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Ultra-high molecular weight polyethylene (UHMWPE) was irradiated by electron beams to a dose of 100 kGy at a
dose rate of 20 kGy min¹1 and the near-surface region of the irradiated polymer was characterized by means of
attenuated total reflection Fourier-transform infra-red (ATRFTi.r.) spectroscopy and micro-hardness
measurement. The results obtained strongly suggest that irradiation in air introduced hydroperoxide groups
into the polymer without formation of any other oxygen-containing groups. The generated hydroperoxides could
be decomposed further by subsequent heat treatment of the irradiated polymer, resulting in crosslinking of
UHMWPE chains in the near-surface region of the material. As a result of this surface modification, the surface
hardness of UHMWPE substantially increased.q 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Ultra-high molecular weight polyethylene (UHMWPE) is a
linear polyethylene with an average molecular weight
greater than 23 106 g mol¹1. In view of its excellent
engineering properties, such as resistance to chemicals and
physical abrasion, low friction coefficient, and high impact
strength, UHMWPE has found a wide spectrum of
applications, particularly as a material for prostheses in
orthopaedics1.

When UHMWPE is irradiated with gamma rays or
electron beams in an oxygen-free environment, the major
effects observed are formation of crosslinks and
unsaturation. Crosslinking results in formation of a three-
dimensional chemical network and, consequently, alters the
mechanical properties of the polymer. The radiation-
induced crosslinking has been shown to be particularly
valuable in improving the wear resistance and creep
performance of UHMWPE2,3.

In addition, it has been well established that irradiation of
UHMWPE in the presence of oxygen or air leads to
oxidation of the polymer and, as a result, to a loss of its
superior mechanical properties4. Oxygen reacts readily with
alkyl radicals and forms species such as hydroperoxides,
alcohols, acids, ketones, etc. The extent of radiation-
induced oxidation increases with radiation dose and, in
addition, with exposure time5. In the case of irradiation with
60Co gamma-rays, the radiation intensity is usually very low
and the time needed to reach a certain dose is protracted
(typically, more than 5 h for a dose of 25 kGy). On the
contrary, very high radiation intensities are characteristic of
electron irradiation and, consequently, very high irradiation
doses may be obtained with irradiation times less than
10 min. As a result, the extent of oxidation of gamma-

irradiated samples is much higher than that of polymers
irradiated to the same dose with high-energy electrons. In
addition, electron irradiation localizes the oxidation process
in a thin surface layer (10–102 mm, depending on the
conditions of irradiation), while deeper layers of the
material undergo damage with gamma rays at the same
dose6. This different effect on polymer oxidation may be
due to slow diffusion of oxygen into the irradiated polymer
bulk phase from the outer atmosphere.

It is then apparent that the extent of oxidation of
UHMWPE may be reduced by shortening the exposure
time. This can be achieved by raising the dose rate, but, to
the best of our knowledge, there have been no reports on the
oxidation behaviour of UHMWPE irradiated at very high
dose rates, such as those higher than 5 kGy min¹1. In this
paper we report the results of surface characterization and
crosslinking of UHMWPE irradiated by electron beams to a
dose of 100 kGy at a dose rate of 20 kGy min¹1.

EXPERIMENTAL

The specimens used were 2 mm-thick blocks (203 10 mm2

cross-section) machined from an extruded bar of
UHMWPE, GUR 415 (Mw ¼ 7 3 106, Hoechst, Germany).
They were purified by soaking in methanol at room
temperature under continuous stirring for 24 h, blotted
with filter paper, and vacuum dried for 3 h. For irradiation
and subsequent heat treatment in air, the blocks were placed
in a polyethylene bag without sealing. For irradiation and
post-treatment in vacuum, the blocks were placed in an
aluminum foil-polyethylene laminate package and the
package was heat-sealed in a 10¹3 Torr vacuum. All
specimens were irradiated to a dose of 100 kGy at a dose
rate of 20 kGy min¹1 with 9000 keV electron beams. The
electron beam source used was a 10000 keV linear
accelerator (linac) (High Voltage Engineering Corporation,
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Burlington, MA, USA). The irradiated samples were heat-
treated at 1208C for time periods up to 3 h. The surface
characterization of the target side of the irradiated samples
was carried out before and after heat treatment.

The physical structure and chemical composition of the
subsurface region of UHMWPE specimens were examined
by the attenuated total reflection Fourier-transform infrared
(ATR FTi.r.) method. The spectra were recorded on a
ShimadzuFTi.r.-8100 spectrophotometer (Shimadzu Corp.,
Kyoto, Japan) equipped with a Shimadzu 8000 ATR
attachment. The internal reflection element (IRE) was a
KRS-5 prism with a face angle of 458. Each spectrum was
obtained after at least 1000 scans were signal-averaged at a
resolution of 4 cm¹1. The calculated probing depth of the
ATR measurements was 1/5 the wavelength or 2mm at
1000 cm¹1.

The micro-hardness of the UHMWPE surface was
measured using a Shimadzu DUH-200 dynamic ultrami-
cro-hardness tester. The dynamic hardness (H) was obtained
from a load (P) applied to the test piece through an indenter
and the resulting indentation depth (D) by the formulaH ¼
P/aD, wherea is a constant based on the indenter shape and
aD represents the projected contact area of the indenter
under the loadP. By measuring at various test loads, the
hardness could be obtained as a function of indentation
depth. A triangular indenter with an apex angle of 1158 was
used in the hardness measurements. All values reported here
are the average of at least eight readings measured at
different locations on the polymer surface.

RESULTS AND DISCUSSION

ATRFTi.r. study
Identification of oxidation products and double bonds.The

major products of radiation-induced chemical changes of
polyethylene have characteristic infra-red absorption
bands7–9. These corresponds to the following species:

A. Hydrogen-bonded OH species (alcohols at 3420–
3450 cm¹1, hydroperoxides at 3380–3400 cm¹1,
carboxylic acids at 3100–3200 cm¹1), and non-hydrogen-
bonded (free) OH species (alcohols at 3600 cm¹1,
hydroperoxides at 3550 cm¹1);
B. Carbonyl species (ketones, acids, esters, etc.) at 1700–
1800 cm¹1;
C. C–O–X species at 1150–1250 cm¹1;
D. Unsaturated products (CyC bonds) at 1640 and 850–
1000 cm¹1.

Figure 1a–dshows the above four regions A, B, C, and D
of ATR FTi.r. spectra for the UHMWPE sample before and
after irradiation by electron beams in air, as well as after
subsequent heat treatment for 20 and 180 min. In order to
eliminate apparent differences in the i.r. band intensities
between the as-measured ATRFT i.r. spectra, arising from
the sample-to-sample variation in the sample/IRE contact,
the spectra were normalized with respect to the intensity of
PE peak at 2916 cm¹1. A very weak broad OH band
between 3100 and 3600 cm¹1 and a weak carbonyl peak at
about 1735 cm¹1 were observed in the spectrum of the
unirradiated sample, indicating the occurrence of some
oxidation during processing. The initial absorption at
1735 cm¹1 did practically not alter upon irradiation and
subsequent heat treatment, indicating that the content of
carbonyl groups remained unchanged. In the OH region, the
spectrum of the irradiated sample was characterized by two
well-defined peaks, one at 3390 cm¹1 and the other at

3190 cm¹1. These peaks disappeared upon subsequent heat
treatment, and the ATRFT i.r. spectrum in this region
became virtually identical to that of the unirradiated sample.
Electron beam irradiation also gave a relatively strong CyC
stretching band at 1645 cm¹1 and a very weaktrans-vinylene
band at 965 cm¹1. The absorption at 1645 cm¹1 decreased
substantially by heat treatment of the irradiated sample for
20 min and disappeared when the treatment was continued
for 180 min. No appreciable difference was observed
between the spectra of the unirradiated, irradiated, and
heat-treated samples in the 1150–1250 cm¹1 region,
suggesting that the concentration of COX species remained
unchanged.

The above ATRFT i.r. results suggest that the sole
outcome of radiation-induced surface oxidation of
UHMWPE is formation of OH species absorbing at 3390
and 3190 cm¹1 under the irradiation and heat-treatment
conditions employed here. The absorption at 3390 cm¹1 can
unambiguously be ascribed to a hydrogen-bonded hydro-
peroxide7,9,10. The frequency of the second OH peak
(3190 cm¹1) falls well into the OH stretch region char-
acteristic of the cyclic dimer of carboxylic acids11.
However, the absorbance at 3190 cm¹1 observed for the
irradiated polymer could not result from carboxylic acid
species, because irradiation did not bring about any increase
in the content of carbonyl-containing species in the
polymer, when judged from the unchanged intensity of the
carbonyl peak at 1735 cm¹1. Therefore, the peak at
3190 cm¹1 should be assigned solely to hydroperoxides.
Substantial red shift of this peak relative to the hydroper-
oxide band at 3390 cm¹1 suggests that the respective OH
groups are strongly hydrogen-bonded. We believe that
the peak at 3190 cm¹1 arises from cyclic dimers of
hydrogen-bonded hydroperoxides. On the other hand, the
hydroperoxide peak at 3390 cm¹1 could probably originate
from OH groups engaging in hydrogen bonding of lower
strength, such as linear open chain oligomers10.

The assignment of OH bands at 3390 and 3190 cm¹1 in
the ATR FTi.r. spectrum of irradiated UHMWPE to
hydroperoxide groups is supported further by the observa-
tion that these bands disappeared upon heat treatment. This
observation is in good accordance with the fact that organic
hydroperoxides are relatively unstable and are hence readily
decomposed by heat12. It has been well documented that
thermal decomposition of hydroperoxides in polyolefins
leads predominantly to oxidation, which is manifested in the
formation of oxidized structures within the polymer, such as
ketone, alcohol, and carboxylic acid functionalities13,14.
One of the most striking findings of the present study is that
thermal decomposition of the UHMWPE hydroperoxides
formed by irradiation of the polymer at a dose rate of
20 kGy min¹1 did not induce any formation of new oxygen-
containing species. In other words, decomposition of the
hydroperoxides proceeded via non-oxidative routes. The
only way to understand this phenomenon is to suppose
cleavage of the R–OOH bond followed by formation of
crosslinks (R·þ R· → R–R; R·þ RO· → R–O–R) and
evolution of O2 and H2O. Since heat treatment did not cause
any appreciable increase in the i.r. absorbance due to C–O–
C species in the irradiated polymer, the direct carbon–
carbon crosslinking might probably dominate over the
crosslinking through intermediate oxygen atoms. Additional
evidence of UHMWPE crosslinking by decomposition of
the hydroperoxides will be presented later in connection
with micro-hardness measurements.

Finally, it is interesting to note that, as expected, no signs
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Figure 1 ATR FTi.r. spectra of UHMWPE in the regions (A, B, C, D) of infra-red absorption bands characteristic to radiation-induced chemical changes: (a)
before irradiation; (b) after irradiation in air (100 kGy at 20 kGy min¹1); and (c) after subsequent annealing at 1208C for 20 min; and (d) 180 min



of UHMWPE oxidation could be found in the ATRFT i.r.
spectra of polyethylene irradiated and then heat-treated in
vacuum.

Determination of crystallinity. The spectroscopic deter-
mination of PE crystallinity has been usually carried out
by i.r. transmission spectroscopy, using the intensity ratio
of the ‘‘crystalline’’ band at 1894 cm¹1 and the ‘‘amor-
phous’’ band at 1303 cm¹1(15,16). However, in the ATR i.r.
spectrum of PE, these bands are too weak to be used for
quantitative analysis. Recently, Zerbyet al. proposed that
the strong doublet at 1473/1463 cm¹1 assigned to the
CH2-bending vibration can be employed for the quantita-
tive ATR FT i.r. evaluation of the crystallineversusamor-
phous content in the polymer17. The band at 1473 cm¹1 is
due to the crystalline phase only, whereas the band at
1463 cm¹1 originates from both crystalline and amor-
phous phases.Figure 2a–cshows the ATRFT i.r. spectra
in the CH2-bending region for the original, irradiated-in-
air, and irradiated-in-vacuum UHMWPE samples,
measured before and after heat treatment at 1208C for
180 min. It can be seen that irradiation to 100 kGy
caused a slight increase in the intensity of the
1473 cm¹1 band, for both irradiation in air and in
vacuum. The band intensity was increased further by the
subsequent heat treatment. An increase in the absorption
intensity at 1473 cm¹1 was also observed when the origi-
nal (unirradiated) sample was heat-treated. Since the band
at 1473 cm¹1 is purely due to the crystalline phase, the
above spectral changes should be ascribed to an increase
in the crystalline content. In order to quantitatively com-
pare the crystallinity of the samples under consideration,
we calculated the degree of crystallinity (a) using the

empirical relationship obtained by Zerbyet al.17

a ¼ 1¹
Ia ¹ Ib=1:233

Ia þ Ib

� �
3 100

whereI a andI b are the intensities of the 1473 and 1463 cm¹1

bands, respectively. The crystallinity determined for the
unirradiated UHMWPE from the ATRFTi.r. data was
48%. This spectroscopic result seems to be reasonable, as
the literature suggests thea value of UHMWPE to be in the
range of 42–50%. The crystallinities of irradiated samples
were only slightly higher than that of the unirradiated poly-
mer, i.e., 50 and 51% for the UHMWPE irradiation in air
and vacuum, respectively. However, following the subse-
quent heat treatment, the crystallinity increased to 61% (air)
and 59% (vacuum). Annealing of the unirradiated polymer
also caused an increase in crystallinity, but the resultinga
value (56%) was lower than the corresponding values
observed for irradiated samples. It should be noted that
the heat-induced crystallinity change occurred mainly over
the first 30–60 min of annealing time for all three
UHMWPE samples. The crystallinity data for 180-min
annealing time exhibit maximuma values attainable by
annealing at 1208C. Therefore, the observed difference in
crystallinity between the annealed specimens of unirra-
diated and irradiated UHMWPE could not be due simply
to the difference in the rate of heat-induced crystal growth,
but should be ascribed to more subtle structural modification
induced in UHMWPE by irradiation.

An increase in the degree of UHMWPE crystallinity, both
immediately after irradiation and also on subsequent ageing
at ambient or elevated temperatures, has been reported by
several authors18,19. The phenomenon was attributed to the
radiation-induced scission of tie molecules in UHMWPE
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Figure 2 ATR FTi.r. spectra of UHMWPE in the CH2-bending region for the original (A); irradiated-in-air (B); and irradiated-in-vacuum UHMWPE sample
(C); and measured before (a); and after annealing at 1208C for 180 min (b)



with the consequent relaxation of local stresses, followed
by the slow growth of new crystal lamellae. This
mechanism could probably also be operative under the
irradiation and heat-treatment conditions employed in our
study.

Micro-hardness study
Most of the micro-hardness data reported here were

obtained at a test load of 5 mN and a loading speed of
0.1 mN s¹1. Under this load, the indentation depth was in
the range 2.5–3.2mm. The micro-hardness values (H) of the
UHMWPE measured before annealing were 0.25 and
0.26 GPa for irradiation in air and vacuum, respectively,
which were essentially the same as that of the unirradiated
polymer (H ¼ 0.27 GPa). On annealing at 1208C, both the
unirradiated and irradiated specimens showed a substantial
increase in H values (Figure 3). The micro-hardness
increased rapidly over the first 20 min. When annealing
was continued further,H increased slowly and finally
leveled off after 30 and 90 min of annealing time for the
irradiated and unirradiated UHMWPE, respectively. The

levelling off H value of UHMWPE irradiated in vacuum
was equal to that of the annealed original polymer
(0.35 GPa). However, the hardness of the annealed sample
of UHMWPE irradiated in air was found to be 0.43 GPa,
which was 23% higher than that of the above two
specimens.

In general, hardness is directly related to both the
crosslink density and the degree of crystallinity20,21. The
crystallinity and hardness observed for the original and
irradiated UHMWPE before and after annealing are
presented inTable 1. It can be seen that the increase in
crystallinity by irradiation in air and vacuum did not cause
any increase in the micro-hardness of UHMWPE. This
phenomenon may be explained by the fact that radiation-
induced crosslinking occurs concurrently with chain scis-
sion. The former causes a rise in micro-hardness, while the
latter decreases it. Subsequent annealing of the irradiated
polymer led to an increase in both the crystallinity and
micro-hardness. A similar trend was observed for the
unirradiated specimen. Although the crystallinity of the
UHMWPE irradiated in vacuum was found to be higher than
that of the annealed original sample, the micro-hardness of
both polymers was the same. This result is rather surprising,
because one might have expected that the heat-induced
crystallinity increase, as well as possible crosslinking by
recombination of trapped radicals would make the hardness
of the irradiated polymer higher than that of the unirradiated
one. Since this was not the case for the sample under
consideration, we conclude that the overall effect of the
heat-induced increase in crystallinity and crosslink density
was not high enough to overshadow the effect of radiation-
induced bond scission. Interestingly, annealing of the
UHMWPE irradiated in air enhanced the micro-hardness
by 23% of that of the above two specimens. Since thea
value observed for the UHMWPE treated in air differs only
slightly from that of the UHMWPE treated in vacuum, the
substantial difference in the micro-hardness between the
two samples cannot be ascribed to the crystallinity effect.
The most likely factor in addition to the crystallinity change,
which could increase the micro-hardness, is crosslinking.
Furthermore, ATRFT i.r. data reveal that the only difference
in the surface chemical composition between the UHMWPE
samples irradiated in air and vacuum was the presence of a
hydroperoxide group in the former. Therefore, a plausible
explanation for the hardness enhancement is that the
surface crosslink density of the UHMWPE irradiated in
air was markedly increased by heat treatment as a
consequence of the thermal decomposition of the
hydroperoxides generated.

If it is valid to conclude that the surface crosslinking of
UHMWPE is increased by the thermal decomposition of
hydroperoxides formed upon irradiation in air, the hardness
of the near-surface region of the treated polymer must be
higher than that of the polymer bulk. To check this, we
measured the hardness of UHMWPE samples as a
function of indentation depth by applying various test
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Figure 3 Effect of the annealing time at 1208C on the micro-hardness of
UHMWPE; unirradiated UHMWPE (e), UHMWPE irradiated to 100 kGy
at 20 kGy min¹1 in vacuum (A) and in air (W)

Table 1 Surface crystallinity (a) and micro-hardness (H) of UHMWPE
samples

Before annealing After annealing (180 min,
1208C)

Sample a (%) H (GPa) a (%) H (GPa)

Unirradiated 48 0.27 56 0.35
100 kGy in vacuum 51 0.26 59 0.35
100 kGy in air 50 0.25 61 0.43

Figure 4 Micro-hardnessversus indentation depth for UHMWPE
irradiated to 100 kGy at 20 kGy min¹1 and subsequently heat-treated at
1208C for 180 min; open and closed circles are for irradiation in air and
vacuum, respectively



loads (2.5–20 mN). The data obtained for the UHMWPE
annealed at 1208C for 180 min following irradiation in air
and vacuum are presented inFigure 4. It can be seen that the
hardness of the UHMWPE irradiated in vacuum was
independent of the indentation depth with a value of
0.35–0.36 GPa over the whole range of indentation depth
employed (2–6mm). On the other hand, the hardness of the
UHMWPE irradiated in air was found to be 0.47 GPa at the
lowest attainable depth of 1.6mm, which is 30% higher than
that of the UHMWPE irradiated in vacuum. Hardness
decreased gradually with the increasing indentation depth
and reached a value equal to that of the sample irradiated in
vacuum at an indentation depth of 5.6mm.

CONCLUSIONS

In this paper we investigated the effect of high-energy
electron-beam irradiation on the surface property change of
UMWPE. The polymer was irradiated to a dose of 100 kGy
at a dose rate of 20 kGy min¹1 and the near-surface region
of the irradiated polymer was characterized by means of
ATR FT i.r. spectroscopy and micro-hardness measure-
ments. The results obtained strongly suggest that irradiation
in air introduced hydroperoxides into the polymer. It is
interesting to note that no other oxygen-containing products
were formed. The hydroperoxides generated could be
decomposed further by subsequent heat treatment of the
irradiated polymer, resulting in crosslinking of UHMWPE
chains in the near-surface region of the material. This
surface modification made the surface hardness of
UHMWPE substantially higher.
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