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ABSTRACT

The special properties of high molecular weightyptitylene (HMW-PE) and ultra high molecular
weight polyethylene (UHMW-PE) result basically fraheir extreme chain lengths and their high
degree of crystallinity. As high-performance polymehey are used for a variety of applications.
UHMW-PE in particular is often utilized for endopiesis (due to its excellent slip and wear
properties) and due to its high hydrogen conters agutron moderator in casks for storage and
transport of radioactive materials.

To prepare the material for instance for its usa @sal joint replacement, it is exposed to radrat

for several reasons, such as sterilization andsbnégng, leading to partial improvement of the
mechanical properties (e.g. fracture toughnesgkgpaopagation resistance, wear resistance) and
better chemical stability.

To be applicable for long term radiation shieldpgposes for instance over a period of 40 years,
PE has to withstand any type of degradation afigcdafety relevant aspects.

The scope of our investigation comprises an esiimaif the radiation impact on the molecular and
supra molecular structure of two types of PE anavbat extent these changes are detectable by
thermo-analytical (TA) methods, such as Differdnti&anning Calorimetry (DSC), Thermo
Mechanical Analysis (TMA), Dynamic Mechanical Angily (DMA) and Thermo Gravimetric
Analysis (TGA). Additionally FT-IR spectroscopy awell as density and gas sorption
measurements were carried out.

Due to the poor solubility of HMW-PE and UHMW-PErse classical analytical techniques are
not applicable. But TA-methods represent a feasibfgproach to detect structural and
morphological features of these materials as wettleanges caused by external influences, such as
thermal treatment and/or irradiation. With the camabon of the applied TA-techniques it is
possible to distinguish between crosslinking angraaation.
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INTRODUCTION

UHMW-PE has been used for several years in metkcahology due to its excellent slip and wear
properties. Besides this, (UUHMW-PE - due to thegh hydrogen content — are used as neutron
shielding material in casks for storage and trarispfaadioactive materials.

In both cases, irradiation and its impact on thelemdar structure of polyethylene play an
important role. In the first case, irradiation [gaed deliberately for purposes such as steribrat
and crosslinking, leading to partial improvement tbE mechanical properties (e.g. fracture
toughness, crack propagation resistance, weataese and better chemical stability [1,2)8] the
second case irradiation exists as a by-producnsérting the radioactive material in the cask.
Hence PE has to withstand any type of degradaffentang safety relevant aspects to be applicable
for long term radiation shielding purposes for amste over a period of 40 years.

Specifically concerning their use in the field ofedncal technology, (UHMW-PE have been
objects of numerous publications. It is generalbcepted that two parallel and competitive
processes, based on chain scission and reactio@scehtered radicals and molecular fragments,
occur in PE as a consequence of radiation: radécalmbination accounts for crosslinking, together
with some disproportionation, formation of low-maolgar-weight fragments, and recrystallization
[4]. Furthermore, formation of oxygenated structume the presence of traces of oxygen is an
antagonist of the C-centered radicals. Radiati@luged scission preferentially takes place in the
amorphous phase and noncrystalline surface ofriystats. It is followed by folding of molecular
fragments, crystallinity growth and increased paiée in the crystal lamellae [4,5]. Chain scission
results in shorter polymer molecules, fewer entamgints, and consequently, increased molecular
mobility [6].

The scope of our investigation comprises an estimaif the radiation and thermal impact on the
molecular and supra molecular structure of the types of PE used for neutron shielding cask
components. A further point which is worth to explds to what extent these changes are
detectable by thermo-analytical (TA) methods, sastDifferential Scanning Calorimetry (DSC),
Thermo Mechanical Analysis (TMA), Dynamic MechanicAnalysis (DMA) and Thermo
Gravimetric Analysis (TGA). Additionally density di-T-IR measurements have been performed.

In our studies we focused on two materials: HMW{PBPOLEN 52617) and UHMW-PE (GUR
4120). Both materials wergirradiated (dose of ~600 kGy) at RT under inerhdibons. For
HMW-PE one set and for UHMW-PE two sets of irradthtsamples were investigated. In the
following the obtained results will be presented discussed.

RESULTS AND DISCUSSION

Determination of |, and degree of crystallinity by DSC

The untreated and irradiated samples of high atrd high molecular weight polyethylene were
characterized by Differential Scanning Calorimelyy determining the melting temperature, the
melting enthalpy, and the degree of crystallinity.

The weight of the DSC samples was in average 1@magthey were placed in aluminium sample
pans. The sample and the reference were heatechviidating rate of 10 K/min from -100 to 160
°C, cooled to -100 °C. A total of three heating amd cooling cycles were performed for each
measurement. The melting temperature was deternaisgde maximum of the enthalpy peak, the
degree of crystallinity was determined via integmatof the enthalpy peak and normalizing it with
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the reference value of the enthalpy of melting@ % crystalline polyethylene, 293 J/g [7]. During
our studies we found an impact pirradiation on melting temperature, melting enpal and
degree of crystallinity. Figure 1 shows the heatiygles of HMW-PE. Through irradiation the
melting peak and so the melting temperature igeghib higher values. Subsequent recrystallization
and remelting led to a shift towards lower valuésmelting temperature. All measured melting
temperatures for (U)HMW-PE are summed up in Figure
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Figure 1: Heating cycles of untreated HMWPE compared to irradiated HMW-PE

Likewise the degree of crystallinity (Figure 3) slsthe same dependency on irradiation. Through
irradiation it increased and showed a decrease sififesequent recrystallization and remelting. A
suggested reason for the increase of crystallimtyhat the radiation induced chain scission,
followed by increased crystallization due to higmeolecular mobility of the released new free

chain segments, is the predominant effect. Theedser after melting and recrystallization could be
explained by a sterical hindrance of the crystatlan through the existence of crosslinks.
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Figure 2: Melting temperatures of (U)HMW-PE
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Figure 3: Degree of crystallinity of (U HMW-PE
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Oral and coworkers (2008) studied the degree daitalynity in dependence on irradiation dose and
thermal treatment [8]. They also found an increa$ecrystallinity through irradiation and a
decrease after subsequent melting. Furthermorg, tdak a close look on ] It increased with
increasing radiation dose and decreased with rargebtephens et al. (2005) analyzed the effect of
dose rate on the properties of UHMW-PE [9]. Theynid an increase of melting temperature
induced by irradiation, a crystallinity growth tlugh irradiation and a decrease through subsequent
melting.

Determination of the thermal expansion coeffic@atThermo Mechanical Analysis

Especially with regard to the position of the neatmoderator rods in the wall of the cask, one
important aspect is the expansion due to thermalaghinduced by the inserted radioactive
material. For an analytical determination of theerthal expansion behavior over the entire
considered temperature range, thermo mechanicasurezaents of the untreated samples were
performed and compared to those of the irradiates 0

The samples had an edge length of 6 mm and theune®asnts were performed under nitrogen
atmosphere. The samples were heated from -70 °© 2p0 °C with a heating rate of 10 K/min,
afterwards cooled down to -70 °C (rate of 2 K/ma)ring the second heating cycle the sample was
heated up to 220 °C. The linear expansion coefficieas graphically determined by applying a
tangent to the slope of the measured curve. Thardat values of the linear expansion coefficient
were summed up in the following Table 1.

Table 1: Thermal expansion coefficients of HMWPE und UHMW-PE

sample treatment | a (T<60°C) a (T>160°C)
[K-1*10-4] [K-1*10-4]

HMW-PE untreated 0,64Q.HC) -

HMW-PE irradiated 1,43 2,85

UHMW-PE untreated 2,47 3,12

UHMW-PE | | irradiated 1,42 2,62

UHMW-PE_II | irradiated 1,46 2,94

Even though the values of the expansion coeffionare determined from the second heating cycle
(known thermal history of the sample) it made sdndgave a closer look at the first heating cycle.
Especially here the untreated HMW-PE showed a dlifferent behavior. It started to flow, so
running a second heating cycle was impossible, @dsedue to crosslinking the irradiated HMW-
PE sample did not start to flow to that extent. Bxpansion coefficients of irradiated HMW-PE
and UHMW-PE were similar. Untreated UHMW-PE cleadlgowed larger thermal expansion
coefficients compared to all other tested materials

Thermal degradation behavior by means of Thermaaeivy

The behavior of the polyethylene in the case @& éionstitutes an important safety aspect. For this
purpose of understanding the behavior thermo-gretrim measurements were performed. In
general there are two possibilities to determiree degradation behavior: under inert atmosphere
(pyrolysis) and under oxygen atmosphere (thermdaikie degradation).

The thermal degradation behavior of our samplesamatyzed under both atmospheres, under inert
gas (pyrolysis) and under synthetic air (thermadative degradation). The samples had in average
a weight of 10 mg. Under inert gas atmosphere dngpte was heated from 25 °C up to 600 °C in a
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nitrogen atmosphere, under synthetic air the samvpkeheated from 25 °C up to 600 °C. For both
methods the heating rate was 10 K/min. The typdegfadation (single-step, two-step process) and
the corresponding peak temperature were deterngragzhically.

Even though degradation under inert atmosphereréfistts the realistic circumstances (moderator
is installed in separated bore holes with residxggen only), the obtained curves were compared
to that measured under oxygen (for HMW-PE see Eiglr In an inert atmosphere, HMW-PE as

well as UHMW-PE showed a single-step degradatidm¢chvstarted at slightly lower temperatures

(difference 5 °C) for the irradiated samples. Aemperature range from 440 to 490 °C a massive
weight loss of the samples can be observed. Afterptetion the sample has a weight of almost
zero. Compared to that, the measurements undereoxggnosphere showed that an insertion of
oxygen (increase of weight at temperature rang246fto 250 °C) took place first, afterwards the

degradation started. This time a two-step process @bserved: first the oxygenated structures
degraded and one fourth of the original mass wsis lowever the main loss of weight could be

observed at the second step of degradation attlgliggwer peak temperatures as for the inert

atmosphere. Slouf et al. (2008) had performed thegnavimetric measurements, too [14]. They

also measured in air and observed a mass increas® @ébsorption of oxygen.
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Figure 4: Thermo gravimetric measurements of HMWPE under inert and oxygen
atmosphere

Dynamic Mechanical Analysis DMA

Dynamic mechanical analysis (DMA) provides inforraatabout the mechanical properties of a
specimen as a function of time and temperature ubjesting it to a small, usually sinusoidal,

oscillating force. Measured parameters are the ®mmodulus, the storage modulus, the loss
modulus, and the loss factor.

The presented measurements were performed at aefreg of 10 Hz. The heating rate was 1
K/min in a temperature range from -180 °C up to 200
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In Figure 5 the obtained curves of storage modfdusintreated and irradiated samples for HMW-
PE as well as for UHMW-PE are given. They showdasgnilarities except for the strong decrease
in the temperature range between 120 °C and 150Th@& strong decrease — two orders of
magnitude — of storage modulus is shifted to higkerperatures for the irradiated samples. This
shift supports the obtained results from DSC mesamants.

The plateau value of the storage modulus is ancatidin for the degree of crosslinking of a

polymer. In case of HMW-PE, the irradiated samgievés a higher plateau value so it might be
concluded that the degree of crosslinking is ireedathrough irradiation. This would support the
results from solubility measurements.

In contrary to this, UHMW-PE, apparently not infheed by irradiation, show similar plateau

values. But because of the longer polymer chain®JtéMW-PE also a higher amount of physical

crosslinking (for instance entanglements) has ttaken into account.

FT-IR Spectroscopy

Another possibility to determine the existence misslinks and insertion of oxygen in the structure
of polyethylene is the use of FT-IR spectroscopirared spectroscopy spectra of all samples were
measured in transmission mode.

For the determination of structural differencesuiced by irradiation, special attention is paidhe t
absorption bands at 965 and 1700crihe former band shows the absorbance of C=C bonds
(trans-vinylene, —-CH=CH-) and might be correlatedctosslinking. The latter represents the
absorbance of C=0 bonds in aldehydes, ketonesabhdxyls and is a sign for the oxidation of the
sample. The absorption at 2022 tmwas used as reference absorption peak corresgptmlithe
methyl group stretching [13].
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Figure 6: FT-IR spectra of untreated and irradiated UHMW -PE

Exemplarily, the obtained spectra of the untreated irradiated UHMW-PE are presented in Figure
6. They show large similarities, except for thenfation of two new absorption bands at 965 and
1700 cni in the spectra of both irradiated materials. Balisorption bands are a sign for the
modification of the molecular structure of the pglyylene induced by-irradiation.

There are several publications, including Sloufakt (2008) and Tretinnikov et al. (1999),
describing the same changes in FT-IR spectra aftatiation {, e-beam) of polymers [14,15]. In
most cases, the changes in the absorption bandsdeéermined in dependence on the irradiation
dose, and it was found that increasing the dosécexdi a higher intensity of the absorption bands of
carbonyl and trans-vinylene groups.
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Density measurements

The density of all samples (untreated, irradiateddiated and remelted) was determined with a
density gradient column. The samples arranged dicgpto their density along the gradient of the
column. By means of their position in cm and abralion curve the density was calculated. As
solvent a mixture of diethylene glycol and isopnmoglaratio 1:1.3) was used, the gradient was 0.86
— 1.00 g/crit with a tolerance of 0.001 g/¢h
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Figure 7: Density values of (U)HMWPE
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Figure 7 summarizes the determined values of dersitthe described materials. Density
measurements of all samples support the resulssngat by DSC. The density increased as a result
of irradiation and therefore so did the degree rgttallinity, and after remelting and subsequent
recrystallization the density — and thus the degfezrystallinity — shows a decrease.

Degree of crosslinking

In addition, the degree of crosslinking of the dieded samples in comparison with the untreated
ones was determined (DIN 16892), where the amotimsoluble sample content is assigned as
degree of crosslinking [10]. For the definition tbe insoluble part, the sample was extracted by
exposure to refluxing boiling xylene. The weightsietermined before and after this treatment.
The result of this was a huge increase of crossigninduced by-irradiation (Figure 8).
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Figure 8: Degree of crosslinking of untreated andrradiated (U)HMW -PE

Oral et al. (2008) supported our findings with thesults, although they used a different method
[11]. Elzubair et al. (2003) analyzed the correlatbetween irradiation and its influence on the gel
fraction [12]. They also found that increasing ihadiation dose led to an increase of the gel
fraction and a decrease of the swelling ratio.
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CONCLUSIONS

With the applied methods it is possible to detéaicsural changes of polyethylene inducedyby
irradiation. The detected changes of the irradiataterial are not safety relevant for the applarati
of polyethylene as moderator material; contragtymne properties actually improve via irradiation.
However, so far we have only made a comparison dmtwintreated and high dose irradiated
material. In the future we plan to analyze samptlesliated with different doses and different dose
rates.
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