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SYNOPSIS

The effects of low-dose (1 to 5 Mrad) gamma irradiation in different gas environments on
thermal and tensile properties, and mass of melt-crystallized ultrahigh molecular weight
polyethylene (UHMW-PE) have been investigated. The gamma irradiation was conducted
under four different environments, air, nitrogen, acetylene, and vacuum. Thermal parameters
were investigated using differential scanning calorimetry. The results showed that both
irradiation dose and environments affected the thermal and tensile properties. Gamma
irradiation significantly increased the melting temperature of UHMW-PE in all cases.
However, the oxidation temperatures of irradiated polyethylene was lowered in all cases
except those associated with acetylene environment. The crystallinity of the polymer was
increased upon irradiation. Tensile yield strength and modulus of irradiated UHMW-PE
increased for all cases except those treated at 1.25 and 2.5 Mrad, and in nitrogen environment
that showed a decrease in the modulus. Gamma irradiation caused a weight gain of UHMW-
PE in all conditions. To further the study, the postirradiation aging effect on the irradiated
polymer was examined during a period of 1 year, and the results showed that the thermal
and tensile properties of UHMW-PE were, indeed, affected. The data suggests that irra-
diation in acetylene affects mainly the crosslinking of the polymer. © 1995 John Wiley &
Sons, Inc.

INTRODUCTION ethylene film, cable insulation, pipes, and foams.!
The radiation effects of low molecular weight poly-
ethylene showed an increase in melting tempera-

ture, increase in stress cracking resistance, and

Ultrahigh molecular weight polyethylene (UHMW -
PE) with an average molecular weight of 3 million

has found wide application, as articulating com-
ponents, in total hip and knee replacement to re-
construct the function of a diseased human joint.
During long-term implantation, UHMW-PE un-
dergoes wear and creep. Therefore, in the past 20
years, there have been some attempts to improve
the material’s long-term performance. One of such
attempts is high-energy ionizing irradiation cross-
linking, as it imparts some improvements to poly-
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improvement in solvent resistance. Further, the
radiation crosslinking of UHMW -PE has been in-
vestigated in an attempt to improve the mechanical
properties and, thus, the survival rate of its
prostheses,*® but without significant success be-
cause the employed high-dose irradiation largely
decreased the toughness of the polyethylene. An-
other reason leading to this study is that although
ethylene oxide is commonly used for sterilization,
at present most UHMW-PE joint components are
gamma sterilized using a dose of about 2.5 Mrad.
The main advantages of gamma over ethylene oxide
sterilization are the relatively high effectiveness
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and safety factor involved, and no posttreatment
is required. However, it is expected that this method
of sterilization could cause certain changes in the
polymer properties.

Even low radiation dose affects the physical and
structural properties of UHMW-PE.® It was stated
that while in a vacuum or inert gas environment the
main reaction of polyethylene to irradiation is
crosslinking, the oxidation and/or chain scission
competes with crosslinking if irradiation is done in
an oxygen-containing environment.” ' Ultimately,
oxidation leads to the degradation of polyethylene.
At a low dose of less than 1.25 Mrad, the main re-
action is crosslinking whether irradiation is done in
air or nitrogen.” Acetylene gas was found to promote
irradiation-induced crosslinking of polyethylene
film.’®® Thus, if UHMW-PE is irradiated in acet-
ylene environment, a dense crosslinking would be
expected. It should be realized that a radiolytic chain
scission may take place even if oxygen is not present.
Crosslinking and/ or chain scission not only change
the molecular weight, but also change the molecular
weight distribution, which also has a significant in-
fluence on the mechanical properties of polyethyl-
ene. Elimination of the high molecular weight frac-
tions will definitely decrease the yield and failure
stresses and increase the elongation at yield. Further
property changes may occur during storage because
latent free radicals remain after irradiation and slow
oxidation of polyethylene occurs. It can be expected
that the crosslinking would occur in the amorphous
region or at the site of imperfect crystals based on
the fact that the distance between carbon chains in
a perfect alkane crystal is 0.41 nm, whereas the car-
bon-carbon bond distance is 0.154 nm.!* Thus, ef-
fecting carbon-carbon crosslinking within such
crystals is practically impossible. Therefore, as a
general rule, crosslinking, chain scissions, and oxi-
dation mainly occur in the amorphous component
of semicrystalline polyethylene at a low irradiation
dose.

Because UHMW-PE is widely used as medical
devices, its gamma irradiation effect has been the
topics of some researches. The study by Nussbaam
and Rose'? showed that gamma irradiation caused
some change in UHMW-PE mechanical proper-
ties—the extent, however, is minimal. Under phys-
iological dose of 2.5 Mrad, the yield and ultimate
strength showed a few percent increase whether the
irradiation was done in air or in nitrogen.” The elon-
gation at yield and failure decreased because the
crosslinking limits the molecular chain mobility. As
oxygen has a strong tendency to react with radicals

formed during irradiation, its presence is expected
to have a detrimental effect on the material perfor-
mance, considering that the polyethylene chain §-
scission is a direct result of oxidation.!® Increasing
the dose increases the oxidation.'*** Dumbleton and
co-workers'®!” observed that in the absence of
crosslinking agents, relatively high radiation doses
are required to obtain worthwhile property im-
provements, and at doses of 20 to 1000 Mrad, the
coefficient of friction at low pressures drops notice-
ably. The studies by Grobbelaar, du Plessis, and
Marris*?° showed that the creep of UHMW-PE
could be drastically reduced when the polymer was
irradiated at the dose of up to 50 Mrad in the pres-
ence of acetylene. Comparing the results in the
presence of acetylene with those in nitrogen, they
found that irradiation in acetylene gas environment
had a higher efficiency in the crosslinking of
UHMW.-PE. As far as tensile strength, there was a
slight increase with increase in radiation dose. For
the thick material, the radiation crosslinking could
be limited by the limited diffusion of crosslinking
agents into UHMW-PE.

The previous studies have been conducted mainly
using high radiation doses, and no detailed studies
were reported on the effect of low-dose gamma ir-
radiation in different gas environments on thermal
and tensile properties of UHMW-PE. Therefore, the
present study was directed towards examining the
effects of gamma irradiation on the tensile and ther-
mal properties, and mass of UHMW-PE using a dose
range of 1 to 5 Mrad in four different environments,
i.e., air, nitrogen, acetylene, and vacuum. This is to
determine whether the UHMW -PE medical devices
maintain their initial characteristics upon exposure
to gamma sterilization, and identify means to reduce
radiation sterilization damage towards improving
long-term stability of UHMW-PE medical devices.

EXPERIMENTAL

Materials

A  commercial medical grade UHMW-PE,
GUR405® (same as GUR415™, but without cal-
cium stearate), in the form of fine powder was pro-
vided to us by Hoechst-Celanese Co., USA. The vir-
gin polymer has a molecular weight of about 6 mil-
lion and a bulk density of 101 g/L. The melting
temperature of the unprocessed polymer, as deter-
mined by DSC using a heating rate of 10°C /min in
nitrogen environment, is about 145°C. In the present
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study, virgin powder GUR405® was melted and
compression molded into sheets (thickness ~ 1.2
mm) using a rectangular metal frame placed between
two stainless steel plates at a temperature of 180°C
and a pressure of 7 MPa. A Carver Laboratory Press
(Model C) was used for compression molding the
polymer under ambient laboratory environment.
The sample was kept at 180°C for 10 min, and then
was cooled to room temperature under pressure us-
ing an electrical fan during a 2-h period.

Gamma Irradiation

Gamma irradiation was conducted on UHMW-PE
at room temperature using three doses, 1.25, 2.5,
and 5 Mrad, and three different irradiation gas en-
vironments, namely, air, nitrogen, and acetylene, in
an irradiator having a ®*Co source. The irradiation
rate was 0.326 Mrad/h. The experiment was also
performed under vacuum. The nitrogen and acety-
lene environments were created by repeatedly eva-
cuating and introducing the gas to a two-way ground
joint glass vessel containing the samples. The du-
ration for each step was about 15 min, and the pro-
cess was repeated four times. To achieve vacuum,
the vessel was evacuated below 1 mmHg before seal-
ing. The vessels were then sealed. Prior to irradiation
the acetylene gas pressure inside the vessel was 2.5
psi above atmospheric pressure. The nitrogen pres-
sure was atmospheric.

Thermal Analysis

Differential scanning calorimetry (DSC) was used
to examine the thermal properties of UHMW-PE.
A Du Pont TA Instrument 2000 thermal analyzer
with a computer data system was used for this pur-
pose. The unit was calibrated using indium.
UHMW-PE samples weighing approximately 4 mg
were placed in a closed (but not airtight) aluminum
pan and heated at 10°C /min from room temperature
to 300°C in air. The thermal properties were mea-
sured for samples irradiated at 2.5 Mrad only. An
average of three to five samples was used for each
condition during DSC analysis.

Tensile Test

The compression-molded UHMW -PE sheets were
converted into dumbbell-shaped tensile test speci-
mens using a metallic cutting die. Figure 1 shows
the specimen geometry. The tensile properties of
irradiated specimens at room temperature were
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Figure 1 Tensile specimen geometry, thickness ~ 1.2
mm.

evaluated using an Instron universal mechanical
tester (Model 1125). A crosshead speed of 20 mm/
min and a gage length of 20 mm were used. At least
four samples were used for each case.

Mass Change

The change in mass of the polymer after gamma-
irradiation was examined by weighing samples be-
fore and after treatment using a scale with an ac-
curacy of 0.001 mg. The weight change were mea-
sured only for samples irradiated at 2.5 Mrad. An
average of 8 to 10 samples was used for weight mea-
surements.

Postirradiation Aging

Considering the long-term effects of gamma radia-
tion, the postirradiation effects on the thermal and
tensile properties, and mass changes were examined
for UHMW-PE samples. The samples were stored
in glass bottles in a dark cabinet. The glass bottles
were occasionally opened to atmosphere to make
necessary measurements. The postirradiation effects
were monitored over a period of 1 year.

Statistical Analysis of Data

The experimental data were subjected to a through
statistical analysis,?! assuming a general linear
model between response and treatment. Three fac-
tors (radiation dose level, gas environment, and
postirradiation time) were statistically analyzed to
determine their effects on the properties of UHMW-
PE. The analysis of variance was first run to see if
there were significant changes in properties within
the groups after treatment. If the answer was yes,
then the multiple comparison ( Fisher’s least signif-
icant difference) was conducted to compare the
properties between any two subjects within the
group. This revealed significant changes in the
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Figure 2 Graphical illustration of a DSC plot.

properties. A level of p = 0.05 was chosen to deter-
mine significance. The illustrated experimental data
were given as mean * standard deviation.

RESULTS AND DISCUSSION

Thermal Properties

DSC thermograms were used to study two events,
melting and thermal oxidation, in terms of melting
temperature (T,,) and oxidation temperature (T,),
which are illustrated graphically in Figure 2.

As shown in Figure 2, the heat of fusion (AH)
was also obtained. Using the AH data, the percent
crystallinity of the polyethylene was calculated by
dividing AH, the heat of fusion measured by the
DSC, by the heat of fusion of fully crystalline poly-
ethylene, reported as 289.3 J/g.22 The results are
plotted in Figures 3-5. The days in the figures are
the time elapsed after irradiation. It appears that
the thermal properties of nonirradiated UHMW-PE
seldom change in short-term storage but did change
after long-time storage. The gas environments sig-
nificantly affected the thermal properties of the
polymer. Figure 3 shows that gamma irradiation in-
creased the melting temperature of UHMW-PE in
all four environments at 10, 130, 250, and 360 days
postirradiation. This result is contradictory to the
data reported in an early report, 2 where irradiation
was conducted at 0 to 40 Mrad in vacuum and the
melting temperature showed no change. Irradiation
in an acetylene environment led to the highest in-
crease of T,, (~ 5°C), while the other three envi-
ronments showed limited increases (~ 1°C). This
may indicate that radiation-induced molecular chain
movement has taken place and resulted in recrys-
tallization to more perfect crystals. This can also be
associated with chain scission of the amorphous re-
gion, followed by recrystallization, which can be af-
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Figure 3 Effect of gamma irradiation on melting tem-
perature of compression-molded UHMW-PE. Control
= nonirradiated samples; vacuum, nitrogen, air, and acet-
ylene = samples irradiated in vacuum, nitrogen, air, and
acetylene, respectively.

fected further by crosslinking in the presence of
acetylene. Such an effect is consistent with earlier
studies where acetylene was reported to promote
crosslinking, > which will, in turn, increase the T,
through a decreased entropy contribution. Statistical
analysis also showed that T, was significantly af-
fected by postirradiation in all samples except those
treated in a nitrogen environment. At 360 days
postirradiation, T, showed a drop, which reflects a
long-time aging of the UHMW-PE, and may imply
a long-term instability of both irradiated and non-
irradiated polyethylene. It is interesting to note that
T, for the UHMW-PE irradiated in nitrogen showed
no postirradiation effects. Figure 4 shows that all
samples except those treated in acetylene environ-
ment experienced a significant decrease in T, after
gamma irradiation. There is no difference in 7, val-
ues for the control and samples irradiated in the
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Figure 4 Effect of gamma irradiation on oxidation
temperature of compression-molded UHMW-PE.
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Figure 5 Effect of gamma irradiation on percent crys-
tallinity of compression-molded UHMW-PE.

presence of acetylene. The results suggest that (1)
irradiation causes oxidation degradation of polyeth-
ylene in an oxygen-containing environment and/or
chain scission; (2) a C—C bond crosslinking of ir-
radiated polyethylene occurs in the presence of an
acetylene environment and raised T, which coun-
terbalance any decrease of T, due to polymer deg-
radation. This may also explain why oxidation tem-
perature changed slightly with time. Statistically,
there is no postirradiation effect on T, except for
the nonirradiated UHMW-PE samples, which
showed a decreased T, only at longer times. Figure
5 shows the calculated crystallinity from the mea-
sured heat of fusion. Following gamma irradiation,
the crystallinity of UHMW-PE increased, as shown
in Figure 5. At 10 and 250 days, the crystallinity of
samples irradiated in air and nitrogen were signifi-
cantly greater than the control and the samples ir-
radiated in acetylene. At 130 days and 360 days, the
crystallinity of irradiated samples were significantly
greater than the control. Among the four conditions,
acetylene environment exhibited smallest increase

115

110 1
g 105 %’-"'""”-% /_w_,,,él
~ ., s araser e
5 i ;
an 100 4
IR T G ;
i 95 +---@ - Control
© === Nitrogen
P 90 - =A== Ajr

~-A--  Acetylene
85 T T T T
0.5 1.5 25 3.5 4.5 5.5
Dose (Mrad)

Figure 6 Effect of gamma irradiation on yield strength
of compression-molded UHMW-PE.

in crystallinity. The above results clearly reflect the
postirradiation effect on crystallinity. Generally, the
longer the postirradiation, the higher the crystallin-
ity. This suggests that irradiated polyethylene con-
tinues to change with time, possibly due to trapped
free radicals,?® which caused a delayed chain rear-
rangement. So the same would be expected for
UHMW-PE. The increase in crystallinity is consis-
tent with density increase of irradiated UHMW-
PE.? It was stated that the increase in crystallinity
of irradiated polymers may be due to recrystalliza-
tion of polymer chains at crystalline-amorphous in-
terfaces onto the lamellae leading to an increase in
their thickness,?* and, hence, the observed increase
in T,,. To summarize, the above results may suggest
that gamma sterilization of UHMW-PE products in
an acetylene environment is an excellent approach
to achieve desirable thermal properties.

Tensile Properties

Tensile tests were run on UHMW-PE samples ir-
radiated in air, nitrogen, and acetylene gas environ-
ments 2 weeks after gamma irradiation. As part of
the tensile testing studies, the following parameters
were determined: yield strength (o,), ultimate
strength (¢,), sample modulus (E), ultimate elon-
gation (¢,) and fracture energy (W,). Figures 6-10
illustrate the results {percentage of parameter as
compared with the control). For the control (not
irradiated samples), o, = 24.7 + 0.6 MPa, ¢, = 47.9
+1.7MPa, E =578 £ 13 MPa, ¢, = 176 £ 12% and
W, = 68.5 + 5.4 Ibs-in. It appears that both radiation
dose and gas environment affect the tensile prop-
erties of UHMW -PE. Statistical analysis of the re-
sults indicates that (1) for a particular dose, the
type of gas environment significantly changed o,,
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Figure 7 Effect of gamma irradiation on sample mod-
ulus of compression-molded UHMW -PE.
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Figure 8 Effect of gamma irradiation on ultimate
strength of compression-molded UHMW-PE,

E, and ¢, (p < 0.025); and (2) in any specific gas
environment, the radiation dose significantly af-
fected o,, 0., E, ¢,, and W, (p < 0.025) except for
nitrogen environment where ¢, ¢,, and W, were not
significantly affected (p > 0.2). At doses of 1.25 and
2.5 Mrad, yield stress and sample modulus displayed
higher increase in air and acetylene than in nitrogen.
In fact, the sample modulus dropped in nitrogen. At
these two doses, crosslinking appears to dominate
in air and acetylene, while chain scission is a major
event in nitrogen. The highest increase recorded for
o, and E were 9 and 36%, respectively. At 5 Mrad,
all three gas environments showed an increase in g,
and E. And a decrease in ultimate elongation at 5
Mrad suggests that the crosslinking began to dom-
inate at this dose. This can be explained in terms
of irradiation-induced crosslinking network for-
mation and a resulted increase in the number of
molecules interconnecting lamella. This, in turn,
restricts the deformability of UHMW-PE. High en-
ergy ionizing irradiation causes both chain scission
and crosslinking, and the extent of which may de-

200
] —~@= Control
- 175 =--0---  Nitrogen
; —eOmn Aj
E 150 4 % ____________ § ...... —=@=-  Acetylenc
T 1254 %‘ ...........................
S __________________
= 100 - e
L 1 B ---1e.
E L2 I © Sl SO
=) so4  TTeell {
25 T T T T
0.5 1.5 2.5 3.5 4.5 5.5
Dose (Mrad)

Figure 9 Effect of gamma irradiation on ultimate elon-
gation of compression-molded UHMW-PE.
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Figure 10 Effect of gamma irradiation on fracture en-
ergy of compression-molded UHMW-PE.

pend on the dose and/or environments. In the ab-
sence of oxygen, crosslinking is formed between
carbon atoms of the amorphous phase. If oxygen is
present, the crosslinking may also be associated with
the formation of peroxide linkages, which are ther-
mally and chemically labile, while crosslinking in
the presence of acetylene can produce stable C—C
bonds. Results of the present study showed that E
decreased and ¢, increased (Fig. 11) when the sam-
ples irradiated in presence of air were incubated for
70 h at room temperature in presence of N,N-di-
methyl aniline, a known catalyst for peroxide dis-
sociation. Reduction in ultimate elongation of sam-
ples irradiated in acetylene increased as the dose
increased, suggesting that the C—C crosslinking
dominates in these samples, with acetylene partic-
ipating as a promoter and/or a reactant. This was
consistent with the recorded increase in specimen
weight after irradiation at 2.5 Mrad (Fig. 17). At 5
Mrad, ultimate elongation reflected a general de-
crease, which is most noticeable for acetylene en-
vironment where more than 50% reduction was re-
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Figure 11 Effects of N,N-dimethyl aniline treatment

on tensile properties of UHMW-PE samples irradiated at

1.25 Mrad in air environment.
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Figure 12 Effect of postirradiation aging on yield
strength of UHMW-PE.

corded. It may be expected that higher dose will
largely decrease the toughness of UHMW-PE and,
thus, make the polymer brittle, an undesirable char-
acteristic for orthopedic implants.

To examine the postirradiation aging effect on
tensile properties, the tensile tests were run on the
samples at 1 year postirradiation, and the data were
compared with those at 2 weeks postirradiation. The
results are graphically illustrated in Figures 12 to
16. Figure 12 shows that the yield strength of
UHMW-PE slightly decreased for the control and
the samples irradiated in air and acetylene environ-
ments at 1-year postirradiation, but it significantly
increased for the samples irradiated in the nitrogen
environment. Figure 13 shows a general increase in
modulus upon postirradiation aging. This increase
is mainly due to an increase in the crystallinity of
UHMW-PE upon postirradiation aging. Figure 14
shows the ultimate strength of UHMW-PE. At 1
year postirradiation, it decreased for the samples
irradiated in air and acetylene environments, but
increased for the control. Finally, Figures 15 and 16
indicate that upon postirradiation aging the ultimate
elongation and fracture energy were significantly
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Figure 13 Effect of postirradiation aging on sample
modulus of UHMW-PE.
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Figure 14 Effect of postirradiation aging on ultimate
strength of UHMW-PE.

increased for the control and the samples irradiated
in nitrogen and air environments, but decreased in
acetylene environment. In summary, the postirra-
diation aging does affect the tensile mechanical
properties of UHMW-PE.

Mass Change

Samples used for weight measurement had the same
geometry as the tensile specimens (weighing about
1.2 g). Figure 17 illustrates the weight changes of
UHMW-PE gamma-irradiated at 2.5 Mrad under
different environments and the postirradiation aging
effect. The results suggest that gamma irradiation
can cause significant weight increases under all four
conditions, with acetylene yielding the highest
weight gain. The weight gain under subambient
conditions is most likely due to the fact that the
environment under vacuum was not free of oxygen;
however, it did show the smallest weight gain. Ir-
radiation in oxygen-containing environment pro-
duces peroxides, and can also lead to weight gain.
The weight gain in nitrogen may be related to its
reactivity with polyethylene in the presence of high-
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Figure 15 Effect of postirradiation aging on ultimate
elongation of UHMW-PE.
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energy ionizing irradiation, but more likely to the
existence of oxygen impurities in nitrogen gas. For
low molecular weight polyethylene, the postirradi-
ation oxidation was verified by the increase in the
concentration of carbonyl! groups,® which in turn,
lead to the weight gain. The same has been shown
in the present study. Figure 17 shows that although
the sample weight continued to increase, the rate
decreased with postirradiation time. It is likely that
the weight gain was caused by existing free radicals
that were rapidly consumed. It is interesting to note
that the nonirradiated UHMW-PE samples (i.e., the
control) showed significant weight increases with
time, which may be related to the slow oxidation of
UHMW-PE in an oxygen-containing environment.
It is not reasonable to think that the weight increase
in acetylene environment was due to the adsorption
of acetylene molecules on the polyethylene surface
because these samples exhibited the highest weight
gain rate at 130, 250, and 360 days when the samples
were exposed to air. Recorded changes in tensile
properties at 1-year postirradiation do not support
the hypotheses that acetylene and water adsorption
are the main cause for weight gain of UHMW-PE.

CONCLUSIONS

The present study showed that gamma irradiation,
types of irradiation environment, and postirradia-
tion aging affect the thermal and tensile properties
of compression-molded UHMW-PE. After gamma
irradiation, the melting temperature increased more
than 5°C in acetylene environment, but less than
2°C in air, nitrogen, and vacuum environments. Ox-
idation temperature decreased in all samples except
those treated in the presence of acetylene. Following
irradiation, crystallinity continuously changed. At
1.25 and 2.5 Mrad, air and acetylene environments
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Figure 16 Effect of postirradiation aging on fracture
energy of UHMW-PE.
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Figure 17 Weight change of UHMW-PE after gamma
irradiation.

promote crosslinking and, thus, increase in yield
stress and modulus. At 5 Mrad, all three gases
showed increase in yield stress and modulus, but
decrease in ultimate elongation. A fraction of the
crosslinks formed due to oxygen can be viewed as
being transient and may dissociate upon aging.
Gamma irradiation in acetylene causes mainly
crosslinking and at a low dose range it can be used
as a means to improve the performance of UHMW -
PE products. The postirradiation effects are likely
to be caused by the macromolecular free radicals.
UHMW-PE is slowly oxidized in air.
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