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Abstract Medical grade ultra high molecular weight
polyethylene (UHMWPE) of two molecular weights has
been y irradiated in air to give received doses of 3.5 and
10 Mrad and aged in air for 25 months. Differential scanning
calorimetry and wide and small angle X-ray diffraction
(WAX and SAX) techniques and transmission electron
microscopy have been used to characterize the materials.
Polymer from an orthopaedic component, retrieved 10 years
after implantation, has been subjected to the same analytical
programme. The X-ray diffraction data shows that following
irradiation two events occur with time, first a crystal refine-
ment process, indicated by pronounced sharpening of the
SAX peak, and secondly growth of a new crystal population
of reduced lamellae thickness compared to the original
crystal structures, shown by the development of a bimodal
SAX pattern. Following irradiation crystallinity increases
with time and this second crystal population makes a sig-
nificant contribution to that The retrieved
component shows full development of these processes. It is
considered that these crystallographic changes with time are
responsible for the observed time dependent changes in the
mechanical properties of air irradiated UHMWPE.

increase.

1 Introduction

Ultra high molecular weight polyethylene (UHMWPE) is a
linear polymer with number average molecular weight
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values in excess of a million. Crystallinity ranges from
35% to 60%, depending upon grade and thermal history,
and crystallinity values are always lower than those
recorded for lower molecular weight PE of similar linear-
ity. A combination of hindered molecular diffusion in the
melt and the development of inter-lamellae tie chains are
responsible for this lower crystallinity and these phenom-
ena are well understood.

Compared with conventional polyethylenes UHMWPE
shows much improved creep resistance and this, taken in
conjunction with its good abrasion resistance and bio-inert-
ness when in bulk, has encouraged its medical use as a
bearing component in replacement joints. For this applica-
tion it is usual to sterilize the material using y radiation, with
received dose values between 2.5 and 3.5 Mrad. In the past
sterilisation was carried out on packaged and sealed mate-
rials in air and with air in the package, and this irradiation
initiated the high energy photo-oxidation reactions which are
again well known with polyolefins. These reactions lead to
chain scission, the development of unsaturation, crosslinking
and the release of molecular hydrogen. The particular sig-
nificance of these reactions to UHMWPE is that the scission
of inter-lamellae tie chains leads to an immediate increase
in crystallinity with consequent increase in modulus and
reduction in toughness [1, 2].

It has been demonstrated [3] that very high free radical
concentrations persist for many years in irradiated materi-
als. Material irradiated in air initially shows a seven peak
electron spin resonance spectrum, and by fitting hyperfine
splitting values, and comparison with literature this has
been identified as arising primarily from alkyl radicals with
smaller contribution from allyl and peroxy radicals. There
is some evidence that with time the relative proportion of
allyl radicals increases, but comparison of observed and
theoretical spectra shows that the allyl radical is less
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significant than the alkyl radical in the first few months of
ageing. Photo-oxidative processes and consequent struc-
tural rearrangements therefore continue long after the
initial sterilization process. Mechanically the material ages,
with continuing modulus increase and toughness reduction,
with considerable negative consequences for application in
orthopaedic components, which have been designed with
the original material properties in mind. Examination of
retrieved prostheses has shown [4] large strain plastic
deformation in the surface material and so morphology
analysis is important.

Knowledge of some of these processes has encouraged
industrial development of techniques to drive the photo-
induced processes towards beneficial crosslinking and
away from scission reactions. Methods which have been
applied include exclusion of oxygen, thermal annealing and
mechanical annealing [5, 6]. However it remains the case
that some materials are still irradiated in air and very large
numbers of implants are in service having been irradiated
in air. The precise nature of the crystal changes that occur
on irradiation are therefore of continuing interest and are
the focus of this study.

Differential scanning calorimetry (DSC) is traditionally
used to measure crystallinity but only provides limited
information. In the work described here both wide and
small angle X-ray diffraction (WAX and SAX) have been
used to provide fundamental crystallographic data on
materials before and after irradiation. The use of syn-
chrotron radiation is desirable for SAX experiments and
when combined with a heated stage permits melting and re-
crystallisation of the specimen whilst held in the X-ray
beam [7] and allows generation of diffraction contour maps
and the calculation of d-spacing and lamella thickness
values as a function of temperature. This experimental
approach has been developed and applied with success by
Ryan and coworkers to polyethylene [8] and polypropylene
[9, 10]. Transmission electron microscopy allows visuali-
zation of the structures present and assessment of the level
of order in the system. Taken together all of this infor-
mation gives a relatively complete picture of the types of
order present in UHMWPE and the effects of sterilizing
radiation and ageing.

2 Experimental

Materials used were GUR 1020 and GUR 1050, manu-
factured by Ticona, and specified to have Mw values of 3.5
and 5.5 million, respectively. Samples, in the form of
blocks approximately 10 mm x 10 mm x 50 mm, were
irradiated in air using a cobalt 60 source at a rate of
0.15 Mrad per hour to give received dose of 3.5 and
10 Mrad and were analysed within 5 days of irradiation.

@ Springer

Ageing was carried out at room temperature in darkness for
25 months. Also evaluated was a retrieved tibial implant,
manufactured from the then equivalent material to GUR
1020 and irradiated at a dose level of 2.5 Mrad and
implanted 10 years previously. This implant had failed by
fracture and had been replaced in a surgical revision
procedure.

Differential scanning calorimetry was carried out using
a Perkin Elmer Pyris 1, using a sample size of approxi-
mately 5 mg and a heating rate of 10 °C per minute under
nitrogen. Samples, taken from the centre of the irradiated
blocks, were heated to 200 °C, recording the initial melting
event and then cooled at 10 °C per minute to record the re-
crystallisation. A heat of fusion of 291 J/g was used to
calculate percentage crystallinity with integration limits
determined by inspection and typically being between
118 °C and 148 °C for un-irradiated material.

X-ray diffraction was carried out using the Daresbury,
UK, Synchrotron Radiation Source (SRS) beam line
number MPW 6.2, described in detail elsewhere [11]. The
configuration used allowed synchronised SAXS and
WAXS measurements to be made. The SAX camera length
was 3.5 m. The standard energy of 8.865 keV (1.40 A) was
used. A Linkam hot stage system was mounted in the beam
and was programmed to heat and cool the sample at 10 °C
per minute giving a similar melting and cooling regime to
that used for DSC. The programming and synchronization
of the heated stage and the output from the two one-
dimensional rapid response detectors was achieved via SRS
in-house software. Analysis of data was carried out using
the Bragg equation and in part using software developed by
the Collaborative Computational Project for Fibre Dif-
fraction and Solution Scattering (CCP13).

Attempts were made with the assistance of the Rubber
and Plastics Research Association to measure, using high
temperature size exclusion chromatography, the molecular
weights of the materials investigated. A combination of the
difficulties of dissolution of very high molecular weight
partially crosslinked polymer and simultaneous in-solution
oxidation meant that this work was not productive.

Transmission electron microscopy was carried out using
a Hitachi instrument. Thin slices were stained using 99%
chlorosulphonic acid for 6 h at 60 °C, embedded in epoxy
resin and ultra-microtomed to give 40 nm slices which
were collected on copper grids and examined at magnifi-
cations from 8,000 to 20,000 times.

3 Results

Figure 1 shows the DSC results for the various mate-
rials and Table 1 gives the calculated crystallinity
values and event temperatures. Figure 2 shows the SAX
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Fig. 1 DSC results for the
various materials. (A) Control
1020, (B) control 1050, (C)
1020 3.5 Mrad after 1 week,
(D) 1050 3.5 Mrad after

1 week, (E) 1020 10 Mrad after
1 week, (F) 1050 10 Mrad after
1 week, (G) 1020 10 Mrad after
25 months, (H) 1050 10 Mrad
after 25 months, (I) 1020
retrieved sample
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plots as the sample is heated through melting, and then
cooled and crystallized. Table 2 details the lamella
thickness at the start and finish of each experiment for
all of the materials. Figure 3 shows the WAX and SAX
contour plots for the unirradiated GUR 1020 material.
Figure 4 shows the equivalent data for the retrieved
implant. Figures 5 and 6 show transmission electron
micrographs of the unirradiated GUR 1020 and the
retrieved implant.
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4 Discussion

Considering the DSC crystallinity results first, the rela-
tionship between the lower and higher molecular weight
materials is as expected and is consistent with hindrance to
diffusion in the melt. As usual with these materials melting
and recrystallisation are broad events and considerable
super-cooling is apparent. Just detectable on the low tem-
perature side of the re-crystallisation peaks in the aged

Table 1 Crystallinity values and event temperatures for all of the materials investigated

Condition 1020 Crystallinity 1020 Melting 1020 Crystallisation 1050 Crystallinity 1050 Melting 1050 Crystallisation
(%) peak (°C) peak (°C) (%) peak (°C) peak (°C)

Unirradiated 51.6 - - 45.0 - -

3.5 Mrad tested after 1 week 58.8 138 118 53.6 141 117

10 Mrad tested after 1 week 57.3 147 117 53.7 146 116

1020 10 Mrad tested after 60.3 146 110 51.7 140 114

25 months
1020 Retrieved 10 years old 70.0 138 118 - N -

implant material

All results are the average of three determinations
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Fig. 2 SAX plots for melting
and recrystallisation. Heating
and cooling rate 10 °C per
minute. (A) 1020 Unirradiated,
(B) 1050 unirradiated, (C) 1020
3.5 Mrad tested after 1 week,
(D) 1050 3.5 Mrad tested after
1 week, (E) 1020 10 Mrad
tested after 1 week, (F) 1050
10 Mrad tested after 1 week,
(G) 1020 10 Mrad tested after
25 months, (H) 1050 10 Mrad
tested after 25 months, (I) 1020
retrieved 10 years old implant
material
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Table 2 Lamella thickness at the start and finish of each experiment for all of the materials investigated

Condition 1020 Lamella thickness 1020 Lamella thickness fol- 1050 Lamella thickness 1050 Lamella thickness fol-
before melting (A) lowing re-crystallisation (A)  before melting (A) lowing re-crystallisation (A)
Unirradiradiated 182 83 135 103
3.5 Mrad tested after 140 64 164 91
1 week
10 Mrad tested after 156 82 193 84
1 week
10 Mrad tested after 223 110 138 80
25 months
1020 Retrieved 10 years 192 105 - -

old implant material
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materials is a secondary crystallisation event and following
on previous isothermal crystallisation experiments [12] it
has been proposed that this is associated with ordering
processes in the crystal-amorphous interfacial region.
Ageing shows a general trend towards increasing crystal-
linity, although the value obtained after 25 months with the
1050 material is lower than expected. A difficulty in
measuring crystallinity with these materials is the existence
of oxidation gradients [13] leading to significant crystal-
linity variation within a component. Although all results
reported here are from the bulk, as opposed to the surface,
such effects are difficult to avoid.

The retrieved component shows a sharper DSC profile
and an extremely high crystal content of 70%. Also evident
is a secondary melting event as well as the previously
mentioned secondary re-crystallisation event.

2 Theta

The peaks evident in the WAX patterns (110, 200 and
210 planes) have been indexed and according to the liter-
ature [14, 15] are those of the orthorhombic crystal
structure as found in lower molecular weight fractions of
polyethylene. The lattice expansion with temperature
(particularly evident for the 200 plane) seen in the contour
plot shown as Fig. 3, and typical of all of the materials
examined, is consistent with the observations of others
[15]. The final collapse of the lattice is quite abrupt,
occurring at 145 °C and is associated with the breakdown
of the most perfect crystallites present.

Once again significant supercooling can be seen on re-
crystallisation and is similar to that observed in the DSC
experiments. It is also apparent that the lattice parameters
are slightly altered by the recrystallisation process. This
may be a function of heating rate differences between the
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Fig. 5 Transmission electron micrograph of unirradiated 1020
material

Fig. 6 Transmission electron micrograph of material from the
retrieved implant

original crystallisation conditions and this experiment, or
may arise because of distortions introduced by thermal and
photo-oxidation of the sample during the experiment,
although this might be expected to influence lamella
thickness rather than lattice parameters.

The SAX patterns are characterised by large broad peaks
both before and after recrystallisation. It is thought that the
small sharp peaks at higher q values are artefacts, but their
origin is not known. Lamellae thickness, both before and
after recrystallisation is such that the upper edge of the
peaks is only just resolved by the 3.5 m camera. Com-
parison of diffraction data for the lower and higher
molecular weight materials before irradiation shows little

@ Springer

qualitative difference, as the differences in intensity can be
ascribed to the effective sample size exposed to the beam.

Quantitative analysis of the small angle data allows
calculation of d-spacing and assuming a two phase model
(discussed later) the average lamellar thickness is given by
the product of the degree of crystallinity and the d-spacing.
A choice exits as to which percentage crytallinity data
(WAX or DSC) to use for this calculation, and as it is
considered that the DSC integration is less subjective, that
data was used here. Percentage crystallinity from WAX
data was always much lower than that obtained by DSC.
Figures 3 and 4 show how d-spacing and lamella thickness
change throughout the melting and re-crystallisation
experiment for unirradiated GUR 1020 and the retrieved
material. It is appreciated that the assumption that the
average lamellar thickness is the product of d-spacing
(from SAXS) and degree of crystallinity may not be always
correct. SAXS can indicate the d-spacing within crystalline
stacks, while the degree of crystallinity by DSC also
depends on amorphous material outside of the crystalline
stacks.

Given the limitations to synchrotron beam-line time
these are of necessity single experiments, however con-
sidering the results in Table 2, the lamella thickness of the
original lower molecular weight material is seen to be
around 182 A, indicating approximately 118 repeat units
per fold length. The higher molecular weight material is
slightly less than this at about 135 A indicating about 88
repeat units per fold length. Re-crystallisation always leads
to thinner lamellae and this is probably a cooling rate
effect. The original materials were taken from large com-
pression moulded blocks and therefore subject to much
slower cooling rates than the 10 °C per minute used in the
synchrotron re-crystallisation experiments. Taken overall
there is little change in lamellae thickness with dose or
with ageing, indicating that the system is close to the
optimum fold width for the particular cooling conditions.

However there are two striking observations in the SAX
patterns. First, with irradiation and ageing the peaks show
appreciable sharpening indicative of a crystal refinement
process, and secondly the development of a second dif-
fraction peak at higher g-values than the main peak, and
therefore associated with smaller structures. Presumably
the lamellae thicknesses of the new smaller crystals is not a
simple fraction of the thickness of the original crystals.
This bi-modal SAX pattern is particularly evident with the
GUR 1020 series of results and with the retrieved
component.

It is presumed that the processes at work here are ini-
tiated by chain scission within the amorphous phase and
that two paths are followed, one leading to the refining of
the original lamellae and the other to the formation of a
sub-population of smaller crystals. Prenmath et al. [16]
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have also suggested that irradiation and ageing leads to the
formation of thin crystallites within the amorphous region.
At room temperature the polymer is mid-way between T,
and T, and so reorganisation can be expected to be rapid if
constraints such as inter-lamellae tie chains are removed. It
is possible that a significant proportion of the folds within
the lamellae do not involve immediate re-entry of the chain
and scission of loops as well as tie chains will make new
material available for folding. Evidence exists [17, 18] for
the presence of a substantial semi-ordered interfacial phase
in polyethylenes and experimental observation has shown
[19] that UHMWPE also possesses a significant inter-facial
phase. Scission within this phase can be expected to
account for tidying up of the fold surfaces and a consid-
erable degree of crystal refinement. The growth of the
second crystal population, also evident in the DSC melting
of the retrieved polymer, is presumed to arise from released
material that is too distant from the original lamellae or is
somehow prevented by steric factors from taking part in the
previously described process. It could be expected that
crystallisation should drive this secondary crystallisation
towards the thermodynamic optimum lamella thickness but
perhaps cross-linking within the amorphous phase prevents
this from being achieved. It seems probable that this sec-
ond crystal population makes a significant contribution to
the overall crystallinity increase on ageing.

The electron micrographs shown the extreme tortuosity
of the lamellae in both original and aged irradiated mate-
rials. There is no evidence, in any case, of crystal
association structures such as spherulites. Optical estima-
tion of the lamellae thickness from the images shown in
Figs. 5 and 6 suggest values in the range 40-50 nm, values
much higher than those obtained by SAX analysis, illus-
trating the difficulty of comparing crystallographic data
obtained using different techniques. Perhaps the larger
dimension from SEM measurement arises because of a
contribution from the interfacial material, which shows a
similar staining response to the true crystals.

5 Conclusions

Crystal ageing within irradiated UHMWPE is associated
with a lamellae refinement, indicated by sharpening of the
SAX diffraction patterns, and growth of a second popula-
tion of smaller crystals, shown by development of
bimodality in the SAX patterns. Lamellae thickness of the
original crystal structures changes little with age and the
increase in crystallinity on ageing is largely associated with
the growth of the second crystal population. Examination

of retrieved material shows the full development of these
crystal ageing processes. It is considered that these pro-
cesses, arising from photo-oxidative chain scission and
cross-linking are responsible for the well-known time
dependent effects observed with irradiated UHMWPE.
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