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ABSTRACT: Radiation-initiated crosslinking of polyethylene has proven to be an effective method of reducing creep and 
wear. This has allowed polyethylene to find widespread use in engineering and medical sectors where extreme conditions 
would otherwise cause it to degrade. However, despite their resilience, irradiated polyethylene products  are still vulnerable 
to oxidative degradation in some long-term applications. A good deal of literature exists to discuss the effects that irradiation 
and oxidative degradation have on polyethylene’s mechanical properties, but not much literature exists to describe the mi-
croscopic properties that make irradiated polyethylene susceptible to this process. This review presents a micro-scale look 
at polyethylene’s morphology and chemistry, with the intention of describing which characteristics make the material more 
or less favorable for oxidation. By describing the factors that make irradiated polyethylene vulnerable to oxidation in the first 
place, the hope is to provide insight on how to mitigate oxidation in future applications.

1) Introduction 

Since its discovery over 120 years ago1, polyethylene (PE) 
has become one of the most widely-used polymers on the 
planet. From use in WWII radars to modern-day packaging, 
engineering, and even medical prosthetics1–4, PE owes its 
popularity to its many inherent properties. It is lightweight, 
chemically inert, and in certain forms such as ultra-high mo-
lecular weight polyethylene (UHMWPE), it is quite resistant 
to wear and creep2,5–7. These properties make PE a very use-
ful manufacturing material in many industries, but despite 
all of these benefits the material is still not immune to creep, 
wear, and fragmentation in extreme conditions or long-
term use6–8.  

Eventually, a solution to this problem came in the form of 
crosslinking PE. Crosslinking is the process of binding sep-
arate polymer chains together by forming chemical bonds 
between them, changing the internal structure from some-
thing analogous to a polymer spaghetti bowl into something 
more akin to a web. Crosslinked materials are sometimes 
referred to as thermosets; their many internal bonds restrict 
individual chains from flowing, and therefore the material 
takes on more rubbery characteristics at higher tempera-
tures. When exposed to conditions above its melt tempera-
ture, a thermoset will degrade before it ever flows like a liq-
uid.  

There are two common methods of crosslinking poly-
mers: chemical crosslinking and exposure to ionizing radia-
tion. Chemical crosslinking is a relatively straightforward 
process that uses a chemical initiator, such as peroxides, to 
generate free radicals. These radical initiators trigger free 
radical interactions between the polymer chains, which in 
turn causes them to crosslink where radicals meet. Chemi-
cal initiators cannot generally diffuse through a polymer 

once it’s solidified, so they must be added while the material 
is melted and unformed9–11. 

Radiation-based crosslinking, on the other hand, gener-
ates free radicals by exposing polymers to ionizing radia-
tion. Typically, gamma irradiation or beta irradiation (in the 
form of electron bombardment) is used to trigger radical 
formation. High-energy particles from the radiation collide 
with atoms in the polymer, causing them to enter an excited 
state. In some cases, the bonds between an excited atom and 
a neighbor will undergo homolytic cleavage, breaking the 
bond and creating two radical sites. When different radical 
sites come into contact with each other, they react to form a 
new chemical bond. This phenomenon occurs homoge-
nously wherever the radiation can penetrate, and can be 
done after a material is cured. Both radiation and chemical-
based crosslinking are viable methods, but for the purposes 
of this discussion, radiation-based crosslinking will be the 
primary focus. 

Radiation-crosslinked PE has since been researched and 
utilized in many engineering applications, such as using 
highly crosslinked UHMWPE in medical prostheses during 
the late 1990’s, and crosslinked UHMWPE remains the in-
dustry gold standard even today7. For most manufacturing 
purposes, crosslinking has been capable of reducing creep 
and wear in both high-density polyethylene (HDPE) and 
UHMWPE, but research over the last two decades has 
shown that this improvement may be making crosslinked 
PE (XPE) more vulnerable to oxidation in the long term via 
a process called oxidative degradation5–8. Abundant litera-
ture exists to describe the effects of crosslinking on PE’s 
thermal and mechanical properties, some of which was cov-
ered in a recent mini-review12, but the amount of literature 
that describes oxidative degradation and its effect on XPE’s 
mechanical properties is relatively small in comparison. In 
the last 20 years, over 200,000 documents have been 



published in relation to XPE’s mechanical properties, while 
only some 40,000 works have been published regarding ox-
idative degradation.*  

In a study of radiation’s effect on HDPE’s oxidative stabil-
ity, S.S. Cota et al. described HDPE’s physical behavior as a 
“macroscopic effect of multiple phenomena that occur on a 
microscopic scale”8. This statement rings true in every as-
pect of materials science, and that is why it is so surprising 
to find comparatively less discussion of how XPE is different 
from virgin PE on a micro scale, how these differences make 
XPE more susceptible to oxidation over time, and how oxi-
dation degrades a polymer’s mechanical properties. The 
goal of this work is to pull together information on PE’s mi-
crostructure, including its morphology and internal chemis-
try, followed by a discussion of how radiation changes those 
attributes. It will then explore how these changes affect the 
material’s oxidative stability, oxidative degradation’s im-
pact on chemical makeup and morphology, and finally how 
those changes circle back to change PE’s bulk properties.  

 

2) Current understanding of polyethylene’s micro-
structure 

2.1: Crystalline and amorphous phases 

We’ll begin with a short review of morphology. In general, 
it is commonly acceptable to describe semicrystalline poly-
mers as consisting of two phases: crystalline and amor-
phous. According to the folded-chain lamella theory, the 
crystalline phase consists of polymer chains folded in an ac-
cordion-like manner to form thin platelets, called lamellae13. 
As polymers crystallize, chains of lamellae, called lamellar 
fibrils, begin growth at a nucleus and expand outward in all 
directions. From this radial growth a spherulite is formed, 
and a single spherulite will grow until it contacts another. 
Spherulites will vary in size for different polymers, but in 
general, a bulk polymer will consist of many thousands or 
hundreds of thousands of spherulites, each one made of la-
mellar fibrils radiating outward in all directions from the 
center. The amorphous phase exists as the space between 
lamellar fibrils, as represented by Figure 113. In this space, 
chains have no regular order and are packed in a relatively 
loose tangle. The inability to pack into an ordered structure 
means that the amorphous phase is comparatively less 
dense than the crystalline phase. 

A polymer’s degree of crystallinity, Xc, will vary depend-
ing on its chemical makeup, physical characteristics, and 
thermal history. For example, PE is generally considered to 
be an easily-crystallizing polymer because in an ideal case, 
its chemical structure is simply one long hydrocarbon chain. 
The ideal PE has no pendant or main chain groups to create 
steric bulk or an inhomogeneous charge distribution, and 
therefore it can fold easily to form crystal lamellae13. No PE 
is truly ideal though; branches are inevitably formed which 
limit PE’s packing ability.  

 

 

*Statistics only consider primary journal articles and reviews. Data gathered via SciFinder keyword search: “ crosslinked polyethylene, mechanical 

properties” and “oxidative degradation, crosslinked polyethylene” for works covering mechanical properties and oxidative degradation, respectively. 

 

 

Figure 1: From G. Odian13, illustration of a spherulite. Crystalli-
zation starts at a single nucleus and chains grow into lamellar  
fibrils. Some chains branch between fibrils and are called tie 

molecules. Spaces between the tightly packed fibrils consist of 
randomly arranged polymer strands, better known as the 
amorphous phase 

Low-density polyethylene (LDPE) is the most branched 
variety, consisting of many long branches off the main chain 
which restrict packing. This is the reason that LDPE has a 
lower Xc than some of its counterparts and is less dense in 
general. HDPE, on the other hand, tends to have very short 
branches coming off its main chains that offer little re-
sistance to packing. Finally, there is the case of UHMWPE, 
whose main chain is much longer than HDPE and LDPE’s. 
Their exceptional length makes UHMWPE chains more 
prone to knots and entanglements, similar to Christmas 
lights. This abundance of knots in UHMWPE’s internal struc-
ture makes it difficult for chains to reptate and fold into each 
other, therefore giving UHMWPE a lower Xc than HDPE14. All 
of these attributes still assume a general case, however. In 
reality, two identical PE specimens could have very differ-
ent degrees of crystallinity depending on how they were 
processed. Crystallization is a thermodynamic phenomenon 
that is controlled by a macromolecule’s translational, rota-
tional, and vibrational energy13. When that energy slowly 
dissipates during cooling, chain segments are allowed to 
fold into the most energetically favorable conformation. The 
result is a material with a comparatively high Xc. If that en-
ergy is taken away suddenly, like in flash-cooling, then all of 
that movement energy is lost before the chain segments can 
fold together. The resulting polymer will therefore have a 
comparatively low Xc. 

The information presented here is by no means a com-
plete description of polymer morphology and the energetic 
factors that dictate crystallization or the glass transition, 
but it is vital that this level of understanding be laid down 
before continuing to discuss the effects of radiation and ox-
idation on a polymer’s bulk properties. Microscopic altera-
tions are felt all the way up to the macroscopic level, and a 
discussion of macroscopic effects will be meaningless with-
out an understanding of the microstructural changes which 
are induced by irradiation and oxidation.  

 



2.2: The phases, radiation, and crosslinking 

Irradiation-initiated crosslinking of PE is generally trig-
gered by exposing the material to ionizing radiation. In this 
process, high-energy particles from the radiation excite 
electrons in the target molecules and cause the chain to 
cleave into two free radical segments. These segments are 
formed homogeneously throughout the polymer, and they 
can split into either two halves of a main chain or a whole 
chain and an ejected hydrogen. The case of hydrogen ejec-
tion is important because it is capable of abstracting other 
protons in the polymer and leaving as H2

15
. Cleaved seg-

ments are free to relax and move throughout their space 
with less restriction, wherein they will fold into a nearby 
crystal lamella, encounter another radical segment and 
form a bond, or undergo both processes respectively. When 
a new bond is formed via this process, crosslinking occurs. 
An outline of the crosslinking process is shown below in 
Figure 210,11. 

 
Figure 2: Adapted from Khonakdar et al.10,11 Mechanisms of 

radical initiation, propagation, and termination. Initiation be-
gins when ionizing radiation excites an atom, causing it to un-
dergo homolytic cleavage. Note the formation of unsaturated 
bonds in propagation. These bonds can react with radicals to 
form a crosslink while simultaneously generating another rad-

ical. Termination occurs when two radicals meet each other 
and form a crosslink. Mechanistically, it is also possible for a 
radical to abstract hydrogen from a neighboring radical chain 
rather than crosslink. Theoretically, this will lead to permanent  
chain scission and the formation of an unsaturated site. 

Compared to the crystalline phase, the amorphous phase 
has been recognized as the more ideal environment for 
crosslinking due to its lower density15–17. Cleaved segments 
have more open space to move and interact with other rad-
icals, so crosslinking tends to dominate here over the crys-
talline region. In fact, the crystalline phase is so compara-
tively restrictive that radicals have been found to exist in 
PE’s crystalline phase for more than 4.5 years without ter-
minating18. These radicals, along with other chemical 

changes caused by irradiation, are theorized to be the rea-
son PE seems more vulnerable to oxidative degradation af-
ter radiation treatment. 

2.3: Oxidation and its effects 

It is well-documented that when polyethylene is exposed 
to radiation, two complimentary and competing phenom-
ena occur: these are crosslinking and chain scis-
sion2,4,8,15,19,20. Referring back to Figure 2, we see that these 
processes happen due to ionizing radiation triggering the 
homolytic cleavage of either C-C or C-H bonds in polyeth-
ylene, forming CHx• and H• radical species5,10,11. Once radi-
cals are formed by this initial scission step, they react with 
each other to form crosslinks throughout the polymer ma-
trix. In this respect, scission and crosslinking are compli-
mentary steps. However, competing reactions with oxygen 
can induce the formation of oxygen-containing groups, like 
hydroperoxides, ketones, hydroxides, and acids5,8. The for-
mation of these species terminates radicals without creat-
ing crosslinks, and this form of termination is oxidative deg-
radation.  

Oxidative degradation is problematic because it reduces 
the overall molecular weight of a polymer, thereby making 
it brittle and subject to fragmenting5–8,21. Ultimate tensile 
strength and crosslink density tend to decrease as well, im-
plying that oxidation itself is cleaving molecular chains5,6. At 
the time of writing, the exact mechanism by which oxidation 
cleaves crosslinks isn’t fully understood. To complicate the 
problem, evidence also suggests a reduction in Xc stemming 
from oxidative degradation. A study performed in 1999 by 
Han et al. examined the effects of oxidation on HDPE’s crys-
tallinity, and they found that after being held above melt 
temperature (Tm) for 1000 hours, the material’s Xc had sig-
nificantly decreased compared to virgin material21. Another 
sample was held in a vacuum oven under the same condi-
tions, and although some loss of crystallinity was observed, 
it is nowhere near the reduction seen in the open-air sam-
ple21. The decrease in crystallinity seen in the vacuum sam-
ple is likely the result of remelting the polymer after cross-
links had formed. By nature, crosslinks act like junctions in 
a net: they restrict chain motion, and therefore hinder the 
kind of accordion-like folding that is required to create crys-
tal lamellae10. Above a polymer’s Tm, its chains have enough 
energy to break free from their lamellae. In other words, a 
melted polymer is completely amorphous. Any radicals 
trapped within lamellae are free to move and form new 
crosslinks, and all of the crosslinks in the polymer will pre-
vent crystallization as the material cools. The outcome of 
this is that a polymer that’s been crosslinked and remelted 
will almost certainly see a lower Xc than if it had not been 
remelted. 

2.4: Mechanisms of oxidative degradation 

On paper, polyolefins like PE are comprised strictly of al-
kyl groups that tend to be nonreactive when exposed to 
most foreign substances, like oxygen. This is why polyole-
fins are inert to most chemicals, and why oxidation usually 
doesn’t occur without extreme conditions or the significant 
passage of time. However, no manufactured material is free 
of microscopic defects, and it is these defects that will cause 
materials to react and break down over time. In the case of 
irradiated PE, these defects are cleaved radicals and trans-
vinylene, also known as unsaturated, bonds5–8,22. Referring 
back to Figure 2, we see that the cleaving of chains and the 



abstraction of protons can form radical chain ends and un-
saturated carbons, respectively. 

2.4.1: Radical oxidation 

It is generally accepted that oxygen will react with radical 
species to form ketones, peroxides, and alcohol, along with 
other groups5,8. Under ambient conditions it is rare for alkyl 
bonds to gain the energy required to separate into radical 
chain ends22, but exposure to ionizing radiation naturally 
provides the energy for homolytic bond cleavage and free 
radical formation. Because radicals can stay trapped inside 
a specimen for weeks or even years, radical termination is 
often promoted by annealing PE below its Tm, or completely 
melting it above Tm and recrystallizing. These annealing and 
remelting processes provide the energy for chains in the 
amorphous and crystalline phases, respectively, to move 
and interact with each other. This interaction allows radi-
cals to meet and therefore terminate by forming crosslinks. 
Naturally, remelting is more efficient at removing radicals 
because it releases the chain ends that are trapped in the 
crystal lamellae, but since oxygen has a difficult time pene-
trating the tight folding of the crystalline phase21–23, remelt-
ing is not always deemed necessary. 

Despite efforts to mitigate oxidation by post-irradiation 
thermal treatment though, a polymer may still be vulnera-
ble to oxidation during the irradiation process. In order for 
free radical oxidation to occur in PE, two reactants are 
needed: available radicals and oxygen diffused within the 
polymer. In most cases, oxygen doesn’t diffuse past the first 
1-2mm of a polymer’s surface; which means that oxidative 
degradation is largely a surface effect5, but this can still be 
problematic in instances where wear and fragmentation 
cause complications, like medical implants. Beneath the sur-
face though, crosslinking dominates because there is very 
little oxygen for the radicals to interact with. They are only 
able to react with each other, and crosslinking dominates 
over chain scission as a result. 

In cases where it is important to mitigate surface oxida-
tion as much as possible, the simplest way to prevent poly-
mers from oxidizing during radiation is to irradiate them 
under an inert atmosphere. Both vacuum and nitrogen at-
mospheres have shown decreased oxidation when com-
pared to irradiation in open air8,24–27. When irradiation un-
der inert atmosphere isn’t possible, however, there are still 
measures that can be taken to mitigate the oxidative degra-
dation. For example, one study by Cota et al. examined the 
effect that radiation dose rate would have on total oxidation 
and mechanical properties8. They found no correlation be-
tween oxidation and dose rate under vacuum, but in open 
air they saw that yield stress was negatively correlated to 
maximum dose at low dose rates, specifically 115 Gy/h. As 
dose rates increased (500 and 1000 Gy/h), yield stress also 
showed an initial decrease as maximum dose increased, but 
that decrease promptly reversed itself and turned into an 
increase as maximum dose exceeded 200 kGy. The authors 
attribute this steady decrease at low dose rates, as well as 
the initial decrease at higher dose rates, to comparatively 
high amounts of oxygen within the polymer. They speculate 
that at low dose rates, oxygen has time to diffuse from the 
air and into the PE, wherein they will react with radicals 
that are forming at a similar rate. With both reactants pre-
sent, chain scission and oxidative degradation will domi-
nate. When the dose rate is increased, however, then the 
rapid generation of radicals will cause any oxygen present 

in the polymer to react very quickly. This quick reaction 
causes the initial decrease in yield stress seen with higher 
dose rates, but once the initial oxygen is used up radicals 
will continue to form faster than new oxygen can diffuse 
into the polymer. With nothing to react with except each 
other, the radicals will meet to form bonds, and crosslinking 
will dominate. 

2.4.2: Oxidation via unsaturation 

Besides free radicals, recent studies have found that radi-
ation enables another mechanism for oxidation that can’t be 
disabled by remelting or high dose rates. In the last 20 
years, emerging studies have found that UHMWPE medical 
inserts are experiencing long-term oxidation and chain scis-
sion in vivo, even though these inserts were completely re-
melted before clinical use5–7. Since remelting removes all 
detectable traces of free radicals, oxidation must be occur-
ring via some alternative mechanism. 

Investigations into this phenomenon led to several reve-
lations. Firstly, several studies have reported a correlation 
between the degree of oxidation and maximum dose used 
to irradiate the UHMWPE inserts5–7. Secondly, there seems 
to be a critical radiation dose at which oxidation will occur 
more readily. In an artificial aging study conducted by Fung 
et al., samples of UHMWPE exposed to radiation doses of 0, 
50, 75, and 100 kGy were monitored to track their oxida-
tion5. Virgin and 50 kGy samples experienced nearly identi-
cal degrees of oxidation all throughout the 10-week study, 
but the 75 kGy and 100 kGy specimens began to see in-
creased levels of oxidation proportional to radiation dose 
after 6 weeks of aging. The results of this study are visually 
represented in Figure 35. Finally, the degree of oxidation 
seems to be correlated with a decrease in crosslink density. 
In a study of UHMWPE tibial bearings, Reinitz et al. found a 
correlation between oxidation, time spent in vivo, and the 
degradation of crosslink density6. These observations are 
important because they imply that radiation makes materi-
als more susceptible to oxidation even after radicals have 
been removed, and that the mechanism of oxidation cleaves 
existing polymer chains. 

 
Figure 3: From Fung et al.5 Shown here is the maximum oxida-
tion index observed in UHMWPE (represented by ketone index 
as detected by Fourier transform infrared spectroscopy, FTIR) 

as a function of artificial aging duration. Note that there is little 
difference between virgin and 50 kGy specimens for the full 10 
weeks of aging. Meanwhile, the 75 kGy and 100 kGy samples  
show much more oxidation between 6 and 10 weeks, especially  
those irradiated by electron beam (β) radiation. This implies a 

critical dose value at which oxidation proceeds faster than vir-

gin samples. 



The exact mechanisms of in vivo and subsequent ex vivo 
oxidation are still being explored, but recent theories sug-
gest that oxidation is occurring due to unsaturated bonds 
formed by irradiation5. Unsaturated sites provide reactive 
centers for oxidation, and the oxidation of unsaturated sites 
under ambient conditions is frequently seen in other mate-
rials, like unsaturated lipids22,28. Ozone is generally ac-
cepted as an oxidizer for these molecules, but other forms 
such as singlet oxygen (1O2), an electrophilic state of oxygen 
that can be generated in ambient conditions, have demon-
strated the capacity to form oxidized groups as well28. A 
proposed mechanism for both ozone-based and singlet ox-
ygen-based oxidation is shown in Figure 4. The schemes 
drawn do not account for all of the possible functional 
groups that could be formed by oxidation, but they do 
demonstrate how chain scission can occur in both mecha-
nisms. Furthermore, these mechanisms only provide a po-
tential explanation for oxidation of unsaturated UHMWPE 
ex vivo. In vivo oxidation is theorized to be caused by oxi-
dizing compounds in the body, but an exact cause is more 
difficult to pin down6,7. 

 

Figure 4: Unsaturated bond oxidation mechanisms via singlet  
oxygen (a) and ozone (b) are shown above. Mechanisms em-
ploy cycloadditions followed by retrocycloaddition to explain 

chain scission. These are only two of several potential reac-
tions, and products generated in the schemes above could the-
oretically undergo further oxidation. 

Finally, it is important to mention that even though irra-
diation-based crosslinking may make UHMWPE more vul-
nerable to oxidation in the long term, it is still more re-
sistant to weathering and mechanical changes than virgin 
UHMWPE. Virgin UHMWPE is still vulnerable to oxidation 
over time, but it is far more sensitive to oxidation’s effects 
than crosslinked UHMWPE. In the same study by Fung et al. 
mentioned earlier, a comparison of mechanical properties 
as a function of oxidation was performed5. The results are 
described in Figure 5, and they show a degradation in ulti-
mate tensile strength and elongation at break occurring at 
much lower oxidation levels in virgin UHMWPE compared 
to crosslinked UHMWPE. 

 

 

 

 

 

 

 

 

 
Figure 5: From Fung et al.28 Shown here are ultimate tensile 
strength (top) and elongation at break (bottom) in UHMWPE 
tibial inserts as a function of oxidation. Different radiation 
doses and sources are marked in the legend. Note that virgin 

PE experiences a much more sudden decrease in mechanical 
properties than the crosslinked materials. 

 

3) Conclusions and Future Directions: 

Radiation-based crosslinking has proven to be an effec-
tive method of reducing wear and creep in PE. This makes 
the PE much more resilient in conditions of long-term use 
or high stress, but it can also make the polymer more vul-
nerable to oxidative degradation over time. Vulnerability to 
oxidative degradation, as well as its effects, are largely de-
termined by microscopic factors such as a polymer’s mor-
phology and internal chemistry. More work is needed to un-
derstand the exact mechanism of oxidative degradation by 
unsaturated bonds, but knowledge of free radical oxidation, 
morphological effects, and the effect of dose rate allow for 
significant protection from oxidation during and after irra-
diation.  
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