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Effect of electron-beam irradiation on structure of ultra high molecular
weight polyethylene used in medical implants
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Summary — Effect of electron beam irradiation with a dose equivalent to that
used in practice during radiation sterilization of endoprostheses (26 kGy) or
twice higher (2 •26 kGy) on the change of UHMW-PE structure. UHMW-PE
(trade name Chirulen 1120) is used for preparation of cups of hip endopros-
theses. Structural changes of the polymer have been investigated using FT-IR
method. Mainly the results of polymer oxidation (increase in the part of car-
bonyl groups of ketone, ester and perester types as well as of hydroxyl and
vinyl groups) have been found. It was also found, using GPC method, that
irradiation caused also partial degradation of macromolecules (reduction of
molecular weight one order of magnitude) and crosslinking processes were
favored by macroradicals formed (gel fraction part about 40 %, increase in
melting temperature as well as in crystallinity degree) .
Key words: ultra high molecular weight polyethylene, endoprostheses, elec-
tron beam sterilization, oxidation, degradation, crosslinking, crystallinity.

Ultra high molecular weight polyethylene (UHMW-
-PE) has been widely used since the 1960s for the produc-
tion of acetabular cups in total hip replacement [1—3].
This material is selected primarily due to the combination
of properties such as high abrasion resistance, high
toughness, low coefficient of friction, good chemical re-
sistance and relatively low cost. An application of the
polymer mentioned before requires its stability during
the process of production and preparation to implanta-
tion and the resistance in the service conditions as well.

Prior to implantation within the body, UHMW-PE
must be sterilized to prevent contamination. During the
past 20 years the medical devices have been intensively
sterilized by γ- or electron-beam irradiation and this
trend is expected to be continued. However, while irra-
diation is a very clean, convenient and effective method
for sterilization of implant materials, it also causes
chemical and structural changes within the polymer ma-
trix. When UHMW-PE exposed to irradiation, chemical
bonds, such as carbon-hydrogen and carbon-carbon, are
broken creating free radicals in the polymer chain. These
radical are postulated to be involved in a variety of reac-

tions among which oxidative chains scission and cross-
linking are identified as the two predominant ones
[4—7]. The chemical changes alter the structure of
UHMW-PE and lead to the changes in physical proper-
ties of this material.

It should be emphasized that physicochemical and
mechanical properties of the material may also undergo
significant changes in the long-term application due to
the factors, such as X-ray examination, plastic deforma-
tion caused by patient‘s movement and the natural age-
ing of the polymer. It is suggested that the time-depen-
dent changes are caused by the long-living free radicals
found within the polymer matrix many years after irra-
diation [8]. Therefore it is considered that the cause of
premature wear of polyethylene cup is the process of
polymer oxidation as well as its degradation which are
initiated by the long-living macroradicals [9].

Electron-beam irradiation of polymeric materials is a
clean process which requires less energy and enables
greater processing speed at room temperature in com-
parison with other processes what may limit undesirable
oxidative reactions [10, 11]. Therefore this type of irra-
diation of different thermoplastics as well as rubbers
have been extensively studied recently [10—16].

It is known that the type and magnitude of radiation-
induced changes depend strongly on irradiation condi-
tions (radiation source, absorbed dose, atmosphere) and
the sample form. This paper describes the part of the
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study on the medical grade UHMW-PE, applied in the
production of acetabular cups for hip replacement. In
our previous papers [17, 18] the preliminary estimation
of physicomechanical properties of the irradiated
UHMW-PE was shown. Now investigation results of
structure changes in this material, occurring upon sterili-
zation with electron beam irradiation, are presented.

EXPERIMENTAL

Materials

Medical grade polyethylene used was Chirulen 1120
obtained from UHMW-PE powder synthesized in a low-
pressure process in the presence of Ziegler catalysts (tita-
nium, aluminum and chlorine content ranged from a
few to 20 ppm as certified by the manufacturer, Poly Hi
Solidur Deutschland GmbH). Since the powder shows
extremely high melt viscosity — as a consequence of its
very high molecular weight — it cannot be processed
using the standard molding techniques. Therefore
UHMW-PE powder was compression-molded into
blocks from which the final surgical implants have been
often produced by machining. The starting material for
the study was semi-finished material in the form of a
roller made of the polymer described above. Properties
of UHMW-PE material used are presented in Table 1.

T a b l e 1. Properties of Chirulen 1120 UHMW-PE type (molded
forms)

Properties Unit Value

Density kg/m3 973
Yield stress (23 oC) MPa 23
Ultimate tensile strength (23 oC) MPa 49.5
Elongation at break (23 oC) % 512
Notched impact strength (23 oC) kJ/m2 197

Specimens preparation and sterilization

The test specimens were prepared as the slices of dia-
meter φ = 60 mm and thickness of ca. 6 mm, cut from the
roller. The initial sample A was not sterilized. Sample B
was sterilized with electron-beam in the ambient envi-
ronment and at dose of 26 kGy which is widely used
dose in sterilization of PE medical materials. Sample C
was irradiated with twice higher dose (2 •26 kGy). This
process was performed in the Institute of Nuclear Che-
mistry and Technology in Warsaw.

FT-IR study

The polymer samples for FT-IR study are usually pre-
pared as thin films by evaporating of the solvent from
the polymer solution. However, such procedure was in-
applicable for the polymer studied due to its low solubi-

lity in volatile solvents. We have not succeeded in prepa-
ration of the films by means of hot-molding in spite of
applying various temperatures and pressures. It was
found that such thermal treatment of the specimens
causes the destructive changes in the polymer. Therefore
the samples were prepared by cutting slips of a very
smooth surface in order to ensure the sufficient trans-
mission of IR radiation during the scans. In order to pro-
tect the material against overheating during the cutting,
it was constantly cooled with demineralized water. The
peripheral zones of these slips were discarded and the
central part was divided into two equal fragments of the
dimensions of 13x6x0.8 mm to give the objects for FT-IR
study.

The spectra were recorded using Philips PU 9804
FT-IR spectrometer, at the constant spectral resolution of
2.0 cm-1. 20 scans of the sample sector were accumulated
at the full range of wavenumber 4000—400 cm-1.

GPC examination

Molecular weight and molecular weight distribution
of the polymer were determined using high-temperature
gel permeation chromatography (HT GPC). Waters
150-C apparatus fitted with one column with PL Gel
20 µm Mixed-A packing manufactured by the Polymer
Lab company was applied (the effective molecular
weight Mw range was 2 •103—4 •107). The samples were
analyzed in 1,2,4-trichlorobenzene (TCB) solutions con-
taining Sumilizer WX-R stabilizing agent, at 142 oC. The
instrument was calibrated with polystyrene standards.

DSC measurements

Melting point as well as relative crystallinity of the
samples were measured using differential scanning calo-
rimetry (DSC 2010 type Thermal Analysis System, TA
Instruments). The heating rate was 10 oC/min in nitro-
gen. Heat of fusion (Hf) was obtained by integrating of
the area under endothermic peak. The degree of crys-
tallinity of the sample was determined by assuming that
the heat of fusion for the fully crystalline polyethylene
was 290 J/g. Therefore, the degree of crystallinity (X)
was calculated by the equation of X = (Hf of sample/290)
× 100.

RESULTS AND DISCUSSION

Infrared spectroscopy

Infrared spectroscopy is one of the potentially suit-
able methods for studying the oxidative ageing of poly-
mers. It was also applied by other authors for studying
the UHMW-PE biomaterial [19—23]. In this paper FT-IR
was applied in the analysis of the structural changes oc-
curring in the polymer studied due to the external fac-
tors i.e. electron-beam irradiation.
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The series of analytical spectra of the samples studied
in the hydroxyl and carbonyl range is shown in Fig. 1.
The spectra of hydroxyl region (3100—3600 cm-1) re-
corded for the samples that underwent single electron-
beam radiation sterilization (B) indicate the presence of
oxidative polyethylene destruction and formation of hy-
droperoxide groups -OOH (the band at 3554 cm-1) and
different hydroxyl species -OH (the broad band in the
range of 3370—3515 cm-1). The similar phenomenon was
also observed for the samples which were sterilized
twice (C). The only difference is the higher content of
hydroperoxides in the polymer matrix, in comparison
with the samples which were sterilized once.

The analysis of the relevant bands in the carbonyl
region (1600—1800 cm-1) confirms that electron-beam ra-
diation causes the oxidative destruction of UHMW-PE.
The spectra discussed contain the distinct carbonyl
bands C=O of ketones R1COR2 (1718 cm-1), as well as the
less intense bands of esters O=C-O-C (1741 cm-1) and
peresters O=C-O-O-C (1766 cm-1). The content of car-
bonyl groups increases clearly if the polymer samples
are twice sterilized with electron-beam radiation.

Similar tendencies have been observed for the ab-
sorption bands characteristic for the unsaturated (vinyl)
systems C=C (1630 cm-1). It should be stressed that the
unsaturated systems, as the products of hydrocarbon de-
hydrogenation, are counted among the products of oxi-
dation.

Molecular weight and molecular weight distribution

The average results of GPC analysis indicate (Table 2)
that molecular weight (Mw) of the polymer studied
(sample A) is very high and the size of its molecules is
diversified (molecular weight distribution MWD = 7.2).
We have also found that 30 % of the polymer did not
dissolved in TCB, despite the long time of exposition to
the solvent (up to 95 hours), which indicates that the
polymer contains the fraction of a very high molecular
weight of the order of a few million. Such long polymer
chains prevent migration of the solvent molecules into
the polymeric material which results in its partial insolu-
bility. We attempted to increase the solubility via the pro-
longed contact with the solvent at the elevated tempera-
ture (150 oC). In these conditions the partial destruction
of the polymer took place, which was indicated by the
decrease in Mw, especially for the shorter polymer chains
(MWD increases).

T a b l e 2. Effect of electron-beam irradiation on the properties of
UHMW-PE

Sample Mw MWD

Residue
insoluble
in TCB at
142 oC, %

Melting
temp., oC

Degree of
crystallinity (X), %

whole
sample

insoluble
fraction

A 987 000 7.2 32 137.7 44 59
B 184 000 3.0 33 139.2 48 63
C 105 000 2.6 41 139.9 51 60

The results also indicate (Table 2) that the electron-
beam irradiation causes polymer ageing processes. The
molecular weight of the samples exposed to this radia-
tion does not exceed 2 •105 g/mol and their polydisper-
sity is significantly lower (MWD = 2.5—3). Hence, the
average molecular weight decreases as the radiation
dose is increased (cf A, B and C samples). It is concluded
that the macromolecules undergo degradation which is
caused by the electron-beam irradiation. This process af-
fects mainly long chains, which is indicated by the sig-
nificant decrease in the value of MWD.

It should be stressed that all the sterilized samples, as
well as the polymer which was not exposed to radiation,
did not dissolve in the conditions mentioned above.
Therefore the results discussed refer to the soluble frac-
tion of the polymer of lower molecular weight. The
amount of insoluble residue (gel fraction) increases with
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Fig. 1. FT-IR spectra of A, B and C samples in hydroxyl (a)
and carbonyl (b) region

POLIMERY 2004, 49, nr 11—12 843



irradiation dose (Table 2). Therefore irradiation induces
intermolecular recombination of radicals (crosslinking)
and as a result the insoluble fraction containing the mac-
romolecules of markedly higher molecular weight is ob-
tained.

DSC analysis

The average melting temperature and the degree of
crystallinity determined by means of DSC for the poly-
mers studied are shown in Table 2. The results obtained
indicate that melting temperature of the polymer stu-
died is relatively high, reaching 140 oC for irradiated
samples, which confirms the fact that the molecular
weight of this polymer is very high. The samples ex-
posed to radiation tend to exhibit a slight increase in
melting temperature and X value, which can be attri-
buted to the increased crosslinking caused by the radi-
cals formed in the process of irradiation.

As it was mentioned before, the study of molecular
characteristics of the samples, especially those exposed
to irradiation, was difficult due to their low solubility
and impeded penetration of the solvent into the sample,
which was probably caused by the process of crosslink-
ing or the increase in the degree of crystallinity. To ad-
dress this problem, we have carried out DSC analysis of
the residues undissolved. The results obtained are also
shown in Table 2. It should be emphasized that X value
of insoluble residues is markedly higher and approxi-
mately constant (ca. 60 %), independently on the charac-
ter of the initial sample.

CONCLUSION

Electron-beam irradiation, in atmospheric air, of
medical grade UHMW-PE leads to oxidation of the poly-
mer. With the growing absorbed dose the concentration
of carbonyl groups (ketones, esters and peresters) as well
as hydroxyl and vinyl ones increases. The sterilization
doses reduce the average molecular weight of the so-
luble fraction by approximately one order of magnitude
(oxidative degradation) and cause the increase in the
amount of insoluble (gel) fractions (crosslinking pro-
ducts). The irradiation tend to exhibit a slight increase in
melting temperature and degree of crystallinity of the
samples, which can be attributed to the increased cross-

linking caused by the radicals formed in the process of
irradiation.
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