count of that particular material. As previously stated, this is semi quantitative 

only as no standards are available for samples taken from historic objects. No significant 

difference was seen in the surface components of the aged rubber, suggesting that 

migration or concentration of elements had not occurred. 

 

7.2.7 FTIR Analysis of Samples 

Using this type of analysis oxidative degradation can be assessed, and an approximation 

can be made about the extent. Oxidative deterioration is visible as a peak near 1700 cm-

1, indicating an increase in carbonyl groups. At the same time a decrease in the intensity 

or disappearance of doublets around 2900 cm-1 and 2850 cm-1, and around 1430 cm-1 

Figure 7.33.  XRF Spectra of uncoated rubber, 40KeV, 20 seconds 
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and 1370 cm-1, indicates CH2 / CH3 stretching and bending (respectively) and this shows 

the consumption of these groups in the oxidative process; however, their presence may 

also be an indicator of surface damage due to solvent use.  

 

While coated samples could be analyzed at 32 scans and 4 cm-1, uncoated samples had 

to be analyzed at 64 scans and 8 cm-1 to produce a spectrum with any recognizable 

peaks. Although the spectra only show areas of high absorbance, peaks in the regions 

displaying C=O bonds as a result of oxidation were visible. Peaks in the CH2/CH3 

stretching and bending regions were also visible. Comparing the peaks in these three 

regions confirms the presence of products of oxidative degradation, and also provides 

an indication of the extent of oxidation. Figure 7.34 (see Appendix C for full page figure) 

displays the spectra of uncoated rubber at different stages of deterioration due to 

accelerated aging.  

 

Figure 7.34. Changes in the spectra of rubber due to accelerated ageing 
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In the unaged rubber, peaks are visible at 2900 cm-1 and 2850 cm-1, as well as at 1430 

cm-1 and 1370 cm-1, representing the CH2 stretching and CH2/CH3 bending regions. For 

the sample aged 500 hours the appearance of a peak at 1700 cm-1  in the carbonyl region 

and a significant reduction in the intensity of peaks at 2900 cm-1, 2850 cm-1, 1430 cm-1, 

and 1370 cm-1 indicated that oxidation has started. In the sample aged 1000 hours the 

peaks in the CH2 stretching region have continued to diminish, however those in the 

CH2/CH3, and C=O regions remained at a similar intensity, suggesting that oxidation had 

continued but is occurring at a slower rate.  At 1500 hours peaks in the CH2 region have 

disappeared suggesting complete consumption of those molecules containing CH2 

groups during oxidation. The peak representing oxidation at 1700 cm-1 slightly increased 

in intensity, however the peaks in the CH2/CH3 region remained the same. The rapid 

changes between the unaged and 500 hour sample suggest a period of induction in which 

rapid deterioration occurred, followed by continued degradation at a slower rate.  

 

As mentioned in the experimental outline, in spectra of samples of uncoated rubber the 

signal to noise ratio was poor due to the amount of oil furnace black present. Other 

studies have been carried out on rubber with FTIR using a germanium crystal to produce 

better results. In this case a germanium crystal was not available. The furnace oil black 

could have caused either or both of the following two things to happen: it may have 

absorbed the majority of the energy introduced through the beam, thus not enough 

returned to the detector, or the refractive index of the sample was too close to that of the 

diamond and caused distortion. The absorbance of energy is likely, however, both factors 

may be causing the spectra to be less well defined, especially due to the presence of 

superfluous peaks in many of the spectra collected that may be attributed to the 
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Christiansen effect. The Christiansen effect is best described by (Bertie 2002, p. 6) and is 

visible in figure 7.35: 

 

Collections of solid particles that are transparent to the radiation and are 
slightly larger than the wavelength of the radiation transmit poorly due to 
reflection and scattering from the interfaces. The transmission increases 
markedly at wavenumbers at which the refractive index of the particles is 
close to that of the surrounding medium. This phenomenon is known as 
the Christiansen effect. It frequently causes strong absorption bands from 
coarsely ground crystals to be distorted due to the change in refractive 
index associated with the anomalous dispersion of the refractive index 
through the absorption region. 

 
 

 
 

 

 

 

 

 

The previously mentioned superfluous peaks in the spectra of uncoated rubber could 

represent an increase in transmission. FTIR analysis of naturally aged uncoated rubber 

did not provide a spectrum with any recognizable peaks. This may be due to the same 

factors affecting the other uncoated rubber samples, however at a higher rate of 

occurrence. The temperature of the samples after prolonged exposure to direct sunlight 

in the window could have been much higher than in the Q-Sun test chamber. This was 

suggested by the tactile assessment of samples removed from the Q-Sun and those 

removed from the window, the latter being much hotter on a sunny day. Exposure to high 

Figure 7.35. Increased transmission in FTIR spectra of rubber 
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temperature may have resulted in changes in the relationship between the rubber and the 

additives, especially the oil furnace black, however this is very speculative. 

 

Through FTIR analysis the effectiveness of coatings in the prevention of deterioration 

was assessed. In cases where the solvent employed was not able to remove the coating, 

the sample was not analysed. In other cases there were samples that appeared to have 

been cleaned but analysis indicated the presence of acrylic on the surface.  

 

The apparent condition of the samples coated with Golden Polymer Varnish with UVLS 

varies greatly. In Figure 7.36 it is obvious that all samples that have been exposed to light 

have oxidized to a small extent. In the 500 hour sample, the peak at 1700 cm-1 was 

present only as a shoulder on a peak representing residual acrylic, however the 

deterioration of the CH2 stretching region was clear. In the 1000 and 1500 hour samples 

the peak at 1700 cm-1 was quite small, however again the deterioration of the CH2 

stretching region confirmed oxidation has occurred. Confusingly, those samples cleaned 

with ethanol (Figure 7.37) displayed more erratic and nonlinear behavior. While only a 
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slight dip was visible at 1700 cm-1 in the sample aged for 500 hours, the CH2 stretching 

group was no longer present. In the sample aged 1000 hours the CH2 stretching group 

was present, as is a peak at 1700 cm-1, present on the shoulder of a peak representing 

residual acrylic. At 1500 hours the oxidation peak was not present, however the CH2 

stretching had disappeared again. Possible reasons for this are that oxidation of the 

sample could have resulted in increased susceptibility to solvents leading to dissolution 

of the surface destroying the CH2 groups at the surface. It could also be possible that 

although the samples were rotated weekly in an attempt to ensure even exposure to the 

Xenon light source, these particular samples could have had less light exposure than 

others.  

 

Figure 7.37. Spectra of Golden-coated samples cleaned with ethanol 
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isopropanol demonstrated deterioration of the CH2 stretching and CH2/CH3 bending 

regions indicating surface damage due to solvent use.  

Figure 7.38. Spectra of Sennelier-coated rubber cleaned with ethanol 

 

Figure 7.39. Spectra of Sennelier-coated rubber cleaned with isopropanol 
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1500 hours of exposure. As is visible in Figure 8, at 1000 hours the spectra was still very 

similar to that of unaged rubber.  This can also be confirmed by the increase solubility of 

the Lascaux coating in isopropanol and the decrease in solubility in ethanol with age.  

Figure 7.40. Spectra of Lascaux-coated rubber cleaned with isopropanol 

 

The effectiveness of Liquitex Soluvar (Figure 7.42) was difficult to assess with this 

technique as the coating would not dissolve or swell in many of the solvents. In the few 

samples that could be analyzed the coating did appear to prevent oxidation, however as 

the varnish could not be completely removed it was also visible in the spectrum as a peak 

around 1730 cm-1. 

Figure 7.41. Spectra of Liquitex-coated samples cleaned with ethanol and isopropanol 
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7.2.8 Discussion: Relationship of Tests Conducted to Rubber Deterioration 

Hardness, as determined using the Shore A Durometer, can indicate cross-linking or 

chain scission caused by photo deterioration. As highlighted in chapter 4, certain aspects 

of deterioration predominate at different stages in deterioration and during exposure to 

different wavelengths of light.  The uncoated rubber samples changed very little in 

surface hardness between zero and 1000 hours of light exposure. During this time it is 

probable that oxidation was in the early phase and the amount of chain scission and 

cross-linking were likely equal (Gent 2012). The sharp increase in hardness of the 

uncoated rubber samples between 1000 and 1500 hours can likely be attributed to a rapid 

increase in the rate of photo oxidation. The Lascaux samples increased in hardness upon 

initial exposure to light aging and then entered a period of stability in which it can be 

assumed that, like the uncoated samples, the amount of chain scission and cross-linking 

were fairly equal. Between 1000 and 1500 hours there was a very sharp increase in 

hardness suggesting rapid oxidation. The fact that the Lascaux varnish was the only 

coating that did not prevent the samples from becoming harder than they were initially, 

suggests it was not able to prevent cross-linking in the rubber due to photo oxidation. As 

previously mentioned the Sennelier coating remained quite flexible throughout the 

testing, suggesting that the increase in hardness was a result of rubber oxidation. 

Changes in flexibility as determined using the Mandrel like test can be attributed to 

crosslinking, but also to hardening of the surface caused by reactions with ozone. 

 

The use of FTIR can demonstrate changes in regions of the rubber susceptible to 

deterioration through oxidation and may also suggest the stage of the reaction. For 

example, significant changes between an unaged and 500-hour sample suggest a period 
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of induction in which rapid deterioration occurred. Less change or little change in the 

1000- and 1500-hour samples suggested this was followed by continued degradation at 

a slower rate. This is consistent with models of unaccelerated oxidative ageing of rubber. 

 

7.2.9 Discussion: The Effectiveness of Acrylic Coatings Tested 

Overall the acrylic coatings tested in this research did prevent photo oxidative 

deterioration of the rubber substrate. When comparing spectra of coated and uncoated 

samples after 1500 hours of accelerated ageing, there is a visible difference in the peak 

representing oxidation at 1700 cm-1. The Sennelier coated samples displayed the best 

physical properties and appearance while the coating was on the surface of these 

samples, and were closest to the properties of unaged uncoated rubber after removal. 

The Sennelier varnish was also easiest to remove, however the surfaces of all samples 

were changed slightly by the use of solvents. Under 20x magnification the surface of the 

samples did appear more porous after coating removal. Increased porosity may be 

related to the removal of bound or unbound carbon at the rubber surface.  It is possible 

that this could be avoided through the use of different solvents, or the use of different 

application methods.  

 

 

 

 

7.2.10 Discussion: The Effect of Surfactant on Coating Effectiveness and Test Results 

The presence and migration of surfactants in the acrylic varnishes could be partially 

responsible for a number of effects and results in this research. The increase in varnish 

hardness and brittleness with exposure to light could be partly attributed to the photo 



 

 

 

135 

deterioration and loss of surfactant at the surface of the coating. Since the surfactant 

acts as a plasticizer its loss would cause an increase in coating hardness (Hayes, Golden 

and Smith 2007).   
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Chapter 8 

Conclusion 

Rubber is a material that has interconnected engineering, scientific and social history 

through its development and use. European explorers who encountered rubber on their 

journeys were dedicated to understanding the material and how to manipulate it beyond 

the uses the people of South America had for it. In the 19th century, rubber pioneers such 

as Hancock and Goodyear worked tirelessly to find methods of altering the material, at 

the same time making advances in manufacturing with the introduction of the spreader 

for the application of rubber to cloth and the pickle41 to masticate rubber and facilitate 

compounding, among other equipment. The rise of rubber as an everyday item had a 

great effect on the people of many nations, with the escalation of colonial exports of 

rubber and the establishments of plantations. Nations such as the Congo, Malaysia and 

Vietnam, were transformed both socially and/or economically by the need for rubber. 

Twentieth century advancements in the science and manufacture of rubber were 

interwoven with major milestones in human history, such as the introduction of the 

automobile, and the First and Second World Wars.  

 

Latex, a dispersion of rubber particles in water is hard to use in its unadulterated state. 

The water must be removed to allow for the formation of a limited number of crosslinks 

between the rubber particles making the material slightly more elastic. It is however still 

prone to environmental fluctuations becoming tacky in the heat and brittle in the cold. 

Vulcanization causes crosslinks to form between the polymer chains making the material 

                                                      

41 The pickle, as mentioned in Chapter 2, was a tool to shred and masticate rubber invented by Thomas 
Hancock.  
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harder, more elastic and more resistant to the environment and rapid deterioration. Prior 

to the discovery of vulcanization, numerous fillers and other additives were mixed with 

rubber in an attempt to change the properties of the material. Some of these additives 

were effective to a degree, others were not, but all contributed to the longevity of the 

rubber whether negative or positive. Even with the discovery of vulcanization, providing 

more stability, and the introduction of anti-degradents, rubber is still a very unstable and 

photo sensitive material that is prone to rapid deterioration through oxidation and 

reactions with ozone. Crosslinking or chain scission are the primary paths through which 

deteriorative changes occur, however increased crystallinity can also play a role.   

 

The instability of rubber, the extremely poor condition of many objects, the susceptibility 

of the material to solvents, and continued deterioration despite intervention severely limit 

the options a conservator has when dealing with a rubber object. Rubber objects are 

found in collections of all types, industrial, scientific, historical, and artistic, and rubber 

components may be combined with any number of other materials further complicating 

treatment. Preventative measures have been successful in slowing deterioration, 

especially storage in dark, low oxygen microenvironments. The use of these 

microenvironments, achieved through encapsulation of the object and oxygen 

scavengers in an impermeable membrane, although effective, limits access. The 

dilemma raised by the success of this type of preventative measure is best summarized 

by two questions posed to this writer during this research. The first was from a 

proofreader outside the cultural heritage field, after reading the section on encapsulation 

as a preventative measure: 

What’s the point of keeping it (the rubber object) if you can’t see it or use it? 
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The second question came from a colleague after a discussion about possible 

interventive treatment options for rubber objects: 

What’s the point if you know encapsulation works? 

 

As conservators we know that 99% of a museum collection will never be seen by the 

general public, however research must continue into possibilities for increasing access 

to the 1%. The growing requirement for open access to collections and the removal of 

standard barriers between visitors and the learning experience in museums also 

suggests that numerous approaches to collections care will be required to satisfy all 

needs. The increasing presence of rubber in collections due to its numerous applications 

throughout the past 200 years also indicates a need for research into more conservation 

options.  

 

Along with continued research into treatment options for rubber, more research is 

required into the additives and compounds used during the manufacturing process. As 

highlighted in the results and discussion, relationships can be drawn between the 

presence of additives and the condition of objects. With knowledge of the factors 

accelerating deterioration, more effective decisions can be made about the care of these 

objects. To provide an example of this we will return to the dilemma between preservation 

and access. Armed with the knowledge of the components within the historic samples 

analysed in this research one could decide that those samples containing iron, causing 

extreme fragility and accelerated deterioration, be encapsulated and supported in 

storage, unless absolutely required.  Those objects containing titanium need only be 
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stored in the dark until required for research or display. Using the information about 

elements and compounds present also informs decision about the safety of handling by 

staff and by visitors for educational purposes. Lead, antimony, and arsenic, as found in 

these samples, as well as other elements known to be used historically such as mercury 

are known to be hazardous. Although they are present in trace amounts, caution should 

still be taken. 

 

The use of coatings on rubber has been investigated several times, but due to numerous 

factors, did not produce the type of results that would initiate widespread use. 

Waterbased acrylic coatings containing ultraviolet light stabilizers and absorbers may be 

stable and versatile alternatives to waxes and solvent based stabilizing solutions. 

Although they may become tacky which can result in imbibed dirt, the flexibility, ease of 

application, availability and appearance make them conducive to acting as protective 

coatings, which part of this research aimed to asses.  

 

The results of this research found that the four coatings tested (Golden Polymer Varnish 

with UVLS; Lascaux Acrylic Transparent Varnish-UV; Sennelier Matte Lacquer with UV 

Protection; and Liquitex Soluvar Varnish) all provided protection against deterioration 

induced by light to varying degrees. Natural ageing of coated and uncoated rubber 

samples did not elicit results within the timeframe of this research. The ageing of these 

samples will be continued elsewhere to provide further insight into the suitability of 

acrylic varnishes, and provide information for future research on this topic.  
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The reversibility of these coatings was low with only the Sennelier varnish having been 

successfully removed from the rubber at all levels of ageing using ethanol and 

isopropanol. This was confirmed visually during removal, under magnification, and using 

FTIR-ATR. The solvent in some cases did soften the surface causing mechanical damage 

to occur during removal. This could be avoided in future testing or application through 

the use of a different tool or perhaps removal of the coating using a poultice.  

 

The effect of the coatings on the visual properties of the samples was somewhat varied. 

The varnishes did increase or decrease the surface gloss of the samples, the Liquitex 

being very glossy and the Lascaux being very matte. The very matte varnishes, Golden 

and Lascaux could have obscured surface details during practical application. All but the 

Sennelier varnish developed cracks during ageing which may have affected the visual 

properties of the surface, but could have also allowed the resumption of oxidation or 

reactions with ozone due to increased availability of reaction sites at the surface of the 

rubber.  

 

Physical properties of the rubber were both positively and negatively affected by the 

presence of a coating. The flexibility tests which showed that cracks formed very easily 

in all but the Sennelier coated samples suggested very little flexing would be required to 

cause failure. Very little change in sample thickness occurred after the initial exposure to 

light. The changes in hardness and elasticity could not be determined. 

 

After the removal of the coatings, many of the tests were conducted again to determine 

if changes had occurred in the rubber below the varnish due to deterioration. The rubber 
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that had been coated appeared smooth, without the presence of cracks that marred the 

surface of uncoated aged samples. Changes in the hardness of the rubber were apparent 

after coating removal, with the Sennelier samples being the only ones that were softer 

than the uncoated aged rubber. The Sennelier samples were also softer than the 

uncoated unaged rubber, the reason for which could not be determined as the samples 

did not appear to be deteriorated. The elasticity of many of the samples after coating 

removal remained on par with that of unaged uncoated rubber, and all of the samples 

which had been coated did not crack during flexibility testing. Following varnish removal 

the thickness did not vary greatly between levels of ageing or sample types. It must be 

considered when discussing the results of tests after coating removal that the 

reversibility was low causing the sample pool for these tests to be quite small, which may 

have affected the data collected.  

 

Finally, FTIR-ATR was used to determine if any residual acrylic was present on the 

surface of the samples, and if deterioration of the rubber had occurred. Although issues 

were encountered when trying to gather spectra of the uncoated rubber surface, peaks 

were discernable in key areas as previously mentioned. The deterioration of uncoated 

rubber was clearly visible in the spectra collected as the appearance and subsequent 

increase of a peak in the area of 1700cm-1, combined with a decrease in the intensity of 

the peaks 2900 cm-1 and 2850 cm-1, as well as at 1430 cm-1 and 1370 cm-1, representing 

the CH2 stretching and CH2/CH3 bending regions. Looking for these markers in the 

samples that had been coated indicated whether or not deterioration was likely to have 

occurred to some extent. Some of the Golden and Lascaux coated samples had small 

peaks near 1700cm-1, and/or diminished CH2 stretching and CH2/CH3 bending regions 
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suggesting some deterioration of the samples has occurred through ageing, although not 

severe. Peaks near 1700cm-1 were not detected on the surface of the Sennelier coated 

samples, although deterioration of the peaks in the CH2 stretching and CH2/CH3 bending 

regions was apparent suggesting possible damage to the surface using solvents, or the 

possibility of the initiation of deterioration. The Liquitex-coated samples could not be 

accurately assessed due to the presence of acrylic on all samples. 

 

The varnishes did provide protection against deterioration of the rubber to varying 

extents. The Sennelier varnish was the best option due to the retention of the most 

physical properties of the original rubber during testing, and the positive outcome of the 

tests after removal. Further research is required with this varnish using uncoloured, light 

and dark rubber samples to determine possible changes in colour, and how the base 

colour of the sample affects the possibility of preventing deterioration using this coating. 

Testing should also be carried out with the application of coatings on previously aged 

samples and with longer exposure accelerated ageing after application. Accelerated 

ageing should also be carried out on samples after coating removal to seek an 

approximation of the effect of the solvent used on the rubber. Interesting work could also 

be done on the interaction of carbon black with surface coatings, which presented as a 

possible explanation for several occurrences in this research, but could not be explored 

due to limitations in time and resources.  

 

Continued exploration of conservation options for rubber is the only way to be prepared 

for the ongoing increase of this material type in collections, and to ensure access to 

objects that are representative of so many facets of history.  
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Appendix A 

XRF Spectra of Historic Rubber  

 

XRF spectrum of the hot water bottle 

XRF spectrum of the black rubber portions of the carriage mat 

XRF spectrum of the white rubber portions of the carriage mat 

XRF spectrum of the white rubber tubing 

XRF spectrum of the rugby ball 

Spectrum of rubber from the fire engine mat 
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XRF spectrum of the hot water bottle 

20 seconds at 40keV, using the yellow filter (12mil Al + 1mil Ti) 
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XRF spectrum of the black rubber portions of the carriage mat 

20 seconds at 40keV, using the yellow filter (12mil Al + 1mil Ti) 
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XRF spectrum of the white rubber portions of the carriage mat 

20 seconds at 40keV, using the yellow filter (12mil Al + 1mil Ti) 
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XRF spectrum of the white rubber tubing 

20 seconds at 40keV, using the yellow filter (12mil Al + 1mil Ti) 
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XRF spectrum of the rugby ball 

20 seconds at 40keV, using the yellow filter (12mil Al + 1mil Ti) 
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Spectrum of rubber from the fire engine mat 

20 seconds at 40keV, using the yellow filter (12mil Al + 1mil Ti)
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Appendix B 

FTIR Spectra of Historic Rubber 

 

FTIR spectrum of the ice pack 

FTIR spectrum of the black rubber from the carriage mat 

FTIR spectrum of white rubber from the carriage mat 

FTIR spectrum of the hot water bottle 

FTIR spectrum of the rugby ball 

FTIR spectrum of the skeleton break 

FTIR spectrum of the hansom cab 

FTIR spectrum of the fire engine mat 

FTIR spectrum of the uncoloured medical tubing 

FTIR spectrum of the white medical tubing 
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FTIR spectrum of the ice pack 

32 scans and 4cm-1 
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TIR spectrum of the black rubber from the carriage mat 

32 scans and 4cm-1 
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FTIR spectrum of the white rubber from the carriage mat 

32 scans and 4cm-1 
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FTIR spectrum of the hot water bottle 

32 scans and 4cm-1 
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FTIR spectrum of the rugby ball 

32 scans and 4cm-1 
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FTIR spectrum of the skeleton break 

32 scans and 4cm-1 
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FTIR spectrum of the hansom cab 

32 scans and 4cm-1 
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FTIR spectrum of the fire engine mat 

32 scans and 4cm-1 
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FTIR spectrum of the uncoloured medical tubing 

32 scans and 4cm-1 



 

 

 

176 

 

 

FTIR spectrum of the white medical tubing 

32 scans and 4cm-1
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Appendix C 

FTIR Spectra of Acrylic Coatings, and Acrylic Coated Rubbers 

 

Infrared spectra of Lascaux and Sennelier coating materials compared with a spectrum 
of poly(butyl methacrylate). Spectra compiled by H.F. Shurvell 
Changes in the spectra of uncoated rubber due to accelerated ageing 

Spectra of Golden-coated samples cleaned with ethanol:water 

Spectra of Golden-coated samples cleaned with ethanol 

Sepctra of Golden-coated rubber cleaned using Ammonia 

Spectra of Golden-coated samples cleaned using isopropanol 

Spectra of Lascaux-coated samples cleaned using ethanol:water 

Spectra of Lascaux-coated samples cleaned using ethanol 

Spectrum of a Lascaux-coated sample cleaned using Ammonia 

Spectra of Lascaux-coated samples cleaned using isopropanol 

Spectra of Sennelier-coated rubber cleaned using ethanol:water 

Spectra of Sennelier-coated rubber cleaned with ethanol, compared to uncoated 

unaged rubber 

Spectra of Sennelier-coated samples cleaned using ammonia 

Spectra of Sennelier-coated rubber cleaned using isopropanol, compared to unaged 

uncoated rubber 

Spectra of Liquitex-coated samples cleaned using ethanol 

Spectra of Liquitex-coated rubber cleaned using isopropanol 
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Infrared spectra of Lascaux and Sennelier coating materials compared with a spectrum of poly(butyl methacrylate). Spectra 
compiled by H.F. Shurvell 

32 scans and 4cm-1 
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Changes in the spectra of uncoated rubber due to accelerated ageing 

64 scans and 8cm-1 
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Spectra of Golden-coated samples cleaned with ethanol 

64 scans and 8cm-1 
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Sepctra of Golden-coated rubber cleaned using ammonia 

64 scans and 8cm-1 
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Spectra of Golden-coated samples cleaned using isopropanol 

64 scans and 8cm-1  
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Spectra of Lascaux-coated samples cleaned using ethanol:water 

64 scans and 8cm-1 
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Spectra of Lascaux-coated samples cleaned using ethanol 

64 scans and 8cm-1 
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Spectrum of a Lascaux-coated sample cleaned using ammonia 

64 scans and 8cm-1 
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Spectra of Lascaux-coated samples cleaned using isopropanol 

64 scans and 8cm-1 
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Spectra of Sennelier-coated rubber cleaned using ethanol:water 

64 scans and 8cm-1 
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Spectra of Sennelier-coated rubber cleaned with ethanol, compared to uncoated unaged rubber 

64 scans and 8cm-1 
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Spectra of Sennelier-coated samples cleaned using ammonia 

64 scans and 8cm-1 
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Spectra of Sennelier-coated rubber cleaned using isopropanol, compared to unaged uncoated rubber 

64 scans and 8cm-1 
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Spectra of Liquitex-coated samples cleaned using ethanol 

64 scans and 8cm-1 
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Spectra of Liquitex-coated rubber cleaned using isopropanol 

64 scans and 8cm-1 
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