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ABSTRACT OF THE THESIS 

 

Plastic Jerrycans: Aging and Material Characteristics 

of an Artist Material in West Africa 

 

by 

 

Austin Michael Anderson 

 

Master of Arts in Conservation of Archaeological and Ethnographic Materials 

University of California, Los Angeles, 2020 

Professor Ellen J. Pearlstein, Chair 

 

Found plastic materials, such as plastic jerrycans, make up a growing portion of contemporary 

African arts. West African artists, including Beninese Romuald Hazoumè and Ghanaian Serge 

Attukwei Clottey, are leading the way in incorporating these materials into their works, which 

often emulate or draw from more traditional imagery, forms, and ideas of their respective cultures. 

As these objects begin to enter museums and galleries, questions of their stability—intended or 

not—are being raised. For this research, seven different colors of jerrycans made from high-density 

polyethylene (HDPE), all from the manufacturer Scepter, were gathered for testing. In addition to 

characterization of the materials and their colorants, three primary tests were carried out: 

accelerated heat aging, accelerated light aging, and heat treatment where specimens were exposed 

to high heat and melted slightly, emulating techniques used by artists to manipulate their materials. 

Chemical and visual changes were tracked before, during, and after testing using photographic 
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documentation, microscopy, Fourier-transform infrared (FTIR) spectroscopy, fiber optic 

reflectance spectroscopy (FORS), and color and gloss measurements. The goals of this research 

are to characterize the HDPE samples, investigate how these commercial materials age, and see 

how this compares to manipulations from the artists. Results indicate that these materials are not 

simply HDPE but can include additional layers such as ethylene vinyl alcohol copolymer (EVOH) 

as a hydrocarbon barrier, as well as stable and UV-resistant colorants. Further, these HDPE 

samples were resistant to heat aging, light aging, and heat treatment, with only the slightest 

evidence of chemical changes and almost no fading of the colorants. Aside from a few caveats 

discussed in the conclusion, artists may consider plastic jerrycans as a stable medium for use in art 

and sculpture. 
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1. INTRODUCTION 

 

 Sporting their fine fall colors, the trees offered a pleasant distraction from the clouds which 

teased a chance of rain. I walked quickly from the metro station, carefully finding my way to a 

museum tucked away amidst plenty of others. Having decided to focus my thesis research on 

contemporary West African art, and considering my recent move near the Washington, D.C., 

metropolitan area, there was perhaps no more pertinent museum to investigate than the National 

Museum of African Art. I walked into the building and began my descent into the lower levels of 

the museum, noting Chi Wara headdresses, Senegalese gold jewelry, and Yoruba masks. As I 

walked forward to the edge of the lower balcony, a large shape rose before me. I recognized it 

from pictures I had seen during my research. It was a thick ring, many feet tall, and mottled with 

colors on its dark surface. This sculpture was different from many of the other objects on view in 

the museum. Distinguished, of course, by its size and shape, but perhaps more so by its constituent 

materials which differed from those of the more ‘traditional’ objects surrounding it. It was made 

of many parts put together, but these parts were not made of wood, nor stone, nor metal. They 

were plastic. The tops of jerrycans, objects vital in many aspects of modern West African life, had 

been cut off and connected by thin metal wires to form an ouroboros symbol. Rainbow Serpent is 

the name of the piece, and Romuald Hazoumè its maker (Figure 1). 

 The associated label helped elucidate the meaning of this symbol for the Yoruba peoples—

that of fertility, prosperity, and the eternal cycle of life—but also of Hazoumè’s trademark spin on 

expectations. Hazoumè, well-known for taking traditional West African imagery, forms, and ideas 

and relating them through his particular choice in materials to the plights of the modern world, 

touches on issues such as the oil industry, consumer society ideals invading from the West, and 

the resulting refuse that ends up in Africa. Even more so, despite the modernity of materials used 
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to create Rainbow Serpent, the traditional ‘cycle of life’ sentiment of the ouroboros symbol is 

reflected in the jerrycans themselves: plastics made from petrochemicals found their way, 

secondhand or otherwise, to transporting crude oil, and later were retired as trash only to be 

recycled into an object of art. A lifecycle of plastics, from production to reuse, reflected in 

materiality and in imagery.  

 This trend of plastic refuse being repurposed into art objects is not restricted to the works 

of Romuald Hazoumè; other West African artists have also taken to upcycling plastic waste. Serge 

Attukwei Clottey is now well-known for his ‘tapestries’ of primarily yellow plastic squares, taken 

from jerrycans often used to transport water, which are held together with metal wire. These 

Figure 1   Rainbow Serpent (Dan-Ayido-Houedo), 2007, by Romuald 

Hazoumè. At the National Museum of African Art in Washington, DC. 

Courtesy of the author. 
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tapestries, which are sometimes large enough to cover entire streets, have multiple layers of 

meaning woven into them including Ghana’s history of transportation and trade, the use of the 

cans for drinking water transportation, and the powerful agency of everyday objects. 

 Ingrained in daily life, plastics are so extremely versatile and ubiquitous that they are 

known in almost every form and color and for almost every use. And yet, despite the variety of 

plastics used by West African artists for their art objects, there is one strong constituent that is 

consistently chosen by some: the plastic jerrycan (for jerrycan examples see Figure 4). Although 

other plastic materials are certainly used, the two aforementioned artists are known for their almost 

exclusive use of the plastic jerrycan and make use of its unique and distinct shape. Its appeal may 

be multifaceted. The abundance of plastic jerrycans in West Africa is related to their second-hand 

use, quite often aiding in the transportation of precious materials such as drinking water and oil. 

However, turned on its side, the jerrycan’s top can also appear strikingly similar to more traditional 

imagery found in African masks. While these cans can be seen to represent the challenges that 

modern Africa faces, a deeper resounding and equally evocative sentiment can be found in the 

familiar visage hidden within their form. Indeed, Romuald Hazoumè, famous for making use of 

the jerrycan’s likeness to African masks, is known for his own tongue-in-cheek notion: “People 

expect Africans to make masks. So I make masks” (Roth 2010). 

 As these objects inevitably begin to enter the collections of museums and galleries, 

questions of their stability are being raised. Interestingly, the plight of trash plastics in the 

environment—that is, the inability of most plastics to biodegrade into their constituent elements—

contrasts the plight that many museum professionals experience concerning plastic objects in their 

own collections: unwanted and often irreversible degradation of aging plastic materials. There are 

certainly questions concerning the longevity of these ‘trash’ plastics, which are often already 
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weathered from previous uses and further modified by cutting, heating, and applying additional 

found materials to the composition. Although every one of these aspects cannot be studied within 

this single study, some basic aging characteristics of common plastics used by Western African 

artists is worth exploring. 

 The purpose of this research is to investigate the materiality and aging stability of high-

density polyethylene (HDPE) samples taken from commercially available jerrycans. As HDPE 

makes up a large portion of produced jerrycans (Air Resources Board 1999), it is the plastic type 

studied in this research. Using a variety of analytical methods and documentation, including 

photographic documentation, microscopy, Fourier-transform infrared (FTIR) spectroscopy, fiber 

optic reflectance spectroscopy (FORS), and color and gloss measurements, the plastic samples 

were analyzed to study any chemical and visual changes that occurred during accelerated heat and 

accelerated light aging, and short-term exposure to melting-point temperatures. An in-depth study 

of physical changes, aside from visual observation, was beyond the scope of this study. 

Accelerated thermal and light aging were chosen as tests due to heat and light often having 

detrimental effects on plastics. Exposure to melting-point temperatures, in a test hereafter referred 

to as ‘heat treatment,’ was carried out in order to compare these results, intended to simulate artist’s 

own occasional use of heat in the creation of their art objects, to the results of aging. If artists are, 

as a side effect of their own artistic processes, artificially aging these plastics, it is worth knowing 

for future collections. Lastly, as these are commercial samples, the materiality is worth exploring 

to investigate colorants, additives, and additional plastics that have been unexpectedly added. 

 While studies have been carried out on aging plastics in the context of conservation (van 

Oosten and Aten 1996; Pokorska et al. 2018), most of these studies have focused on one aspect of 

aging for a specific plastic type, or have used standardized samples with known colorants, 
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additives, and compositions. The study of commercially available plastic products in the context 

of conservation is less common (Lavédrine, Fournier, and Martin 2012; van Oosten and Aten 

1996). The benefit of this study is not only in developing an understanding for the aging 

characteristics of these commercial materials, but also in the characterization of the materials 

themselves. This is helpful in two ways. First of all, it helps in understanding the results that are 

observed when the plastic samples are aged. As these are not standardized lab samples, trying to 

understand how their composition affects the way they age is crucial. Secondly, it is hoped that 

analysis into the colorants and plastic compositions of these samples will also elucidate the 

intricacies of this material for future conservators working with jerrycan art. 

 Not to be over-looked are some of the ethical discussions that must be had concerning these 

plastic art objects. It is perhaps a Western assumption that they, and all objects considered ‘art,’ 

be preserved forever. A look into contemporary artists’ opinions on their works is crucial to placing 

our findings and results in an appropriate context. 

 

2. BACKGROUND 

 

2.1. The Artists and Their Works 

 

 The contemporary jerrycan artworks discussed in this study, most of which are made as 

purely art objects, differ somewhat from traditional African objects. Many traditional objects 

served a utilitarian purpose in society regardless of their artistic merit (Roth 2010). Masks, for 

example, were created with pointed intentions and served specific purposes, such as representing 

certain spiritual figures in rituals. The contemporary pieces in question here certainly combine new 

and old aspects of African history and culture but step away from utilitarian purpose, further 

merging a sense of Western concepts with those of traditional Africa. There is no doubt that 
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Western concepts and ideals have infiltrated Africa in many aspects, with glamorized “Coca-Cola 

culture,” a long-standing effect of colonialism, often leading to the disappearance of traditional 

cultural norms and values (Roth 2010). Contemporary jerrycan art is not only a way of combining 

new and old, but also acts as a way of communicating with wider Western audiences on the issues 

of colonial impact using a material very familiar to the West—its own trash. 

 Aside from the invasion of Western ideas, the West also inundates Africa with the refuse 

of its own consumer society: trash, pollution, and well-intended donations that are no longer 

wanted by the West (Kissane 2011). Issues like these have prompted many West African artists to 

use this trash in translating current problems into an artistic form that can be shared world-wide, 

reinforcing the concept that the inherent poverty of a material does not restrict its ability to tell a 

story (Houghton 2011). As the Beninese artist Romuald Hazoumè says of his own art: “I send back 

to the West that which belongs to them, that is to say, the refuse of consumer society that invades 

us every day” (Gagosian 2018). 

 While certainly not the first West African artist to use Western trash in his work, as 

popularized with the récupération movement in the 1990s (Roth 2010), Romuald Hazoumè is 

perhaps the first to make explicit use of plastic jerrycans. The inspiration sparked when, invited to 

a masked ball in 1988, he chose to make his own mask from an old jerrycan which he then covered 

in cowry shells. The result impressed other guests so much that they thought it was a traditional 

wooden mask. It was in this spark of genius that he saw the potential to link past traditions to 

current issues in Africa (Roth 2010). 

 Now known for his Masques bidons, or jerrycan masks, Hazoumè has combined African 

history with contemporary events to create masks that not only look to the past, but also the future 

(Kissane 2011). These masks are made from found jerrycans and other materials and prove to be 
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an ingenious method of storytelling for Hazoumè (Figure 2). He plays with the idea that, in Africa, 

traditional masks generally represent an internal concept or the essence of what something is, 

where-as the West generally views them as an external or superficial layer (Roth 2010). Here, he 

can weave multiple layers into his meaning, and manages to speak to a larger audience. 

 Hazoumè is also well known for his large installations, such as Rainbow Serpent (Figure 

1), made from very specific black jerrycans that come from Germany (Kissane 2011). These cans, 

found on almost every street of Benin, are used by the Kpayo army who risk their lives to illegally 

traffic fuel from Nigeria to Benin on a daily basis (Houghton 2011). “These containers, in some 

sense, actually represent the people of Benin” says Hazoumè, who also goes on to explain that “the 

best way to serve people today in Africa is by giving expression to their suffering via the most 

popular object in Benin today… the jerrycan” (Hazoumè and Henatsch 2010). 

 
Figure 2   Works by Romuald Hazoumè. Left: Ati, 1994, plastic can, synthetic hair, nylon, and rubber. Photo © 

Maurice Aeschimann (Contemporary African Art Collection n.d.). Right: Nanawax, 2009, plastic can and fabric. 

Photo © Éric Simon (Simon 2016). 
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 Hazoumè asserts that he is not swept up in Western culture but uses it to his advantage. He 

even considers himself not to be an artist in the Western sense of the word, but an aré, or a Yoruba 

agent of cultural exchange (Houghton et al. 2011). Indeed, in the Yoruba language aré means 

“itinerant,” the traditional duty of whom it was to travel and settle amongst other peoples in order 

to perfect and pass on what has been learned (Houghton et al. 2011; Hazoumè et al. 2010). In doing 

so, Hazoumè helps to spread awareness of the situations in West Africa by bringing to light, in his 

own tongue-in-cheek way, the difficult issues of modern West Africa. 

 Another artist who has become known for his use of jerrycans, Ghanaian artist Serge 

Attukwei Clottey, has coined the term “Afrogallonism” to describe his works (Mmonatau 2015). 

This word pertains to his use of the yellow jerrycans often found in Accra, Ghana, which were first 

used to transport vegetable oil from the West and later became associated with water transportation 

during droughts (Gotthardt 2018). They are often popularly called “Kufour” gallons, after the 

 
Figure 3   Works by Serge Attukwei Clottey. Left: Voices Demanding, 2016, plastics, wire, and oil paint. Photo © 

Gallery 1957 (Gallery 1957 n.d.). Right: Follow the Yellow Brick Road, 2015-2020, plastics, wire, oil paint. Photo © 

Serge Attukwei Clottey (Koranteng 2018). 
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second President of the Fourth Republic of Ghana, John Kufour, during whose tenure there were 

serious water shortages (Mmonatau 2015). On a personal level, these cans remind Clottey of the 

bright yellow stripe in the Ghanaian flag, which symbolizes material wealth. In repurposing them 

as new works of art, he gives them new meaning and transcends what are seen historically as a 

symbol of distress (Gotthardt 2018).  

 Clottey’s works focus on the powerful agency of everyday objects, but also turns to 

environmental and social justice issues (Ayim 2016). With these yellow jerrycans, Clottey creates 

large tapestries of connected plastic squares (Figure 3). Similar to Hazoumè’s work, Clottey’s 

work contains multiple layers of meaning. On one hand he pays tribute to Ghana’s history of trade 

and importation of vegetable oil, and on the other he turns to what the cans meant during the water 

shortage—the daily ritual and struggle of transporting water (Gotthardt 2018). He, much like 

Hazoumè, seeks to bring his people a sense of home and tribute while also expanding the 

conversation and issues to the world at large. 

 As artists preparing their works, a variety of techniques are used. Hazoumè has mentioned 

the use of an electric saw to cut open jerrycans (Houghton 2011). Heat used to manipulate the size 

and shape of the jerrycans is also sometimes used (Figure 2, left), but it should be noted that this 

may not always be attributed to the artist. Cans used by fuel traffickers in Benin are often inflated 

with hot air so that they are able to carry up to four times as much fuel (Hazoumè and Henatsch 

2010). Pieces like this are sometimes acquired by Hazoumè, who attests to choosing cans that 

speak to him according to their shape, patina, and inscriptions (Houghton 2011). Clottey, known 

for cutting up jerrycans and using these pieces for his works, also makes use of oil paints to add 

color and details to the surface (Gotthardt 2018). 
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2.2. The Materials 

 

The Jerrycan 

 

 The focus of our material research, the plastic jerrycan, hails from interesting origins. The 

jerrycan, originally made from steel, was first designed in 1937 by German engineer Vinzenz 

Grünvogel (Waldron 2018; ThinkDefence 2012). It revolutionized the way the German military 

carried and transported fuel and was used extensively in World War II. As coveted yet proprietary 

German items, the cans were nicknamed “Jerry” cans by US Forces, making use of the American 

slang nickname “Jerry” for German. Only later in the war were they reverse engineered for use by 

the Allied Forces, resulting in their continued and growing popularity (Waldron 2018). 

 It was not until 1970 that a plastic jerrycan was introduced by Finnish designer Eero 

Rislakki, who also added a small screw-able stopper behind the handle to facilitate pouring (Forth 

2013). Today, jerrycans and similar other varieties of plastic containers can be found everywhere. 

Plastic jerrycans used for fuel are usually made from high-density polyethylene (Air Resources 

Board 1999), although this can change depending on the designed purpose of a jerrycan or similar 

container. 

 Extrusion blow molding is the technique used most often for the production of plastic 

jerrycans (Shashoua 2008). In this process (Manufacturing Guide Sweden AB n.d.; Shashoua 

2008; Quye and Williamson 1999), a cylinder of heated and pliable plastic is first extruded. While 

many cans produced in this way are made of only one layer of the same plastic, it is possible for 

multiple polymers to be coextruded through the same die, allowing for layered plastics with more 

than one plastic type (Reyne 2006). This is relevant for fuel cans especially, as will be discussed 

later. The extruded plastic is then captured between two halves of a water-cooled mold. Air 

pressure is introduced within the cylinder of plastic, which forces it to expand and take the shape 
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of the mold. It cools quickly upon contact with the mold walls and is popped out when the mold 

is opened. Excess material is always present on the top and bottom of the object, which is either 

cut off by machinery or by hand. This leads to the presence of thick seams on the tops and bottoms 

of these objects, which are accompanied by finer lines along the sides where the mold parts came 

together. Other stamps are also used within molds to imprint such information as the plastic type, 

date of manufacture, and other customizable markings on the exterior (Milacron and DME 2017; 

Landless 2006). 

 

High-Density Polyethylene (HDPE) 

 

 Polyethylene is a plastic made up of the monomer ethylene—two carbon atoms with four 

off branching hydrogen atoms—which can be linked together to form a polymer with extremely 

long chains of carbon atoms. Polyethylene was first discovered by accident in 1898 by Hans von 

Pechmann (von Pechman 1898; Sauter, Taoufik, and Boisson 2017) and then later rediscovered, 

again by accident, in 1933 by British scientists Eric Fawcett and Reginald Gibson. These two 

scientists, employed by Imperial Chemical Industries, would later help to patent the material in 

1937 (Waentig 2008; Sauter, Taoufik, and Boisson 2017). The material proved wildly successful 

and would soon come to make up a large number of objects throughout the world. The first 

polyethylene ever created is categorized as low-density polyethylene (LDPE), which is still used 

today for certain applications. Later experimentation with organo-metallic catalysts and higher 

production temperatures led to the discovery of high-density polyethylene (HDPE), which has 

slightly different characteristics from LDPE (Waentig 2008; Quye and Williamson 1999). 

 HDPE is more linear and has less side branching than LDPE, with between 1 and 6 short 

side chains for every 1000 ethylene units instead of LDPE’s 45-150 short side chains for every 

1000 ethylene units (Shashoua 2008). As a result, HDPE generally has a higher crystallinity (60-
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80%), density, and opacity, while LDPE is considered more amorphous (only 40-50% 

crystallinity), less dense, and generally transparent (Azapagic, Emsley, and Hamerton 2003; 

Centre for Industry Education Collaboration and University of York n.d.). This also results in 

HDPE having greater chemical resistance, hardness, stiffness, and tensile strength (Shashoua 

2008). These properties, in addition to water impermeability, are what make it a desirable material 

for containers such as jerrycans. 

 HDPE is produced from monomer ethylene gas using an ‘addition polymerization’ reaction 

with different catalysts, pressures, and temperatures (Waentig 2008; Shashoua 2008). Four 

methods of polymerization are generally used: the Phillips method using a Phillips catalyst, the 

Ziegler method using a Ziegler-Natta catalyst, the Standard Oil method using a Phillips catalyst, 

and the Union Carbide method using a metallocene catalyst (Azapagic, Emsley, and Hamerton 

2003; Shamiri et al. 2014). Phillips catalysts are usually chromium (IV) oxide, while the Ziegler-

Natta catalysts are organometallic compounds such as titanium halides, titanium esters, or 

aluminum alkyls (Waentig 2008; Azapagic, Emsley, and Hamerton 2003). The metallocene 

catalysts were developed much later are and are primarily organochromium compounds 

(Azapagic, Emsley, and Hamerton 2003). To form HDPE, the Phillips, Ziegler, and Standard Oil 

methods use either a solution or slurry process whereby ethylene and hydrogen gases are 

introduced through a solution or slurry of the catalyst, thus producing HDPE (Azapagic, Emsley, 

and Hamerton 2003; Centre for Industry Education Collaboration and University of York n.d.). 

The Union Carbide method is different in that it uses a gas phase process whereby ethylene and 

hydrogen gases are passed over the catalyst in a fluid bed reactor, forming pellets of HDPE 

(Azapagic, Emsley, and Hamerton 2003; Centre for Industry Education Collaboration and 
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University of York n.d.). The different methods and details of their processes are organized in 

Table 1. 

 Though not often noted in product literature or on plastic items themselves, there are slight 

differences in the plastics that are produced between the different methods. The Phillips and 

Standard Oil processes create a more crystalline HDPE with less than four ethyl branches per 1000 

ethylene units and is thus considered slightly more durable than HDPE created with the Ziegler 

process (Azapagic, Emsley, and Hamerton 2003). On the other hand, HDPE created using the 

Phillips method can also contain up to 5% chromium oxides impurities as a result of the catalyst 

and process used (Azapagic, Emsley, and Hamerton 2003). 

 

Stability of High-Density Polyethylene (HDPE) 

 

 Polyethylene is often seen as quite resistant to degradation in general, but this can also be 

altered with additives. Degradation of polyethylene occurs through both physical and chemical 

means. Physical degradation processes include mechanical damage, absorption of oily substances, 

Table 1   Summary of Industrial HDPE Polymerization Methods 

Method Name Process Catalyst Used Pressure (MPa) Temperature (°C) 

Phillips 
Solution or 

slurry 
Phillips 3-4 90-160 

Ziegler 
Solution or 

slurry 
Ziegler-Natta 0.2-0.4 50-75 

Standard Oil 
Solution or 

slurry 
Phillips 4-10 200-300 

Union Carbide Gas phase Metallocene 0.7-2 100 

References: Shamiri et al. 2014; Centre for Industry Education Collaboration and University of York n.d.; 

Azapagic, Emsley, and Hamerton 2003. 
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and changes in extent of crystallinity. Chemical degradation processes include oxidization and 

polymer chain scission, often induced from heat and light (Shashoua 2008).  

 Physically speaking, and perhaps most obvious, is the fact that polyethylene, even HDPE, 

is relatively soft and can be scratched or dented easily. Thus, handling can cause unintended marks 

to appear if caution is not used (Shashoua 2008). Polyethylene, while quite impermeable to water, 

also shows signs of absorbing oily substances when in prolonged or frequent contact (Shashoua 

2008). This can lead to discoloration and changes to the surface, which can become tacky. A 

common misconception that can result in misidentification is that this is the presence of a migrating 

plasticizer, but it is simply the migration of oily liquids previously absorbed (Shashoua 2008). 

Lastly, crystallinity is a physical characteristic that can change within plastic due to elevated 

temperatures. Polyethylene is a semi-crystalline amorphous material and is thus not in perfect 

equilibrium as a ‘solid’ (Struik 1977). Neatly organized crystalline zones, with a melting 

temperature of 120-180°C, exist amidst amorphous zones of poorly packed and unorganized chains 

with a glass transition temperature (Tg) of -13°C (Fakirov and Krasteva 2000; Ehrenstein and 

Pongratz 2013). With a Tg well below ambient temperatures, the chains in the amorphous zones of 

the polymer often have enough energy to move to some extent. As temperature increases, but 

remains below the melting point of the crystalline zones, the amorphous zones are inclined to 

slowly organize themselves into a more crystalline solid which can result in reduced amorphous 

zones, and thus a harder and more brittle material (Gahleitner et al. 2002; Ehrenstein and Pongratz 

2013). 

 Chemical degradation in HDPE is often due to heat and light. HDPE by itself is relatively 

resistant to thermally induced chemical degradation, but increased temperatures can have a 

detrimental effect. The molecular weight will begin to change at higher temperatures as cross 
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linking occurs and carbonyls, carboxyls, and hydroxyls form (Waentig 2008). Color changes are 

also noted to occur above 150°C (Waentig 2008). Certain additives or impurities, such as pigments, 

metals, or metal ions can also have a negative effect on polyethylene’s resistance to thermal 

degradation. One particular instance is the presence of copper and phenolic antioxidants, with 

which even surface contact can have a dramatic effect (Waentig 2008). 

 Light is perhaps the most detrimental environmental factor that polyethylene faces 

(Waentig 2008). Ultraviolet (UV) radiation can be absorbed and has high enough energy to break 

C–C, and C–O bonds within the polymer, causing scission (Shashoua 2008; Waentig 2008). The 

production of chromophores, such as carbonyls, through degradation can increase the absorption 

of UV radiation, although HDPE without alteration naturally has no chromophores (Shashoua 

2008). As a result of light and UV radiation, polyethylene can become weakened and discolored, 

in addition to the fading of dyes and colorants within the plastic (Shashoua 2008). 

 Related to both heat and light degradation is oxidation, which is accelerated in the presence 

of both. Oxidation can occur through reaction with molecular oxygen (O2) or other reactive 

oxygen-based molecules such as ozone (O3) and starts a chain reaction where free radicals are 

continually generated and cause the polymer to break apart (Shashoua 2008). The effects of 

oxidation can include a weakening of physical properties and eventually fragmentation as well as 

noted changes in appearance such as color and gloss (Shashoua 2008). 

 In order to preserve polyethylene, some preventative measures can be taken. Ideal storage 

and display conditions include a relative humidity of about 55% ± 3% and a temperature of 18°C 

± 2°C (Waentig 2008). Light, which has great potential for damage, should be UV-filtered, 

although visible light up to 150 lux is generally permissible (Waentig 2008). Air circulation and 

purification are also important factors which help reduce and remove pollutants that are present in 
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the air and possibly released from the plastic itself due to degradation (Waentig 2008; Shashoua 

2008). 

3. EXPERIMENTAL 

 

3.1. Materials 

 

The Jerrycans 

 

 Seven un-used jerrycans of different colors were collected from one manufacturer, Scepter, 

and some of its subdivisions, Scepter USA and the Scepter Military Division, for use in this study 

(Figure 4). The specific product information for each can is listed in Table A1, in Appendix A. 

 
Figure 4   All jerrycans used in this study. From left to right: green, black, and tan military division water cans, light 

blue civilian water can, red gasoline can, yellow diesel can, and blue kerosene can. 
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Two categories of jerrycans are referred to here: water cans, made to store and transport water, 

and fuel cans, made to store and transport fuels. Three of the cans in this study are water cans from 

the Scepter Military Division, in American green (referred to as green), black, and American sand 

(referred to as tan), while the fourth water can is a civilian one from the generic Scepter brand, 

which is light blue. The other three are civilian fuel cans. In North America, there are specific and 

standardized colors designating the fuel type to be used in each can. The three in this study include 

a red one for gasoline and a yellow one for diesel, both from the generic Scepter brand, and a blue 

one for kerosene from the Scepter USA division known as Ameri-Can. Each jerrycan is labeled as 

being made from HDPE, and all are traditional ‘military-style’ jerrycans except for one, which is 

the blue diesel can. Here, ‘military-style’ means the shape and form of the jerrycan: a rectangular 

tank with the iconic ‘X’ shape impressed on the side. 

 The choice to acquire only HDPE jerrycans from one manufacturer was made in order to 

reduce variability. A wide range of colors were sought to allow for a more in-depth analysis of 

how colorants may fade within the plastic. Where information was lacking from the manufacturer, 

attempts were made to characterize the materials using analytical techniques. This was done 

mostly for determining the colorants as well as investigating a clear lining present in the middle 

of the plastic walls of all fuel cans. These findings are discussed in detail in the Results and 

Discussion sections. 

 

Sample Preparation 

 

 Samples of 3 x 3 cm were prepared for testing. This size was thought to be appropriate for 

the analysis methods used, some of which required a sizable flat surface area. This sample size 

indeed allowed for a flat surface, as larger samples would have likely displayed a slight curvature 

and other molded surface topography. Five replicates of each jerrycan were used for each testing 
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method, for a total of 35 samples per each of three tests. An additional 35 samples were cut out as 

untested and unaltered standards and stored separately, for use when needed. Each replicate 

number (1–5) was taken from the same location on each jerrycan (except for the blue diesel can 

due to its shape difference) to reduce variability (Figure 5). Sample replicate locations were chosen 

to give a variety of five different surface locations and were chosen based on smoothness and 

flatness in order to reduce variability between samples. The blue jerrycan replicate locations were 

 
Figure 5   Replicate locations used for each jerrycan, except for the blue one. 

 
Figure 6   Replicate locations chosen for the blue jerrycan. 
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chosen to stay as similar as possible to the others but were limited to the front and back due to 

extensive raised text on both proper left and right sides (Figure 6).  

 The samples were outlined on the cans using a black Sharpie marker and a 3 x 3 cm paper 

template. Replicates of the same number were drawn together in a stack of four: one for each test 

and a standard. A drill was used to place starter holes around the samples, and then a jigsaw was 

used to cut along the Sharpie lines and cut out the samples. The resulting 105 test samples and 35 

additional standards were organized as they were cut out and were labeled by incising the replicate 

number on the back-left corner using a fine metal tip. Samples for each of the three tests were 

separated to ensure they did not get mixed. 

 

3.2. Testing Methods 

 

Heat Aging 

 

 Parameters for accelerated heat aging were inspired by Kurtz et al. (2001) and Muratoglu 

et al. (2003), who referenced ASTM F2003 – 00, method A. Despite not having the same set up 

allowing oxygen flow, the temperature and time were borrowed. Each sample was placed in a glass 

jar with aluminum lid and HDPE liner, and labeled on the exterior of the jar with a black Sharpie 

marker. Individual jarring of each sample was carried out to limit interaction with each other and 

to reduce off-gassing of samples into the oven space. A Thermo Scientific Precision oven was used 

set at 80°C, and the test ran for 21 days. 

 While run at a somewhat higher temperature than most museum heat aging tests, this 

temperature was chosen to reflect the potentially more rugged use and aging of jerrycans before 

being used by artists. Despite continuing studies into the aging factor of HDPE, it is commonly 

prescribed a value of 2 (5°C increase doubles the rate of deterioration) (Shashoua 2008), which 

means that the samples will have aged for the equivalent of 36 months. This value was calculated 
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using the online calculator provided by Westpak (n.d.), which follows ASTM F1980-16. Values 

for the theoretical aging time, accelerated aging temperature, ambient temperature of the material’s 

theoretical environment, and the aging factor are input by the user, and the time of accelerated 

aging test is then output. 

 

Light Aging 

 

 A Q-SUN Xenon Test Chamber Model Xe-1-B was used with a Window Q filter, which 

gives conditions similar to direct summer sunlight through single-pane window glass most 

commonly used in North America and with a nominal cutoff of 310 nm. Parameters were set at 

0.26 W/m2 at 420 nm and a temperature of 40°C. The temperature would have ideally been lower 

to eliminate the effects of elevated temperature on aging, but elevated lux levels in the Q-SUN 

Xenon Test Chamber result in elevated temperatures. A Blue Wool Standard, half-wrapped in 

aluminum foil to provide an unaged standard, was placed in the chamber to gauge fading intensity. 

Samples were laid out in the chamber and aging was run for a total of 30 days, equaling about 

twenty years’ worth of light exposure in a museum environment. Colorimetric readings and images 

were taken periodically during aging at 5 days and 15 days, as well as before and after. 

 

Heat Treatment 

 

 In order to simulate the softening and manipulation of plastic as done occasionally by 

artists, a heat treatment test was performed. The set up (Figure 7) included an armature made of 

laboratory glassware clamps and a stand used to hold a heat gun, pointing downwards to a 

refractory tile. A Master Heat Gun Model HG-301A was used, which has a listed temperature 

range of 149-260°C. In order to check approximate temperature, an OS530HR OMEGASCOPE 

Handheld Infrared (IR) Thermometer was mounted to a tripod and aimed at the target. The IR 
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thermometer was used in emissivity mode and locked on “read” for constant measuring. An 

emissivity value of 0.95 was chosen, as is used for most organic materials such as plastic. To aid 

in targeting, as well as in consistent sample placement, the laser sighting was used in circle 

configuration. 

 Samples were heated for 330 seconds at a distance of 10.7 cm from the heat gun. The 

temperature reading at the end of the 330 seconds was always around 160°C, with the thermometer 

at a distance of 37.6 cm. As the distance had an effect on the temperature detected by the 

thermometer, this may not be a completely accurate number and the actual temperature reached 

 
Figure 7   The heat treatment set-up used, with the heat gun pointed at the refractory tile and sample, and the IR 

thermometer reading the temperature. 
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may have been higher. Regardless, it helped to maintain consistent results and show that 330 

seconds of heat was enough to reach the same temperature each time. Samples were left to cool 

naturally. 

 

3.3. Analysis and Documentation Techniques 

 

Portable Fourier-Transform Infrared (pFTIR) Spectroscopy 

 

 Portable Fourier-transform infrared (pFTIR) spectroscopy was used to confirm or 

investigate material identities and track chemical changes before and after aging and heat 

treatment. An Agilent 4300 handheld FTIR instrument, model G8181-64001, was used in 

attenuated total reflectance (ATR) mode and results captured in absorption. Measurements were 

taken in the center of the front side of each sample, with the instrument held in contact above it. 

Spectra post-processing and visualization was prepared using SpectraGryph software, version 1.2 

(Menges 2019). 

 

Fiber Optic Reflectance Spectroscopy (FORS) 

 

 Fiber optic reflectance spectroscopy (FORS) was used to track chemical and color changes 

before and after aging and heat treatment, as well as to characterize the plastic materials and 

colorants. A FieldSpec 3 connected to a high intensity contact probe with a measuring spot 

diameter of 10 mm was used. This instrument operates in the ultraviolet/visible-near 

infrared/shortwave infrared (UV/VNIR/SWIR) range (250 to 2500 nm).  Measurements were 

taken in the center of the front side of each sample, with the instrument held in contact above it. 

Spectra post-processing and visualization was done with ViewSpec software, version 6.2, and 

annotated in Adobe Photoshop.  
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Colorimetry 

 

 Changes in color due to aging and heat treatment were tracked using an X-Rite 939 

Spectrodensitometer. Each sample was analyzed before and after aging and heat treatment, and 

light-aged samples were also measured during aging at 5 days and 15 days. Readings were taken 

with the illumination/detection angle fixed at 0/45° and a spot size of 8mm. All readings were 

captured in the International Commission on Illumination (CIE) L*a*b* color space system. The 

light source was D65, which represents average daylight at 6500 degrees Kelvin color temperature, 

with an observer angle of 2 degrees. The instrument was calibrated before use with white tile and 

black card standards. Measurements were taken in the center of the front side of each sample, with 

the instrument held in contact above it. For each sample, 6 measurements were taken and averaged 

to give L*, a*, and b* values which were recorded in a Microsoft Excel sheet. Changes in color 

were calculated using Microsoft Excel sheets provided by Boronkay (n.d.) to determine ∆E values. 

Three equations have been released from CIE to determine ∆E, the first from 1976 (CIE’76), and 

two later ones from 1994 (CIE’94) and 2000 (CIE’00). Calculations were made in all three, and 

graphs prepared using Microsoft Excel. 

 

Digital Optical Microscopy 

 

 A Keyence VHX 6000 digital optical microscope was used to take photomicrographs of 

samples before and after aging and heat treatment to check for micro-level surface alterations. A 

3 x 3 cm paper template with an indicated center was used to locate the center of each sample so 

that image locations could be replicated. For each sample, a photomicrograph of the center at 20x 

magnification was taken. For replicate #1 samples of all colors and tests, additional 

photomicrographs of the center were taken at 200x magnification, in addition to cross-section 

photomicrographs of the center of the top of each sample at 50x magnification. These 
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photomicrographs were taken only of replicate #1 samples as representative for each color.  

Overall photomicrographs were also taken at 20x magnification using the ‘stitched image’ tool for 

replicate #1 samples used for heat treatment. This was done so that representative high-quality 

images could document some of the distortion and surface alteration experienced through heat 

treatment. 

 

Photography 

 

 All samples were imaged before and after aging and heat treatment, with light-aged 

samples imaged also during aging at 5 days and 15 days. A Nikon D90 digital camera was used 

on a tripod, with Lowel Scandle fluorescent daylights. Images were color corrected using an X-

Rite ColorChecker passport, its associated software, and Adobe Photoshop. 

 

Gloss Measurements 

 

 In order to further investigate visual observations that heat-treated samples had experienced 

a change in gloss, gloss measurements were taken for heat treated samples and compared to gloss 

measurements of untreated/unaged samples to see if a change in surface gloss could be determined. 

A Rhopoint IQ Glossmeter was used to take gloss measurements at 20°, 60°, and 85° angles with 

results transferred over Bluetooth to a Microsoft Excel spreadsheet. The units of measurement are 

given in gloss units (GU), and the results were graphed using Microsoft Excel. 

 

Portable X-Ray Fluorescence (pXRF) Spectroscopy 

 

 Investigation into the colorants and additives used for the plastics was augmented by using 

portable X-ray fluorescence (pXRF) spectroscopy. A portable Bruker Tracer III-SD with a 

rhodium X-ray tube and palladium slits, and a spot size of about 8 mm was used. The instrument 

was run on one of each color of the standard samples. Measurements were taken in the center of 
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the front side of each sample, with the instrument upside down and the sample placed in contact 

on the detector spot. A first round of runs was carried out with no filter at 40 kV and 11 μA for 

120 seconds. A second round was carried out using an aluminum-titanium filter (12 mil Al + 1 mil 

Ti) at 40 kV and 11 μA for 120 seconds. Results were captured and studied using S1PXRF 

software, with some additional study using Bruker Artax software, which allowed more than two 

spectral overlays at the same time. 

 

Other Measurements 

 

 Weights were taken using a precision scale, with 4 points past the decimal recorded. These 

were used to check for sample variation in weight, as well as weight differences before and after 

aging and heat treatment. The thickness of each sample was also taken using calipers, to also check 

for variety between samples. Checking thickness after testing was not carried out as the precision 

of the available calipers was too low to be of use. 

 

4. RESULTS 

 

4.1. Materials Characterization 

 

Plastic Materials 

 

 The plastic used for all seven jerrycans was confirmed to be HDPE by pFTIR, as the sample 

spectra lined up perfectly with a known FTIR spectrum of HDPE. The characteristic absorption 

bands were attributed to their various vibrational modes and labeled in Figure 8A and Table 2. The 

absorption bands at 2916 cm-1 and 2849 cm-1 correspond to the asymmetrical and symmetrical 

stretching of C–H, respectively. The band at 1463 cm-1 is attributed to the scissoring of CH2 while 

the band attributed to the rocking of CH2 is found at 718 cm-1. Some samples’ spectra showed 

bands in a small region between 950 cm-1 and 1150 cm-1 (Figure 9). For those samples whose 
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spectra did show these bands, they remained with the sample before and after aging. An attempt 

was made to find a trend in the occurrence of these bands, but their varying intensity and the 

relatively small sample size made it difficult to pin to any certain colors or locations on the original 

jerrycans. FORS also confirmed expected peaks for organic polymers, with absorptions noted in 

Figure 11. 

 

 

 

 
Figure 8   FTIR spectra of HDPE from a blue jerrycan sample (used for heat aging, replicate 1, before aging) (A), and 

the spectrum for the clear, colorless lining, confirmed to be EVOH (B). 

 
 

A 

B 
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Table 2   Absorption band assignments for the FTIR spectra of HDPE and EVOH 

Wavenumber [cm-1] Attribution References 

2916, 2919 νasym C-H 

Fejdyś, Łandwijt, and 

Struszczyk 2011; Noda et 

al. 2007; Jung et al. 2018 

2849, 2851 νsym C-H 

1463, 1456 δsym scissoring CH2 

718 δasym rocking CH2 

3270 ν O-H 
Xu, Asai, and Sumita 1997; 

Mansur et al. 2008 

 

 It was discovered during the heat treatment testing that the three jerrycans used for fuel 

(red for gasoline, yellow for diesel, and blue for kerosene) had an additional clear and colorless 

lining sandwiched in the middle of the HDPE walls. A sample of this lining was removed from the 

blue jerrycan using the same heat gun used for the heat treatment test and small hand tools to peel 

away the two outer layers of HDPE. Once removed, the lining was analyzed with pFTIR and 

determined to be ethylene vinyl alcohol copolymer (EVOH) (Figure 8B) by the quantitative search 

 
Figure 9   FTIR spectra of all replicate #1 heat aging samples, before aging. Each spectra color corresponds to the 

associate sample color. The blue spectrum shows especially well the occasional absorption bands between 950 cm-1 

and 1150 cm-1. 

 



28 

 

tool of the MicoLab PC program associated with the Agilent pFTIR instrument. The absorption 

band for the stretching of O–H is distinct at 3270 cm-1. Similar C–H stretching bands appear in the 

same location as for HDPE, as to be expected due to the ethylene component of this copolymer. 

 

Colorants 

 

 FTIR spectra for the seven colors of jerrycans did not show any results concerning 

colorants used. Thus, pXRF was used to check for elements found in commonly used colorants. 

Results (Figure 10) helped to narrow down possible colorants for most samples. Titanium (Ti) was 

found in every color except for black and red, whose spectra showed very minor Ti peaks. The use 

of Ti here is assumed to be related to titanium dioxide (TiO2), which may have been added as a 

whitening colorant or also as protection from UV radiation (Murphy 2001; Tolinski 2015; Harris 

1999; Deanin 2006). Peaks for zinc (Zn) are also found in tan, green, and light blue samples, 

perhaps attributed to zinc sulfide (ZnS) which is also used as a brighter white colorant with a 

slightly bluer tone (Murphy 2001; Harris 1999; Tolinski 2015). Spectra for red and tan samples 

both showed prominent iron (Fe) peaks, thought to be attributed to the use of iron oxides (Fe2O3) 

as a colorant, as is common for such colors (Deanin 2006; Charvat 2004; Harris 1999; Tolinski 

2015). A major peak for chromium (Cr) was found in the spectrum for green, indicating the 

probable use of chromium (III) oxide (Cr2O3) as a green colorant (Harris 1999; Tolinski 2015; 

Charvat 2004). No colorants could be determined using pXRF for blue, light blue, yellow, and 

black color samples.  

 In an attempt to further determine the colorants used, FORS was carried out (Figure 11) to 

help narrow down the possibilities and detect colorants that did not show up through pXRF. 

Distinct reflectance maxima are seen at 443 nm for blue and 463 nm for light blue, likely due to 

the color of the materials. Absorptions at 610 nm and 675 nm for both colors seem to match 
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somewhat with known absorptions of cobalt (Co) (Cosentino 2014), which, if actually present, 

would have likely shown up in the pXRF spectra. Comparison with a known FORS spectrum of 

cobalt blue pigment indicated that these absorptions did not actually match very well, further 

suggesting it was not the colorant used. This perhaps indicates the use of another common blue 

colorant for plastics, such as phthalocyanine blue (C32H16CuN8) (Harris 1999; Tolinski 2015; 

Charvat 2004), due to the absorption noted in the FORS spectrum at 930 nm (Cosentino 2014). A 

spot test (Kalsbeek 2005) to check for the presence of phthalocyanine blue was informally 

performed on shavings of the blue and light blue plastic samples but yielded no results, likely due 

to a small concentration of colorant and its containment within the plastic shavings. The FORS 

spectrum for yellow shows minor absorptions at 670 nm and 760 nm. As no heavy metals were 

detected in pXRF, this likely means that the yellow colorant is an organic dye instead of cadmium 

 

Table 3   Colorants Detected in Jerrycans  

Material 
Major Elements  

Detected by XRF 

Relevant Absorptions 

Detected by FORS 

Likely Colorant(s) or 

Additive(s) Used 

Black   Carbon 

Blue Ti 610, 675 nm Titanium dioxide 

Green Ti, Cr, Zn  

Chromium (III) oxide, 

titanium dioxide, zinc 

sulfide 

Light Blue Ti, Zn 610, 675 nm 
Titanium dioxide, zinc 

sulfide 

Red Fe  Iron oxide 

Tan Fe, Ti, Zn, Ca  
Iron oxide, titanium 

dioxide, zinc sulfide 

Yellow Ti 670, 760 nm Titanium dioxide 
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Figure 10   The pXRF Spectra of all jerrycan colors with labeled elements detected. All spectra colors correspond to 

the same color jerrycan. 

 

 
Figure 11   The FORS spectra of all jerrycan colors with annotated molecular detections. All spectra colors correspond 

to the same color jerrycan, except for grey which represents tan. 
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yellow or cobalt yellow. Azo/diazo colorants may be a likely colorant according to literature 

(Harris 1999; Charvat 2004; Tolinski 2015; Deanin 2006). As to be expected with the black 

sample, the resulting FORS spectrum is meaningless as the light is completely absorbed during 

the reading. It is thought, however, that the colorant used is likely carbon. This is not only common 

as a black colorant for plastics (Murphy 2001; Tolinski 2015; Harris 1999) but is in line with the 

lack of information gained from analysis. An alternate possibility for the black colorant is nigrosine 

dye, although it is rarely mentioned in literature (Deanin 2006). A summary of results can be found 

in Table 3. 

 In order to confirm or deny attributions of different colorants to the different colored 

jerrycans, attempts were made to reach out to the jerrycans’ manufacturer, Scepter. It was hoped 

that this would help ascertain the exact colorants used, but no responses were received from the 

manufacturer. This being the case, some colorant attributions are still in question. 

 

4.2. Heat Aging Results 

 

 Upon visual assessment and consultation with the photodocumentation, no visible color 

changes or physical distortions occurred. Photomicrographs of the plastic surface taken before and 

 
Figure 12   Left: detail of the absorptions at 610 and 675 nm for light blue samples, before (blue) and after (red) heat 

aging. Right: Detail of the 1st derivative of reflectance around 700 nm that shows a decrease in intensity corresponding 

to the absorptions at 610 and 675 nm in the normal spectra for light blue samples. 
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after aging also appeared identical, indicating little to no change on the micron level of the surface. 

Images and photomicrographs of samples before and after heat aging are located in Appendix B. 

 FTIR results show little change before and after heat aging. As there was little variation 

between spectra of different samples or colors, representative spectra from blue replicate #3 can 

be seen in Figure 13. Expected peaks for carbonyl groups attributed to products of the oxidation 

process, such as lactones, esters, aldehydes, ketones, and carboxylic acid, are not discernable in 

the spectra (Gulmine et al. 2003), but may possibly be related to the noisy areas in the after aging 

spectrum located between 1500 cm-1 and 1800 cm-1 and between 3500 cm-1 and 4000 cm-1. As no 

distinct peaks can be determined in these areas, it is difficult to say exactly which products may 

have formed as a result of aging. 

 FORS results indicate almost no change in the plastic samples as well. For each color, both 

before and after aging spectra for all replicates appear almost identical, with no additional peaks 

forming in spectra pertaining to the after-aging readings. However, in the 1st and 2nd derivatives of 

the spectra for blue and light blue samples after aging, slight decreases in intensity are seen for the 

absorptions previously noted at 610 and 675 nm, likely associated with the colorant (Figure 12). 

 
Figure 13   FTIR spectra of blue replicate #3 before (blue) and after (red) heat aging. 
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All FORS spectra can be found in Appendix B, with the exception of the spectra generated for 

black samples, which were excluded due to black’s ability to absorb light and thus provide 

meaningless spectra.  

 Colorimetric results for the heat-aged samples showed very small ΔE2000 values (Figure 

14), indicating very little color change after heat aging. The highest value is 0.53 for the red 

samples, and the lowest is 0.13 for the tan samples. As values under a ΔE of 1 are considered 

imperceptible to the human eye (Beltran 2018), it can be shown here that all color samples 

underwent no perceptible color change during heat aging. 

 

4.3. Light Aging Results 

 

 Visual assessment of light aging samples provided unexpected results, as almost no fading 

of colorants appears to have occurred. Consultation with photodocumentation seems to back this 

 
Figure 14   A graph showing the average ΔE2000 value for each color after undergoing heat aging. 
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up. No physical distortions or changes on the surface seem to have occurred either, after comparing 

before and after aging photomicrographs of the samples. Images and photomicrographs of samples 

before and after light aging are located in Appendix C. 

 As with the heat aged samples, practically no difference is noticed in the FTIR spectra of 

light aged samples (Figure 15). This is also unexpected, as exposure to UV light is often considered 

one of the most detrimental environmental factors for HDPE and often leads to the formation of 

carbonyl groups. As will be discussed in the next section, this likely has to do with the material 

 
Figure 15   FTIR spectra of blue replicate #3 before (blue) and after (red) light aging. 

 

 
Figure 16   Left: detail of the absorptions at 610 and 675 nm for light blue samples, before (blue) and after (red) light 

aging. Right: Detail of the 1st derivative of reflectance around 700 nm that shows a decrease in intensity corresponding 

to the absorptions at 610 and 675 nm in the normal spectra for light blue samples. 
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and stability standards that modern manufacturers are held to (California Air Resources Board 

2019, 2016; Environmental Protection Agency 2016). 

 FORS spectra for the light aged samples also showed almost no difference. Both before 

and after aging spectra for all replicates appear almost identical, regardless of color. This seems to 

back up the pFTIR results in that little to no chemical change has occurred during light aging. 

However, one small change was noted in light blue samples. Similar to heat aging, 1st and 2nd 

derivatives of the spectra show slight decreases in intensity for after aged samples at the 

absorptions of 610 and 675 nm, likely associated with the colorant (Figure 16). All FORS spectra, 

with the exception of the spectra generated for black samples, are shown in Appendix C.  

 Colorimetric results for the light aging samples showed some changes. ΔE values were 

calculated according to the 1976, 1994, and 2000 version of the equations, but only ΔE2000 values 

are being discussed here as the equation shows the most up-to-date interpretation of color change 

in relation to human eyesight. As five replicates were used for each color, each with their own 

recorded data, the average ΔE2000 value was found for each color at each stage in the aging process. 

The median value was also found for each color’s ΔE2000, which had very similar values to the 

average, and so is not used here. A graph indicating the average ΔE2000 for each color after light 

aging is shown in Figure 17. Greatest change occurred for the blue and light blue samples, followed 

by the green samples. This is assumed to be fading of the colorants. 

 A graph was also created which indicates the change in average ΔE2000 for each color over 

time (Figure 18). Again, it is apparent that the blue jerrycans showed the greatest change in ΔE2000. 

It is also noticed that, for each color, the rate of change in ΔE2000 began to plateau towards the 

second half of the aging period. It is important to note that, despite the ΔE2000 for the blue samples 

having changed the most over time, their total change is still very small, with ΔE2000 values after 
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Figure 17   A graph showing the average ΔE2000 value for each color after undergoing light aging. 

 

 
Figure 18   A graph showing the average ΔE2000 values for each color over time during the light aging process. 
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Figure 19   Before heat treatment (1’s) and after heat treatment (2’s). Replicates #1-5 (A’s), photomicrographs of 

replicate #1 at 20x magnification of the surface (B’s), 200x magnification of the surface (C’s), and 50x magnification 

of the cross section (D’s). 
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30 days of 1.06, 0.77, and 0.43 for the blue, light blue, and green samples respectively. This means 

a relatively low change overall, and one that is likely not perceptible to the human eye (Beltran 

2018). Compared to the Blue Wool standard placed in the chamber (see Appendix C), which faded 

noticeably to Blue Wool level 7, this is an incredible resistance to fading. 

 

4.4. Heat Treatment Results 

 

 Visual assessment of the heat-treated samples showed perhaps the greatest notable change 

in appearance among samples of all the tests. Physical distortion was apparent for every sample, 

although greater in some than in others. Thickness of the samples also increased on some edges as 

the HDPE contracted during heating and cooling. For example, images of before and after heat 

treatment of the black samples are shown in Figure 19. For samples which had a barrier layer (blue, 

red, and yellow fuel cans), there is often a clear recession of the HDPE from the edges which 

reveals an undulating barrier layer (Figure 20). The EVOH barrier layer has a higher melting point, 

and thus did not retract as readily as the HDPE. It is not unexpected that all of these distortions 

happened, given the rapid heating and cooling of each sample. Changes at the micron level are 

 
Figure 20   50x magnification of the cross section of red replicate #1 before (left) and after (right) heat treatment. Note 

the undulating edge of the PVOH barrier layer after heat treatment, which was exposed after the HDPE layers receded 

(also causing a noticeable increase in thickness of the sample on this edge). 
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also noted in comparing photomicrographs before and after heat treatment. In these images the 

surface appears to soften and is especially apparent in the loss of surface and side topography and 

change of the fabrication mark in Figure 19. The complete set of images for every heat-treated 

color sample can be found in Appendix D. 

 FTIR spectra show similar results as the other two tests. In Figure 21, representative spectra 

from blue replicate #3 used for heat treatment is given. A few noisy areas between 1500 cm-1 and 

1800 cm-1 can be noted, but again these areas are not distinct enough to determine specific 

degradation products. 

 FORS spectra (compiled in Appendix D) showed no additional peaks but do show 

increased and decreased degrees of reflectance. This is possibly due to a color change in the 

samples, which is also backed up by colorimetric data. However, it may also be due to the 

distortion of the sample and the reduced flat contact of the probe against the sample surface. 

Despite parameters that were designed to keep the plastic as flat as possible, the natural expansion 

and contraction of the samples during heating did cause some distortion. The introduction of 

 
Figure 21   FTIR spectra of blue replicate #3 before (blue) and after (red) heat treatment. 
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ambient light due to improper probe contact may have altered the spectra for samples that were 

especially distorted. Lastly, as with heat and light aging, blue and light blue samples show a 

lessening of the absorptions at 610 and 675 nm (Figure 22). 

 Colorimetric results (Figure 23) for the heat-treated samples showed some of the greatest 

ΔE2000 values, the highest being light blue with 5.09. Interestingly, compared with the light aging 

samples where blue had the highest ΔE2000 value, here blue is the lowest with a value of 0.78, 

indicating different outcome between the two aging tests. It is important to note that the readings 

for the heat-treated samples may have been affected by slight distortions in the plastic that were 

 

 
Figure 22   Left: details of the absorptions at 610 and 675 nm for blue (above) and light blue (below) samples, before 

(blue) and after (red) heat treatment. Right: Details of the 1st derivatives of reflectance around 700 nm that show a 

decrease in intensity corresponding to the absorptions at 610 and 675 nm in the normal spectra for blue (above) and 

light blue (below) samples. 
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caused by heating. This, in some cases, caused the photodensitometer to not be perfectly in plane 

with all samples. 

 Lastly, gloss measurements taken at 60° show that there may have been a slight decrease 

in gloss on the surfaces of all heat-treated samples except for blue ones (Figure 24). As 

measurements were taken at angles of 20°, 60°, and 85°, one of the three data sets had to be chosen 

to work with. The recommendation was that the data set taken at 85° should be used if the values 

taken at 60° were on average less than 10 gloss units (GU) (Rhopoint Instruments, n.d.). This was 

the case, but unfortunately, likely due to the distortions of the sample surface, the data set taken at 

85° produced wildly varying and drastic results (see Table D1 in Appendix D). Because of this, 

the 60° measurements were chosen as they showed the most consistent results and because this 

angle is often considered best suited for samples with medium gloss surfaces (Rhopoint 

 
Figure 23   A graph showing the average ΔE2000 value for each color after undergoing heat treatment. 
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Instruments, n.d.), similar to the plastic jerrycans. Black and light blue samples showed the greatest 

average change with almost 50% reduction in GU. Red and tan samples had an average reduction 

in GU by about 23%, and green and yellow by about 10%. Blue samples were the only ones with 

an average increase in GU, which was by about 14%.  

 

 

5. DISCUSSION 

 

 The analytical methods used to analyze the jerrycan materials provided results 

characteristic for the known constituents. The use of an EVOH layer in the fuel jerrycans is not 

entirely surprising, as EVOH is often used as a barrier against hydrocarbons from fuel off gassing 

(Kuraray America Inc. n.d.; Medlock 2015). Its use here pertains to emissions regulations that all 

 
Figure 24   A graph showing the average gloss units (GU) at an angle of 60° for each color. On the left-side for each 

color (lighter tones) are the measurements for untreated samples and one the right-side (darker tones) measurements 

after heat treatment. A decrease in gloss units is noticed for all samples except for the blue ones. 
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Scepter fuel jerrycans sold in the US, such as the three fuel cans in this study, must be compliant 

with (Scepter Canada Inc. n.d.; Kuraray America Inc. n.d.). This includes compliance with 

emissions regulations from the US Environmental Protection Agency (EPA) and the California 

Air Resources Board (CARB). These regulations, 40 CFR §59.611 and 13 CCR 2467.7 (with 

details from CP-501) respectively, state that portable fuel containers must not emit more than 0.3 

grams of fuel vapors per gallon per day (California Air Resources Board 2019, 2016; 

Environmental Protection Agency 2016). EVOH is considered to be one of the most effective 

barriers there is, from use in the food industry to the automotive, so its usage here makes sense 

(Medlock 2015; Kuraray America Inc. n.d.). 

 Such a layer is not used in the four water cans as they are not meant to hold volatile liquids 

and thus do not need a hydrocarbon barrier, nor do they have to comply with emissions regulations. 

Something to keep in mind, however, is that the use of EVOH in the fuel cans is not explicitly 

mentioned in any literature on the products provided by the manufacturer. Only HDPE is ever 

noted, which is clearly not the only plastic used in this situation. This bring to attention the fact 

that additional plastics may be present in any plastic jerrycan, especially when the original use of 

the jerrycan was for fuel and even when it is said that only one plastic type was used. This is 

especially important to note as no analytical techniques were able to detect this EVOH layer when 

only the surface of the HDPE plastic was analyzed. It is important to note that these plastics, and 

potentially others, may be present in jerrycans used by contemporary West African artists. 

 The colorants used in the different colored jerrycans indicate the use of weatherable and 

stable colorants that can stand the test of time and heavy use (Harris 1999; Tolinski 2015). 

Chromium (III) oxide, likely used for the green can, is determined to have excellent weathering 

resistance and heat stability (Balley 1969; Tolinski 2015; Harris 1999), while the iron oxides likely 
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used for the red and tan cans have good to excellent heat stability and weatherability (Balley 1969; 

Harris 1999). Carbon black, likely used for the black can, has excellent heat stability, and good to 

excellent weatherability (Harris 1999); it is also said that the addition of carbon black can help 

improve the weatherability of polyolefins in general (Balley 1969). In the case that azo/diazo 

yellow dyes were used for the yellow jerrycan, these dyes are also said to have good heat stability 

and weatherability (Harris 1999). If phthalocyanine blue was used for the blue and light blue 

jerrycans, it would explain their fairly good heat stability and weathering, as well as excellent light 

fastness (Harris 1999; Balley 1969). However, as noted in the FORS spectra in the results section, 

a noticeable lessening of the absorptions likely attributed to the blue colorants does occur. Not 

only this, but it appears that the lessening is more intense with greater heat, seen especially when 

comparing heat aged samples to heat treated samples (Figure 25). It is possible that this colorant 

is susceptible to degradation at high temperatures. 

 When looking at the results in general, it is quite apparent that the jerrycans used for testing 

in this project proved to be very stable, which is certainly due in part to the standards that influence 

their design and manufacture. Concerning the fuel cans, Scepter must follow compliance 

 
Figure 25   Left: detail of the absorptions at 610 and 675 nm for light blue samples, before aging (blue), after heat aging 

(red), and after heat treatment (dark red). Right: Detail of the 1st derivative of reflectance around 700 nm that shows a 

decrease in intensity corresponding to the absorptions at 610 and 675 nm in the normal spectra for light blue samples. 



45 

 

 

 
Figure 26   FTIR spectra of blue replicates #3 after heat aging (blue) and after heat treatment (red). 

 

 
Figure 27   A graph compiling the ΔE2000 values (the color change from unaged to aged) from the results of all three 

tests. The highest changes from the unaged standards occur in the heat-treated samples. 
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procedure CP-501 set forth by CARB (California Air Resources Board 2016). This includes 

materials and testing specifications set by ASTM standard F852 – 08, which applies to the gasoline 

(red) can, and ASTM standard F976 – 08, which applies to the diesel (yellow) and kerosene (blue) 

cans. Various elements of their durability, such as aging, permeability, resistance against the 

applicable fuel, stress cracking, corrosion resistance, and heat resistance, are held to high a 

standard (ASTM, n.d., n.d.), thus explaining their good performance throughout this study. 

References to the specific regulations followed for the water jerrycan production are far harder to 

come by, but it is mentioned that the Scepter military water canisters (black, green, and tan) are 

“compliant to stringent military performance standards, and are certified to meet international 

specifications” (Scepter Canada Inc. 2016). It is likely that these standards are similar to the 

previously mentioned ones for the fuel jerrycans, perhaps with the exception of emissions 

regulation compliance. 

 One of the major goals of this research was to compare how plastics heated and 

manipulated by artists or previous owners would compare, physically and chemically, to heat-aged 

plastic samples. FTIR spectra appear essentially the same when comparing those of the after-heat-

aging samples to the after-heat-treatment samples (Figure 26). Although the noisy peaks in the 

range from 1500 to 1800 cm-1 appear to be slightly taller for the heat-aged samples than the heat-

treated samples, this is not a consistent trend. Some spectra, regardless of color, show slightly 

higher peaks for heat-aged samples and others slightly higher for heat-treated samples. The FORS 

spectra appear essentially the same for all colors in comparing after-heat-aging samples to the 

after-heat-treatment samples, except for the absorptions for blue colorants which were less intense 

for heat treated samples. Colorimetric results show the greatest differences between unaged and 

aged samples, with heat-aged samples showing lower ΔE2000 values and heat-treated samples 
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showing the greatest ΔE2000 values (Figure 27). It is again important to remember that the samples that 

went through heat treatment did become distorted to different degrees, which may have influenced the 

photodensitometer’s ability to accurately read the sample. However, even for the samples that 

remained almost completely flat, there are notable changes recorded by the photodensitometer, 

implying that changes did occur. This being the case, it is clear that heat treatment of the plastics has 

an effect on their color, even if only slightly. Lastly, there is a clear visual difference between those 

samples which were heat-treated and those which were heat aged. According to visual observation, a 

change in gloss is noted for heat treated samples. This is backed up from readings taken with the 

glossmeter, showing that a slight reduction in gloss was noted to have occurred for all heat-treated 

samples, except for the blue ones, when compared with untreated samples (Figure 24). Unfortunately, 

gloss measurements of heat aged samples were not acquired to provide a solid point of comparison, 

but visual observations noted less of a gloss change for these samples. The heat-treated samples also 

showed distortions, and those samples with barrier layers (red, blue, and yellow fuel cans) showed a 

recession of the HDPE from the edges which revealed the barrier layer (Figure 20). It is an important 

question to ask going forward whether any jerrycans used and heated by artists have edges that display 

this exposed barrier layer as a result of heating. 

 It was stated already that this study is not focused on quantitative physical changes, but it is 

worth mentioning crystallinity in some capacity. Results did not yield any evidence that a change in 

crystallinity occurred, despite the possibility that FORS spectra may have been able to indicate changes 

(Mizushima et al. 2012). However, according to literature, it would make sense that some increase in 

crystallinity may have occurred for heat aged samples due to increased temperature below the melting 

point of crystalline polyethylene (Ehrenstein and Pongratz 2013). On the other hand, heat treated 

samples which were heated near or above the melting point of crystalline polyethylene may have 
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become more amorphous (Struik 1977). Testing methods such as differential scanning calorimetry or 

thermo-mechanical analysis could help to answer these questions (Mizushima et al. 2012).  

 Although the jerrycans used in this project may not be the exact ones used by contemporary 

African artists, it was hoped that they would at least show many of the similar properties and help 

in understanding the materials in question. It was also useful to have a standard set of jerrycans 

produced from one manufacturer so that variables could be limited. This being said, it is important 

to consider the materials used by these artists and how they may vary from the ones studied in this 

project. Romuald Hazoumè has stated that he uses black plastic jerrycans that come from Germany 

(Kissane 2011), which are used for fuel (at least in Africa) and could fall under similar regulations 

that exist in Europe. In part 6 of the European Agreement Concerning the International Carriage 

of Dangerous Goods by Road, article 6.1.4.8.7 states that no more than 0.008 grams per liter per 

hour (0.7 g/gal/day) of fuel vapor shall be emitted from portable fuel containers (Economic 

Commission for Europe 2016). This regulation is not as strict as the US regulations but nonetheless 

implies that, if they were indeed made for carrying fuel, measures would have been taken during 

the manufacturing process of these black jerrycans from Germany to ensure the appropriate low 

fuel emissions. This may include the presence of other barrier layers in the plastic that may not be 

noted in manufacturing literature or on the cans themselves. Other pertinent cans include the 

yellow cans with European origins, used by Serge Attukwei Clottey in his work. These cans were 

generally created to carry vegetable oil, and thus would not have strict regulations for their 

emissions, but likely still high standards concerning food health and safety regulations. 

 To make matters more complicated, producers of plastics like these often have separate 

lines of products that are distributed to African countries. Cans made in these circumstances may 

not always be made to the same high standards as those in Europe or the United States. While 
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regulations in Africa vary from country to country, and are difficult to track down in each case, 

standards still exist and pertain especially to food-related plastics (Fobil and Hogarh 2006). It is 

important to note that changes for less-standardized types of plastics could include different or 

possibly non-existent barrier layers and less expensive colorants and additives. It is not entirely 

known what the exact effects of the noted additives had on the aging characteristics of the plastics 

studied here, but the main material is still HDPE. This being the case, the plastics used by West 

African artists are likely similar to the ones studied, but they may not all be of the same high 

standards depending specifically on where they came from. Further comparison of differing 

colorants and the potential of additional or lacking barrier layers for cans used would be interesting 

to make and would certainly give insight into the comparative stability and aging properties of 

these materials. Even better, actual materials sent from artists themselves, a luxury not afforded in 

this relatively short study, would make for an even better understanding. 

 Presented with these results which indicate the excellent aging characteristics and stability 

of HDPE and the colorants used, it is easy to be pleased. Preservation of materials for the future is 

ingrained in the field of conservation, and is even how the American Institute of Conservation 

defines the field on their website: “conservation encompasses all those actions taken toward the 

long-term preservation of cultural heritage” (American Institute for Conservation n.d.). However, 

this does not take into account artist intention and the bigger ideas behind their works. It is perhaps 

lucky for conservators that these materials will not degrade quickly, avoiding the more delicate 

choice of whether or not to preserve what, in some cases, is not meant by artists to survive 

(Wharton 2006). Hazoumè himself has acknowledged the long-lasting nature of the plastic 

jerrycans he uses, calling them the “non-biodegradable symbol” of trash amassed by society 

(Houghton 2011). It appears that artists are aware of the general stability of these materials, 
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perhaps with little to no intention of them breaking down over time. If this is the case, they need 

not worry according to the results found in this study. 

 A critique of methodology used in this research is worth mentioning. Concerning heat 

aging, there were some limitations. As oxygen is a major component in the degradation of HDPE, 

an oven with oxygen flow would have been more ideal. Similarly, oxygen flow in the light aging 

chamber may have resulted in a better accelerated aging environment. It was also unfortunate that 

gloss measurements were not able to be taken for heat aged and light aged samples, as this 

analytical technique was added later in research and specifically intended to look at the heat-treated 

samples. Ideally, this technique would have been expanded to all samples. Lastly, despite many 

measures to ensure the heat-treated samples would remain flat, they did distort to varying degrees. 

This influenced the ability of various instruments to take proper readings on the samples after 

treatment, with the most obvious difficulties coming from the photodensitometer and glossmeter. 

These instruments work only on flat samples, and thus finding the best contact for the aperture 

proved somewhat difficult for the most distorted samples. For other instruments, such as the 

portable FTIR and FORS spectrometer, the samples could generally be manipulated so that proper 

readings could be taken on the samples. 

6. CONCLUSION 

 

 Using a variety of analytical methods, the aging and material characteristics of HDPE 

jerrycans were characterized to better understand how similar materials, used by contemporary 

West African artists, will age in the future. The presence of an EVOH barrier layer in the fuel 

jerrycans was discovered, indicating that such layers may also be unexpectedly present in jerrycans 

used by artists. Literature also indicated compliance with various safety standards, leading to the 

sturdy, weatherproof, and stable jerrycans seen in this study (ASTM, n.d., n.d.; California Air 



51 

 

Resources Board 2016). Where standards are different or less strict, slightly different results may 

be seen. Nonetheless, the results throughout this work have shown that these HDPE jerrycans are 

indeed very stable materials. Almost no discernable chemical changes were detected from heat 

aging, light aging, and heat treatment. However, minimal changes were noticed for some sample 

groups. Light and heat aging produced samples that had slightly faded with ΔE2000 values of 1 or 

less, imperceptible to the human eye, and heat treatment samples showed a maximum ΔE2000 value 

of 5.09, which is barely perceptible to the human eye (Beltran 2018). Thus, colorants in all tests 

faded to a nearly imperceptible extent. Visibly, the heat treatment samples were most changed due 

to their melting and cooling. This caused distortions of the samples themselves and, for those cans 

with EVOH barrier layers, a noticeable recession of the edges revealing such layers. Also worth 

mentioning is the lack of a noticeable ‘aging effect’ from those samples which were heat treated, 

implying that works that have been softened and reshaped should hopefully not be in a worse state 

simply due to the process that created the work. This of course may change object to object and 

depend on artists’ own methods which may heat and melt plastics to greater or lesser degrees. 

 These results culminate in a better understanding of materials like those used by 

contemporary West African artists. Stability cannot be completely generalized for all HDPE 

materials used by artists, however, as results may also depend on the particular colorants and 

additives used for the plastics. Nonetheless, as jerrycan art objects come into collections, at a rate 

which will certainly increase in the coming years, it can be anticipated that HDPE components 

should not prove to pose any huge aging issues. Ethically, this also seems to be in line with artists, 

who have acknowledged the perceived stability of these materials. Indeed, aside from the caveats 

noted, artists can rely on plastic jerrycans as a stable medium for art and sculpture. 
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 Something worth exploring in future research would be characterizing the aging of HDPE 

that has been heat-treated prior to heat and light aging, which would help to better understand the 

true stability of these ‘reshaped’ objects as they begin to age. It is also worth mentioning that the 

recycled plastic cans used for artistic works will not always be in the same condition as the new 

plastic samples studied here. New and unused samples were chosen in this study for the sake of 

consistency and standardization as much as is possible when testing commercially-available 

products, but depending on the ‘previous lives’ of the plastics used by actual artists, some works 

may face different condition problems or aging behaviors. There may be additional materials or 

substances present that could have absorbed or adhered to the plastic, as well as having already 

aged through their previous usage, with exposure to sunlight, heat, and extensive handling. All of 

these factors will influence the true behavior and characteristics of plastics used by artists, and 

surely much more research can be done in this area. 

 It is hoped that this artist’s material is further studied in new ways. Potential future studies 

could include using solid phase microextraction to isolate degradation products in HDPE in order 

to better study them (Hakkarainen, Albertsson, and Karlsson 1997). Additional analytical 

techniques such as differential scanning calorimetry and thermo-mechanical analysis, the use of 

which were beyond the scope of this research, could also be included to test the physical properties 

of aged HDPE and investigate changes in crystallinity which can lead to embrittlement or softening 

(Mizushima et al. 2012). The hope is that this present work builds on current knowledge and acts 

as a promising starting point, focused duly on an important group of works well worth 

investigation. 
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APPENDIX A: ADDITIONAL JERRYCAN INFORMATION AND IMAGES 

 

Table A1   Jerrycan Product Information 

Type Brand Distributor Color Part # 
Manufacture 

Date* 

Military 

Style Diesel 

Container 

(5.3gal/20L) 

Scepter West Marine Yellow 05090 23 Oct 2018 

Military 

Style 

Gasoline 

Container 

(5.3gal/20L) 

Scepter West Marine Red 05086 16 Oct 2018 

Kerosene 

Container 

(5gal/18.9L) 

Ameri-Can 

(Scepter 

USA) 

Lowe’s Blue 00005 3 Oct 2017 

Military 

Water Can, 

Generic 

(20L) 

Scepter, 

Military 

Division 

DS Tactical 
American 

Green 
05177 18 May 2018 

Military 

Water Can 

(20L), DND 

Canada 

Scepter, 

Military 

Division 

DS Tactical Black 04603 20 Mar 2018 

Military 

Water Can, 

Generic 

(20L) 

Scepter, 

Military 

Division 

Grainger, Inc. 

(through Ebay) 

American 

Sand 
05935 6 Apr 2018 

Military 

Style Water 

Can 

(5.3gal/20L) 

Scepter 
Northern Tool 

and Equipment 

Light 

Blue 
04933 7 Aug 2018 

 
*Manufacture date was determined by two markings placed on each 

product, a year/month mark and a day mark (Milacron and DME 

2017; Landless 2006). For example: here (greyscale red can), on the 

right mark, year 2018 is signified by the “18”, and the arrow points 

to month 10. On the left mark, the day arrow points to 16.  
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Black Jerrycan 
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Green Jerrycan 
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Tan Jerrycan 
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Light Blue Jerrycan 
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Red Jerrycan 
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Yellow Jerrycan 
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Blue Jerrycan 
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APPENDIX B: ADDITIONAL HEAT AGING IMAGES AND DATA 

 

 

 
FORS spectra for all color samples, except for black, showing the before heat aging spectra 

(blue) and after heat aging spectra (red).  
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Black Samples 

 

 
Before and after aging images of all black replicates used for heat aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of black replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After aging photomicrographs* of black replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 

 

 
 

 

*No color correction was available, so color changes observed in photomicrographs are not accurate. 
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Blue Samples 

 

 
Before and after aging images of all blue replicates used for heat aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of blue replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After aging photomicrographs* of blue replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 
 

 

 

 

 

 

*No color correction was available, so color changes observed in photomicrographs are not accurate. 
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Green Samples 

 

 
Before and after aging images of all green replicates used for heat aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of green replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After aging photomicrographs* of green replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
 

 

 

 

 

*No color correction was available, so color changes observed in photomicrographs are not accurate.  
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Light Blue Samples 

 

 
Before and after aging images of all light blue replicates used for heat aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of light blue replicate #1 used for heat aging. From left to right, 

20x magnification of the surface, 200x magnification of the surface, and 50x magnification of the 

cross section. 

 

 
After aging photomicrographs* of light blue replicate #1 used for heat aging. From left to right, 

20x magnification of the surface, 200x magnification of the surface, and 50x magnification of the 

cross section. 

 
 

 

 

 

 

 

*No color correction was available, so color changes observed in photomicrographs are not accurate. 
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Red Samples 

 

 
Before and after aging images of all red replicates used for heat aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of red replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After aging photomicrographs* of red replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 
 

 

 

 

 

 

*No color correction was available, so color changes observed in photomicrographs are not accurate. 
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Tan Samples 

 

 
Before and after aging images of all tan replicates used for heat aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of tan replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After aging photomicrographs* of tan replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 
 

 

 

 

 

 

*No color correction was available, so color changes observed in photomicrographs are not accurate. 
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Yellow Samples 

 

 
Before and after aging images of all yellow replicates used for heat aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of yellow replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After aging photomicrographs* of yellow replicate #1 used for heat aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 
 

 

 

 

 

 

 

*No color correction was available, so color changes observed in photomicrographs are not accurate.  
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APPENDIX C: ADDITIONAL LIGHT AGING IMAGES AND DATA 

 

 

 
 

The Blue Wool Standard before, during (5 and 15 days), and after light aging. 

 

 

0 

days 

5 

days 

15 

days 

30 

days 
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FORS spectra for all color samples, except for black, showing the before light aging spectra (blue) 

and after light aging spectra (red). 
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Black Samples 

 

 
Before and after aging images of all black replicates used for light aging, #1 to #5, left to right. 

Although there is an apparent change in color, this is due to an unfortunate inconsistency in lighting 

angle during photography. Colorimetry results indicated almost no change. 

 

 
Before aging photomicrographs* of black replicate #1 used for light aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After aging photomicrographs* of black replicate #1 used for light aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate.  
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Blue Samples 

 

 
Before and after aging images of all blue replicates used for light aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of blue replicate #1 used for light aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After aging photomicrographs* of blue replicate #1 used for light aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate.  
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Green Samples 

 

 
Before and after aging images of all green replicates used for light aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of green replicate #1 used for light aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After aging photomicrographs* of green replicate #1 used for light aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate.  
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Light Blue Samples 

 

 
Before and after aging images of all light blue replicates used for light aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of light blue replicate #1 used for light aging. From left to right, 

20x magnification of the surface, 200x magnification of the surface, and 50x magnification of the 

cross section. 

 

 
After aging photomicrographs* of light blue replicate #1 used for light aging. From left to right, 

20x magnification of the surface, 200x magnification of the surface, and 50x magnification of the 

cross section. 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate.  
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Red Samples 

 

 
Before and after aging images of all red replicates used for light aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of red replicate #1 used for light aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After aging photomicrographs* of red replicate #1 used for light aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate.  
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Tan Samples 

 

 
Before and after aging images of all tan replicates used for light aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of tan replicate #1 used for light aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After aging photomicrographs* of tan replicate #1 used for light aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate.  
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Yellow Samples 

 

 
Before and after aging images of all yellow replicates used for light aging, #1 to #5, left to right. 

 

 
Before aging photomicrographs* of yellow replicate #1 used for light aging. From left to right, 

20x magnification of the surface, 200x magnification of the surface, and 50x magnification of the 

cross section. 

 

 
After aging photomicrographs* of yellow replicate #1 used for light aging. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate.  
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APPENDIX D: ADDITIONAL HEAT TREATMENT IMAGES AND DATA 

 

Table D1   Gloss measurement averages at 20°, 60°, and 85° for untreated and heat-treated 

samples 

 
 

Untreated Samples Heat-Treated Samples 

Sample 

Color 

Average GU at Average GU at 

20° 60° 85° 20° 60° 85° 

Black 0.5 5.5 11.9 0.3 3.2 0.1 

Blue 0.4 4.4 4.6 0.5 5.1 3.0 

Green 0.7 6.9 12.3 0.6 6.1 0.7 

Light Blue 1.2 6.6 10.2 1.2 3.3 0.2 

Red 0.8 7.6 7.9 1.1 5.8 3.1 

Yellow 1.9 7.9 8.3 2.2 7.3 4.1 

Tan 1.2 6.9 11.7 0.9 5.3 1.6 
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FORS spectra for all color samples, except for black, showing the before heat treatment spectra 

(blue) and after heat treatment spectra (red). 
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Black Samples 

 

 
Before and after heat treatment images of all black replicates used, #1 to #5, left to right. 

 

 
Before heat treatment photomicrographs* of black replicate #1. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After heat treatment photomicrographs* of black replicate #1. From left to right, 20x magnification 

of the surface, 200x magnification of the surface, and 50x magnification of the cross section. 

 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate. 



81 

 

Blue Samples 

 

 
Before and after heat treatment images of all blue replicates used, #1 to #5, left to right. 

 

 
Before heat treatment photomicrographs* of blue replicate #1. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After heat treatment photomicrographs* of blue replicate #1. From left to right, 20x magnification 

of the surface, 200x magnification of the surface, and 50x magnification of the cross section. 

 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate. 
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Green Samples 

 

 
Before and after heat treatment images of all green replicates used, #1 to #5, left to right. 

 

 
Before heat treatment photomicrographs* of green replicate #1. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After heat treatment photomicrographs* of green replicate #1. From left to right, 20x magnification 

of the surface, 200x magnification of the surface, and 50x magnification of the cross section. 

 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate. 
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Light Blue Samples 

 

 
Before and after heat treatment images of all light blue replicates used, #1 to #5, left to right. 

 

 
Before heat treatment photomicrographs* of light blue replicate #1. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After heat treatment photomicrographs* of light blue replicate #1. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate. 
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Red Samples 

 

 
Before and after heat treatment images of all red replicates used, #1 to #5, left to right. 

 

 
Before heat treatment photomicrographs* of red replicate #1. From left to right, 20x magnification 

of the surface, 200x magnification of the surface, and 50x magnification of the cross section. 

 

 
After heat treatment photomicrographs* of red replicate #1. From left to right, 20x magnification 

of the surface, 200x magnification of the surface, and 50x magnification of the cross section. 

 

 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate. 
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Tan Samples 

 

 
Before and after heat treatment images of all tan replicates used, #1 to #5, left to right. 

 

 
Before heat treatment photomicrographs* of tan replicate #1. From left to right, 20x magnification 

of the surface, 200x magnification of the surface, and 50x magnification of the cross section. 

 

 
After heat treatment photomicrographs* of tan replicate #1. From left to right, 20x magnification 

of the surface, 200x magnification of the surface, and 50x magnification of the cross section. 

 

 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate. 
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Yellow Samples 

 

 
Before and after heat treatment images of all yellow replicates used, #1 to #5, left to right. 

 

 
Before heat treatment photomicrographs* of yellow replicate #1. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 
After heat treatment photomicrographs* of yellow replicate #1. From left to right, 20x 

magnification of the surface, 200x magnification of the surface, and 50x magnification of the cross 

section. 

 

 

 

 

 

 
*No color correction was available, so color changes observed in photomicrographs are not accurate. 
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