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Abstract

Molecular rearrangements and alterations in supermolecular structure of ultra high molecular weight polyethylene (UHMWPE) due to
cross-linking and oxidation-induced chain scission following irradiation and subsequent storage in air at room temperature have been studied
over a period of 29 months. The techniques that were used are: equilibrium swelling in decalin, differential scanning calorimetry (DSC),
small angle X-ray scattering (SAXS), Fourier transform infrared spectroscopy (FTIR) and electron spin resonance (ESR). The experimental
results indicate that immediately after irradiation, cross-linking and an increase in crystallinity are the important processes. With time, chain
scission induced by oxidation takes place resulting in a new phase of thinner crystallites in the amorphous region. In the absence of oxygen
diffusion limitations, the free radicals survive for 30 months in the form of peroxides. The effect produced by higher doses and shorter aging
times correspond to those produced by lower doses and longer aging times, thus, suggesting a superposition law between dose and aging time.
© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction depending on the temperature history [3,38], storage
atmosphere before, during and after irradiation (for
The effect of radiation on polyethylenes (chemistry, example, compare Refs. [39-44], sample sizes [29,44-47]
structure and properties), during and after irradiation, has etc.. Such variations and a lack of complete understanding
been researched for the last 45 years and there are nowof the underlying processes make it necessary to study the
several reviews on the subject [1-9]. The specific case of effects of radiation on polyethylene as a narrower problem
the effects of radiation on ultra high molecular weight poly- after carefully defining an experimental system and
ethylene (UHMWPE), where the radiation induced changes parameters suitable for a particular application.
are more dramatic than the other linear polyethylenes, has We have been interested in the specific case of post-
also been studied by several authors [10—28] of which the irradiation oxidation of UHMWPE in total hip and knee
papers by Bhateja and co-workers [22-28] are most replacement components sterilized by gamma irradiation
systematic at cataloging events for several doses and for éefore implantation. It has been known for several years
long period of time. that post-irradiation oxidation occurs in UHMWPE
While there are several generalizations that can be madeimplants and results in increased crystallinity [10-28].
on the effect of radiation on polyethylenes, specific observa- More recently, experimental observations on implants
tions have differed between polyethylenes of different removed from patients during autopsy or revision surgery
molecular weight [18,22-24], crystal morphology and those aged on the shelf for many years revealed a
[3,7,8,25,28,29,30—-33], additives [34—36], chain ends variation of the oxidation levels with depth [48—52]. This
[3,37] etc. There are also differences in consequenceswas explained to be the combined consequence of a varia-
tion of dose with depth and slow diffusion of oxygen into
the implant [50] (a recent review describes the literature and
* Corresponding author. process in greater detail [44]). The variation of oxidation
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Fig. 1. Crystallinity at various radial positions on a GUR 415 bar stock.

with depth complicates the analysis of experimental results co-workers [22—28], but, this is the first study which

since one cannot differentiate between the effects of dosecombines all five of the above techniques for studying

variation, the diffusion of oxygen and the reactions which UHMWPE and which concerns itself with reducing spatial

cause the increase in crystallinity and chain scission. In this variation in properties.

work, we studied the development of molecular and super-

molecular structure of UHMWPE following irradiation in a

system where: (a) the sample would have minimal dose 2. Experimental

variation with depth; and (b) the time scale of diffusion of

oxygen to every part of the sample (approximately of the 2.1. Materials

order of 1 day in our system) would be much smaller than

the time scale of the long-term oxidation process (order of The samples in this experiment were prepared from ram

months). The advantage of such a system is that the experi-extruded UHMWPE bar stock (GUR 415, weight average

mental observations can be assumed to be a spatiallymolecular weight of approximately 6 million, obtained from

uniform property of the sample. The method we use to Westlake Plastics Inc., Lenni, PA). Disks of diameter

accomplish this is the irradiation of a 1.6 mm thick 30 mm and approximate thickness of 1.6 mm were

UHMWPE sample with an electron bedmvith certain machined out from the neighbouring regions of the same

precautions (see experimental section for more details) atcylindrical bar stock. Neighbouring regions on the same bar

an average dose rate of 20 kGy mirin air and at room stock were chosen because of concern over the variability in

temperature after which the sample is allowed to age for supermolecular structure and crystallinity between bar

different times under the same conditions. stocks of GUR 415 from different companies, between dif-
We examined the alterations of molecular and super- ferent lots from the same company and sometimes between

molecular structure of the UHMWPE sample prepared as samples from different locations on the same bar stock.

described above over a period of 29 months using differen- Samples of dimensions approximately 3 cm 1 cm X

tial scanning calorimetry (DSC), small angle X-ray scatter- 0.16 cm were cut from these disks while avoiding the

ing (SAXS), swelling experiments, Fourier transform peripheral few millimeters of the disk. While the omis-

infrared spectroscopy (FTIR) and electron spin resonancesion of the peripheral regions of the bar stock was

(ESR). Similar experiments were performed by Bhateja and fortuitous at the start of the experiment, it is specifically

mentioned here because of reports [53] in literature of
" TElectron irradiation produces substantially identical results as gamma anisotropy of the supermolecular structure in the

radiation at the same absorbed energy per unit mass (i.e. dose), as measurdaeripheral regions. In a separate experiment, it was verified
by G values for stated processes, i.e. carbon-carbon scission. The dose rat¢hat the crystallinity was uniform across the diameter of a

being orders of magnitude lower for gamma irradiation, diffusion of oxygen . -
into a sample under gamma irradiation could result in reactions not|<:)ossibletyF_)lca‘I GUR 415 rod stock from Westlake Plastics Inc.

with high dose rate electron irradiation. Fig. 1).
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2.2. Electron irradiation and aging 0.16 cm thick sample is of the order of 1 day which is
much smaller than the post-radiation aging times of several
The samples were placed inside a pair (bottom and cover)months. At the same time, 0.16 cm is thick enough to
of petri dishes of approximate thickness 1.7 mm each andprevent any significant oxidation of the sample during
irradiated in air with electrons of energy 2.5 MeV and a dose irradiation (a maximum time period of 10 min). The
rate of 20 kGy min® (more accurately, 25 kGy pas$. samples which were studied for behaviour ‘immediately
The van de Graaff generator at the high voltage laboratory after irradiation (0 months)’ were tested within the
at M.I.T. was used for this purpose. It is known that electron first 5—10 hours. All experiments performed on samples
(2.5 MeV) irradiation from this generator causes a distribu- aged ‘5 and 29 months’ were performed within 20 days
tion of doses with depth such that the first surface seen byaround the specified date, i.e. 5 monthslO days and 29
the electrons gets a dose of approximately 60% of the peakmonths= 10 days.
dose which occurs at depths of 0.4—0.6 cm for a material of
density 1 g cc’. The fact that the electrons pass through the 2.3. Differential scanning calorimetry (DSC)
1.7 mm glass petri dish before striking the sample ensures
that the 0.16 cm thick UHMWPE sample gets an approxi- A Perkin—Elmer DSC7 was used with an ice-water heat
mately uniform dose throughout the sample at the peak dosesink and a heating and cooling rate of’Comin~* with a
(the electrons are incident on the 3 cin 1 cm surface). continuous nitrogen purge. All samples used weighed
Because the radiation was delivered in multiple passes,between 8-12 mg and an effort was made to prepare the
rather than continuously, the maximum temperature rise pieces constituting the 8—12 mg of similar dimensions
was no greater than 40 above ambient. These specimens since the authors noticed a slight dependence on sample
were then aged in air at room temperature for different dimensions.
times. Note that the oxygen diffusion times for the The mass fraction of crystalline regions (which we shall
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Fig. 2. Schematic showing the appearance of the correlation function curve for two crystal morphologies. The figure also shows the long pesod spacing
corresponding to maxima on the correlation function curve.
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call crystallinity, henceforth) in the samples were calculated gma= 0.7 nmi™t. The detector was equipped with a position

using the following expression: decoding circuit and controlled by a dedicated Nicolet
E computer. Data analysis was performed in a DOS-based
fo=— Q) personal computer using an ITP computer program
mAH developed by Glatter [54-56].
where,f; is the crystallinity (mass fraction} is the heat The SAXS correlation function curves obtained were

absorbed by the sample in melting (#),is the mass of  used to determine: (a) the approximate long-period spacing
the sample (g) andAH is the heat of melting of from the position of the maximum; (b) an approximate

polyethylene crystals AH = 295Jg%) [62]. The measure of the size of the amorphous region from the
crystallinity measurement has an error of approximately slope of the linear section of the curve at small radial
+ 2%—3%. distances (the value of theaxis at the intersection of the
slope with the slope at the plateau is a measure equal to the
2.4. Small angle X-ray scattering (SAXS) number average thickness of the amorphous region [57]);

and (c) the approximate distance between the edge of the

A Rigaku rotating-anode Cu Ka X-ray source operating at larger crystal lamella to the far edge of the smaller crystal-
40 kV and 30 mA was used to perform the SAXS measure- lites from the radial distance at which the second maximum
ments. Data was obtained in the form of scattered X-ray at smaller radial distances begins to appear (Bellare, A.,
intensitiesl (arbitrary units of counts per second) as a func- unpublished results). Fig. 2 illustrates the above measure-
tion of the scattering vectar = (4=/\) sind (units of nn?), ments for idealized systems. Exact calculations are not
whered is half the scattering angle andis the wavelength possible in this system because of the complicated correla-
of radiation (= 0.154 nm for Cu k). The X-ray beam from tion function obtained (the complication is due to a wide
the point source was collimated using double-focusing distribution of lamellar thicknesses [59]).
Charles Supper mirrors. The beam profile was measured
and used to desmear the scattering function. The beam2.5. Swelling in decalin at 15C
diameter obtained from the full width at half-maximum
(fwhm) of the beam profile corresponded taqavalue of Samples of dimensions 1.5 mix 1.5 mm X 1.5 mm
0.006 nnT™. The scattered X-rays passed through a helium- were cut from the irradiated samples and submerged in
filled tube to reduce background scattering and to increasedecalin at 158C for a period of 12—-16 h. An antioxidant
the signal/noise ratio. A two-dimensional Siemens detector (1% N-phenyl-2-naphthylamine) was added to the decalin to
placed at a distance of 280 cm from the sample was used toprevent degradation of the sample. Both antioxidant and
detect the scattered X-rays betwegs, = 0.06 nn* up to solvent were purchased from Aldrich Chemical Company
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Fig. 3. Swell ratios measured at different times over a period of 48 h for the case of UHMWPE irradiated with doses of 2.5 MRad and 12.5 MRad. The figure
illustrates the invariance of swell ratio during the swelling experiment. The extract percent is zero for both cases and throughout the experiment.
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Inc., USA. Separate experiments (Fig. 3) on time-resolved corresponding to scissor motion of methyl and methylene
swelling immediately after irradiation on samples (1.5 mm groups (the concentration of which was assumed to be
X 1.5 mmXx 1.5 mm) which had received 25 and 125 kGy constant throughout the aging process).

showed that: (a) equilibrium swelling is reached within the

first 6 h; and (b) there is no measurable degradation of the2.7. Electron spin resonance (ESR)

sample in 48 h (since both extract percent and swell ratio

remain constant). Three measurements were made on each ESR was performed using a Bruker ESP 300 EPR
sample: (1) the mass of the sample before the experimentspectrometer. The measurement were done at room
(m,, in m@); (2) mass of the swollen sample immediately temperature on samples in ESR tubes purchased from
after removing from swelling mediunmy, in mg); and (3) Wilmad glass company, Buena, NJ. The measurement was
the mass of the previously swollen sample after vacuum done at 9.75 GHz (X-band) with the following typical
drying at 90C for 12 h ng, in mg). All mass measurements settings: field centre, 3500 G; scan range, 300 G; scan
were made using a Mettler AE 160 precision balance time, 41s; time constant, 1.28 s; modulation amplitude,
(accuracy 0.2 mg). Special precautions were necessary in0.974 G. The incident microwave power was varied
the measurement of the swollen mass. The swollen samplebetween 63 mW and 20 mW depending upon signal
was extracted quickly from the solvent, the solvent on the strength. Quantitative analysis was not performed. Our
surface was wiped using lint-free tissue paper and the masdntention was to verify if radicals still existed after 29
was measured immediately. This has to be done rapidly months and if yes, to identify it.

before any solvent within the sample evaporates and before

the polyethylene starts crystallizing, thus, releasing the

solvent by syneresis. The error in the measurement of the 0
swollen mass increases as the swell ratio decreases. ]
The mass swell ratiay(,,) and the extract percent (e) were 5 months/29 months
calculated as follows: e %7 . .
my g )
Om=— 2 £ *
My = 607 g
b .
e= 100(M> (3) S ¢ g 0 months
Mo 55 1 e .
Since the cross-linking process takes place heterogeneously
with a preference for the amorphous region, the swell ratio m e
data cannot be used to calculate the cross-linking density by 504’ T r
using Flory’s theory for swollen cross-linked networks. 0 100 200 300
(@) Dose [kGy]
2.6. Fourier transform infrared spectroscopy (FTIR) _ 142 .
O
FTIR was performed using a BioRad microscopic FTIR. 9: . ¢
Spectroscope in the transmission mode through rectangularg 140 =
sampling areas of dimensions 20 mm 250 mm. This s H
allowed sampling to be done at every 20 mm distance. A & *
50—100 mm thick film was microtomed across the 1.6 mm  § . . o o monts
height of the aged sample. The microtoming was done from E:D 13870 4 B 29 months
an area away from the edges of the aged sample. The 5 1*°
sampling was done at various depths. The FTIR spectra @
was then used to calculate the oxidation index which was = 1361 °
defined as follows: fg
-9
H H A1650t0 1800cnT * 134 i T T
Oxidation Index= TN 4 0 100 200 300
(b) Dose [kGy]

where, Aqgsoto 1800cm+ 1S the absorbance of ketone, Fig. 4. Differential scanning calorimetry results: (a) Crystallinity variation

aldehyde, ester and carboxylic acid groups between 1650ith dose and time; (b) Variation of the peak melting temperature with dose
and 1800 cm® and Ajs01 1550t IS the absorption  and time. Symbols:{) 0 months, #) 5 months, M) 29 months.
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3. Results and discussion unusually high for polyethylene. The trends in Fig. 4a and b
are consistent with that of Bhateja [24] though the magni-
DSC and SAXS results give us information on the crystal tude of change is different especially at larger times. The
morphology while the swelling experiments and FTIR spec- differences could be due to the specific kind of UHMWPE
troscopy give us information on oxidation induced chain used and processing history of the sample.
scission and cross-linking. ESR indicates the existence Fig. 5 shows the progression of the DSC curves with time
and the form of free radicals. We employed the combination for the sample case of 200 kGy dosage. The curves show the
of the above five techniques to reveal the underlying development of a shoulder in the DSC endotherm with time.

processes. Samples that received more than 50 kGy began to show a
shoulder within 5 months. The shoulder became more
3.1. Differential scanning calorimetry prominent as time progressed. This shoulder was, however,

not observed by Bhateja [24] for the corresponding time
The crystallinity of the samples for different radiation period.
doses and at different times are shown in Fig. 4a. The crys-
tallinity increased monotonically with dose immediately 3.2. Small angle X-ray scattering
after irradiation but the increase was less rapid as the dose
increased. More interestingly, the increase in crystallinity  Fig. 6 is a plot of SAXS correlation functions for 25 kGy
was substantial in the first 5 months after which there was no (Fig. 6a) and 200 kGy (Fig. 6b). For the sample irradiated to
measurable increase in the crystallinity. a dose of 25 kGy, there were no noticeable changes in the
Fig. 4b is a plot of the peak melting temperature as a long period spacing (corresponding to the position of the
function of dose and time. The peak melting temperature peak around 494 Aor the size of the amorphous region
increased with dose, but the change with time was negli- (evaluated using the slope of the linear portion of the
gibly small. The only noticeable change with time was for correlation function). There were also no secondary peaks.
the 200 kGy sample, in which case there was a decrease irHowever, the correlation function of the 200 kGy samples
the melting point with increasing time. This is also clearly showed several noticeable features: (a) The long period
seen in Fig. 5. In addition, the melting temperatures were spacing decreased slightly with time; (b) the size of the
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amorphous region decreased with time (the decrease was3.3. Discussion of the DSC and SAXS results
more rapid in the first 5 months); (c) distortions in the
curve appeared which are precursors to peaks corresponding@.3.1. Immediately after irradiation
to new spacings resulting from the creation of smaller = We observed that there was an increase in the crystallinity
crystallites in the amorphous regions (at radial distaace (more accurately, the heat of fusion per gram of material)
130 A). Fig. 7 is a plot of the SAXS correlation functions for and the peak melting point (which is unusually high) while
various doses at 29 months. The size of the amorphousthere were no significant changes in the thickness of the
region decreased with dose. It is also clear that at 29 months,amorphous region. Further, there was no shoulder in the
the 25 kGy sample did not have smaller crystallites (at DSC endotherm immediately after irradiation even for
radial distance= 130 A) but the samples that received large doses. Also there was no indication of smaller crystal-
larger doses (100 and 200 kGy) did. Immediately after lites immediately after irradiation in the SAXS correlation
irradiation, there were no significant changes in the function plots. This leads us to the hypothesis that in the
thickness of the amorphous region. absence of smaller crystallites, the increase in percent
While the SAXS correlation function curves are not crystallinity must have been caused by fine rearrangements
amenable to exact calculation, an approximate calculationin the lamellae or at the crystal-amorphous interface (as
to obtain orders of magnitude and relative variation of speculated by Bhateja et al. [27]). The rearrangements
dimensions is possible (with the assistance of DSC probably follow radiation-induced non-oxidative backbone
results). Our calculations indicated the following: The chain scission of chains at the mechanically strained
starting material had a long spacing of approximately entanglements [16]. The unusually high peak melting tem-
490A If the weight percent of the crystalline fraction peratures after irradiation suggest that the melting process is
was 52%, then the amorphous region was 258ikk. being kinetically arrested by the cross-links, thus, producing
After 29 months, the percent crystallinity for the sample artifactually higher melting temperatures at the relatively
that received the highest dose studied (200kGy) was fast heating rate of TC min~t. Hence, it is likely that
65% while the long period spacing was 455-468 A some fraction of the increase in the peak melting point is
The second peak started appearing at 13@uAich caused by the cross-links. This is further supported by the
gives the size of the smaller crystallites in the decrease inthe peak melting pointwith time for the 200 kGy
20MRad sample after 29 months to be approximately sample as aging causes chain scission and increased

50-60 A mobility of the chains.
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Fig. 7. SAXS correlation functions illustrating differences in morphology for UHMWPE samples aged for 29 months in air as a function of dosage.
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3.3.2. In the next 5 months

decrease in melting point. The creation of a denser phase

We observed that the crystallinity increased significantly (which occupies less volume) of thin crystallites in the
while the peak melting point did not change very much amorphous regions probably also causes a shrinkage in the
except at the larger doses where it decreased. Smallersize of the amorphous region and long period spacing.
crystallites developed in the samples irradiated to higher
doses (DSC and SAXS). The thickness of the amorphous3.3.3. Between 5 months and 29 months
region also decreased. There was a small decrease in the The same processes as that in the first 5 months occurred
long period too. These observations indicate that during this between 5 and 29 months, albeit at a much slower pace. This
period the major change is the development of the smaller explains the remaining observations satisfactorily.
crystallites in the amorphous regions. These new crystallites
explain the increase in crystallinity. Further, the fact that 3.4. Swelling experiments
these crystallites can form indicates that some amount of
chain scission has occurred which has freed the chains to The extractable percent is the fraction of the polymer
move and recrystallize. This newly created freedom espe-sample which is in the form of shorter, single chains uncon-
cially at the larger doses is probably the reason for the nected to the network. The swell ratio gives an inverse
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Fig. 8. Extract percent in swelling experiments: (a) Variation with dosage; (b) Variation with aging time. Non sterile ‘control’ is not includeitl sinc

completely dissolved, i.e. extract % 100.
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measure of how tightly cross-linked the sample is, or more where there were the largest number of available radicals
exactly an inverse measure of the concentration of elasti- (i.e. at higher doses), the number of cross-links were also the
cally effective chains. highest in the samples with higher doses.

Fig. 8a plots the extractable percent as a function of Between 5 and 29 months, we observed that the extrac-
dosage whereas Fig. 8b plots the extract percent as a functable percent for the 25kGy sample did not increase
tion of time. As measured immediately after irradiation, the measurably. In the same period, the extractable percent of
percent extractable had been reduced to zero at some dosthe larger doses increased very quickly. These observations
equal to, or greater than 25 kGy. Over the first 5 months, we can be explained as follows: The behaviour shown by the
observed that the extractable percent increased as a functio25 kGy sample was caused by the decrease in free radical
of time for all dosages (Fig. 8b) as a consequence of oxida- concentration with time as a result of termination reactions.
tion induced chain scission. While oxidation was highest Once the concentration of radicals decreased, the rate of
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Fig. 9. Mass swell ratio from swelling experiments: (a) Variation of swell ratio with dosage; (b) Variation of the inverse of the swell ratio witinmegimige
datapointin Fig. 9b corresponding to 10 MRad and 5 months was obtained by interpolation using the data in Fig. 9a. Non sterile ‘control’ is naitiieelitded
completely dissolved (infinite swell ratio).
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chain scission also decreased. In the case of the higherscission. The samples exposed to lower doses show a higher
doses, oxidation induced chain scission in the first 5 monthsincrease in swell ratio caused by a lesser number of cross-
caused scission of chains and loosening of the network butlinks that were present in them immediately after irradia-
did not produce small molecules which could be extracted. tion. In between 5 and 29 months, the increase in swell ratio
However, after 5 months the network became sufficiently for the samples that received smaller doses asymptotically
loose and further chain scission produced larger extractlevels to a steady value as the free radical concentration
percentages. Since samples that receive larger doses havdecreases. On the other hand, the increase in swell
higher free radical concentration (see for example Ref. ratio continues for the higher dose samples albeit at a slower
[60]), the absolute radical concentration in these samplesrate.

is higher for a longer period of time. Thus, oxidation- Fig. 9b is a plot of the inverse of the swell ratio as a
induced chain scission continues for a longer period of function of time. An interesting feature to note is the
time in samples that received higher doses. similarity in general trends between Fig. 9a and b. This

It is interesting to note that for the 25 kGy sample (which observation forces one to wonder if there exists a super-
is relevant to the sterilization industry), the polymer is position law between dose and aging time. If so, dose
completely cross-linked with no extractable fraction variation could be used as way to do accelerated aging
immediately after irradiation. However, after just 5 months tests. It can also be shown that the plots of extract percent
the extractable percent has gone up to 40%. Following this, and crystallinity with dose would show similar variation as
the increase (if any) is very slow. Larger doses will resultin the plots of the inverse of extract percent and crystallinity
less cross-linked materials only after 25—30 months (for the with time, respectively. However, a more extensive study is
case of negligible oxygen diffusion limitations). Smaller required to confirm or reject this speculation. If it is true one
doses on the other hand would mean that: (a) the polymerwould also have to determine the range of validity and the
immediately after irradiation is not completely cross-linked exact nature of the superposition law.
into a network; and (b) in a few months, say, 5 months, the
extractable percent of the polymer will be very high. This 3.5. Fourier transform infrared spectroscopy (FTIR)
may be a concern if cross-linking is important for increased
wear resistance. As discussed before, we decided to use electron irradia-

The swell ratio of the polymer samples are plotted in tion hoping that the dose would be uniform throughout the
Fig. 9a function of dose. Immediately after irradiation, the sample. If this were true, one would expect the oxidation to
swell ratio was less than four for all doses (10—200 kGy) be approximately uniform over the time scales studied since
studied. An increase in dosage did not result in a substantialthe order of magnitude of the diffusion time is only 1 day
decrease in the swell ratio. The swell ratio increases (much less than the time scale of months being investigated
substantially in the next 5 months, thus, indicating that the in this study). We decided to verify if this was indeed so.
chains have become more mobile resulting from chain Fig. 10 is a plot of the variation of the oxidation index with
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Fig. 10. A representative plot of oxidation index versus depth of the sample. These samples were all irradiated to 20 MRad and aged for different times.
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depth in the sample for the case of 200 kGy. The oxidation uniformly oxidized, we decided to neglect this profile in
was uniform for the 5 month old sample but was not so for our analysis. Fig. 11a and b plot the spatially averaged
the 29 month old sample. An approximately 200 thick oxidation index as a function of dose and time. The
surface layer had lower oxidation levels than the bulk which oxidation was almost linear with dose at all times whereas
had an approximately constant level of oxidation. Other incremental oxidation was higher at smaller times than at
29-month-old samples exposed to different doses showedlarger times. These trends are indicative of a diffusion and/
similar behaviour. This surface layer cannot be caused byor reaction process. The oxidation index varies roughly
a dose build-up as observed in gamma irradiation since thelinearly with dose because the concentration of free radicals
thickness of the surface layer is too small. Hence, we sur- varies linearly with dose. The decrease of the oxidation rate
mise that this is an artifact resulting from either a small with time could be caused by: (a) diffusion of the radicals
difference in surface preparation of all the samples agedalong crystal stalks to the amorphous region; and/or (b)
for 29 months (which we could not identify) or small differ-  diffusion of oxygen from the amorphous regions to the radi-
ences in dose caused by scatter at the polymer-air interfacecal in the crystalline region; and/or (cth order reaction
which show up only when these differences are exaggeratedkinetics of the various oxidation reactions (in which the rate
by extensive oxidation. equation is such that the rate of creation of a species depends
Since 75% of the sample (the central core region) is on the product oft concentrations). The observed trend in
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Fig. 11. Variation of the average oxidation index with: (a) dosage; and (b) aging time.
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Table 1
Summary of ESR results

2227

Dose 1 day 48 days

5/6 months

29/30 months

Decreasing signal strength
25 kGy Sextet (alkyl)
200 kGy —

Singlet (peroxy)

Singlet (peroxy)
Singlet (peroxy)

Increasing signal strength
Singlet (peroxy)
Singlet (peroxy)

the oxidation versus time can result if any one or more of the
above three processes were rate determining.

3.6. Electron spin resonance (ESR)

We performed ESR on our samples only to verify if the

radicals still existed and to try and identify them. Table 1is 2.

a summary of our results. In the 25kGy sample, we
observed a sextet signal corresponding to the alkyl radical
after 1 day. For longer periods we observed a singlet signal
corresponding to peroxides of the alkyl or allyl radfc@ur
observation is consistent with that of Oonishi et al. [61] who
observed similar spectra for doses of the order of magnitude
of 10 kGy although they did not pursue the process beyond a
few months. Peroxy radicals exist as long as 30 months. The
fact that only peroxy radicals are seen at 48 days and 30
months seems to indicate that the radicals survive in this
form in our system where oxygen diffusion is not the rate
limiting process. This also implies that oxygen and most
radicals in the sample manage to reach each other within
the first 48 days. If that is so, it is the rate of the reactions
converting peroxy radicals to the various oxidation products
(ketones, aldehydes and alcohols) and not any of the diffu-
sion processes which is rate determining for long-term aging
(over a period of years).

4., Conclusions 3.

Some aspects of the development of molecular and super-
molecular structure of UHMWPE following irradiation in
air were studied in this work using DSC, SAXS, swelling in
a solvent, FTIR and ESR. The sequence of events which we
conclude from our results are as follows.

1. Immediately after irradiationthe percent crystallinity
increases with absorbed dose. This is probably caused
by readjustment of chains at the crystal-amorphous inter-
face following back bone chain scission of molecules in
that region. There could also be some increase in the
crystallinity resulting from perfection of the crystal
following chain scission. The melting point as measured
by DSC increases because of the arresting of the crystals
during melting by the cross-links created during

2 Alkyl radicals are of the form -CHCH-CH,- and the corresponding
peroxides are of the form -CHC(OO)H-CH,-. Allyl are of the form
-CH-CH=CH- and the corresponding peroxides are of the form
-C(OO)H-CH=CH-.

1.

irradiation. For the doses studied here (10-200 kGy)
and the experimental conditions, the effect of cross-
linking exceeds the effect of chain scission. The degree
of cross-linking is higher for higher doses. Oxidation
during irradiation is negligible for our experimental
system.

In the first 5 monthsthe oxidation rate is high during the
first few months and increases linearly with the initially
absorbed dose. The oxidation results in substantial chain
scission. The degree of cross-linking decreases and small
chains are generated which are extracted out of the net-
work during swelling experiments. Thin crystallites are
formed in the amorphous region because of the
rearrangement of chains in the amorphous region.
These chains have greater freedom than the chains in
the amorphous region before oxidation-induced chain
scission and are, hence, able to fit into crystals. The for-
mation of these crystallites causes an increase in the
fraction crystallinity. The long period spacing also
shrinks following densification resulting from the forma-
tion of newer crystallites. The extent of chain scission is
large enough at high doses to cause a reduction in the
melting point by permitting the lamellae to melt more
easily unrestricted by the too many cross-links. The fact
that the chain scission reduces connections between
lamellae is the likely reason for the brittleness that
accompanies post-irradiation oxidation.

Between 5 and 30 monththe oxidation rate is much
slower but its effect on the creation of small molecules
is large especially for larger doses as indicated by the fast
increase in the extractable percent. ESR results indicate
that it is the oxidation reaction rate which is rate deter-
mining at these large times. It was also discovered that in
the presence of oxygen, radicals survive in the form of
peroxides for as long as 30 months. The chain scission
continues at a lower rate increasingly disconnecting
lamellae from one another. The swell ratio increases
slowly with time as the population of elastically effective
chains (connected at both ends to junctions) is decreased
as a consequence of scission. The thin crystallites grow
slowly and/or are perfected during this time period. The
crystallinity increase is much lower than in the initial
stages.

The following are some other conclusions of practical

interest.

The removal of dose variation with depth and large
oxygen diffusion times helps in understanding the
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paraffins. In: Bassett DC, editor. Developments in crystalline
polymers, vol. 1. London: Applied Science, 1982:37.

aging process better. If these complications are not elimi-
nated, results can be difficult to interpret as indicated by (9] Mukherjee. AK, Gupta BD. Sharma PKJ. Macromol Sci Rev
the strong dependence of the process on the .dose Macrorrjlol Chem Ph;’s 1986;’026 (3):415.

observed in our study. There are two ways to achieve [10) renner W, Adler A, Oswald HJ, Turi EA. J Appl Polym Sci
this: one is the method used in this study while the other 1969;13:2689.

method is to use gamma sterilization on a thicker sample [11] Nusbaum HJ, Rose RM. J Biomed Mater Res 1979;13:557.

and then discard an approximately 3 mm thick layer from [12] Lue CT, Ellis EJ, Crugnola A. Effects of gamma-irradiation on ultra-
the surface before aging high-molecular-weight polyethylene. In: 39 Annual Conference of

.. . . The Society of Plastics Engineers, SPE 1981:246.
. The large variations in extract percent, swell ratio and [13] Roe RJ, Grood ES, Shastri R, Gosselin CA, Noyes FR. J Biomed

crystallinity for the 25 kGy (which is the dose used by Mater Res 1981;15:209.
the sterilization industry) sample within the first 5 [14] Grood ES, Shastri R,‘Hopson CN. J Biomed Mater Res 1982;16:399.
months indicates that significant changes take place EZ} Eyerelf |P'|: Ke Y?GJLB;?”S?dt gﬁter;es 1233;5122512.5)7685
. . . amel |, FInegol . Radial ysS em N . .
while the implant is on the shelf. If one assumes that |\ 7, o cicher Rm. Radiat Phys Chem 1988:31 (4) 5 6:693.
there are changes in the rate and/or mechanism of oxida-[1g] minkova L. Colloid Polym. Sci (Vol. 6-10) 1988:266.

tion after the implant is inserted into the human body [19] Kurth M, Eyerer P. Effects of radiation sterilization on UHMW-PE.
(perhaps resulting from a change in the oxidant concen- In: Willert H-G, Buchhorn GH, Eyerer P, editors. Ultra-high

tration), then differences in shelf life between various
implants will cause significant differences in their
performance in vivo.

law between dose and aging time may be very useful for
accelerated aging of UHMWPE samples.
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