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Summary

Ultra-high molecular weight polyethyleneUAMWPE) was modified on purpose to
enhance the wear resistance. The modification wase either by crosslinking the
amorphous region of the sade using dunctional monomers or by crosslinking the
bulk in the melt state using mxide. The changes in theal and tensile
propeties indicated that the modifications were effected. The volumetric wear rate,
determined on a pion-disk wear tester, was suppressed by the matdns. The
correlation between the tensilpropeties and the wear rates wasught. Any single
tensile property or terige rupture energy did not calate well with the observed wear
rate. Instead, the ratio of maximum contact stress calculated by the Hertz's contact theory
to yield stress appeared torcelate well with volumetric wear rate.

Introduction

UHMWPE has been used as a ditbge for damaged or diseased cartilage in total joint
prosthesis for many years (1,2). Beside its superb wear resistance, themgobdnical
property, clemical resistance, and biocompatibility were the factors that ensure the
extensive use of UHMWPE. However, cases idating prodems associated with the
material have been perted in recent years. The primargrodem is the constant
generation of submicronzed wear debris, which overwhelms theody's ablity to
remove the material, limiting theorigevity of taal joint prosthesis (3,4). This debris may
be responsible for itiating a series of deleteriouprocesses resulting in loosening of
the implant, pain to the patients, and eventually revisiogesy for some a@tients.

Many efforts were exercised to enhance the wear resistancdJHMWPE, although

few of them appeared to be successful. In an effort of #maessort, UHMWPE was
modified with two different methods in the present study. One was introdu@ng- s
interpenetrating network (IPN) structure or crosslinks only in the amorphous region of
UHMWPE, maintaining the crystalline region intact. Two aromatic fumctional
monomers, divinylbenzene (DVB) and diallyl phthala®AP), were used. The other was
chemical crosslinking in the melt state, consequently reducing the crystallinity of
UHMWPE. Dicumyl peoxide (DCP) and tallyl cyanurate (TAC) were used as a
crosslinking agent and a crosslinking promoter, @etpely.

Another objective of this gtly was to seek aelationship between mechanicaroperty
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and wear resistance of polymer, since there has not been a clear explanation on the
correlation between wear and mechanigabpeties. In the ourse of investigting the
structure, mechanical and weapropeties of the modified UHMWPE, a possible
parameternvolving conact stress and tensibpeoperty is proposed.

Experimental

Materials and Modications

Two types of UHMWPE were used; powddor compression molding and bulk for
surface modificatn. The powderUHMWPE was mertal grade Hizex240M supfied by
Mitsui Petrochemicallndustial Co. The bulk UHMWPE was sgpplied in the form of a
rod by The Hospal for Special Surgery/Poly Hi Solidur, which was ram-extruded
GURA415 resin from Hoechstelanese.

The modification by DVB orDAP was peéormed by first soaking a sample in the liquid
monomer containing 5 wt % ofi-hydroxy-a,a-dimethyl acebtphenone (Darocure 1173)
as a photoiiator at 120 °C for 30 min. Grawmetric analysis indicated that the
diffusion of the monomer into a 300-um thicknf was saturated in 15 min. The samples
were then irradiated by UV with 2-kW high-pressure mercurlamp in N, atmosphere at
60 °C for 60 min. The moddation with DCP or DCP/TAC was carried out in the melt
state.100 g of UHMWPE powder were mixed with the solution in whi®tb g of DCP or
the same aount of DCP together with 2.0 g of TAC were dissolved in 300 mL of
acetone. After removing acetone using a rotaryperator and subsequently a vacuum
drying oven at 40 °C for 24 hours, the mixture was compression moldedntoor disk
specimen at80 °C. The crosslinking modifation was effected in this stage.

Thermal characterization

Thermal propeties were characterized with a Perkin-Elmer 3% differeriial scanning
calorimeter. Samples of c&.0 mg in aluminumcells were heatedrom room temperature
to 180 °C at aate of 10 °C/min, heldor 5 min, and then cooled to rootemperature at
10 °C/min. Melting temperatureT,, and crystallization temperaturel, , were identified
at the peaks of melting ndotherm and cryallization exotherm, respectively. Heat of
fusion was determined by comparing the aramder melting edotherm with

that of Indium standard having a knowreah of fusion of28.4 J/g (5). The degree of
crystallinity, X, was calculated by dividing the measured heat of fusion per gram by the

heat of fusion of an ideal polyethylene crysta8? J/g (6).

Tensile measurement

The tensile specimen of B/for DAP- modified UHMWPE was prepared by first
compression molding a 300-um thickinf with  UHMWPE powder, cut to strips of 10
mm width, and modified. DCP- or DCP/TAC-modified UHMWPE powder was
compression molded to a film and cut to strips. Using ayd|LR-10K universal testing
machine, tensile tests weremdwted atroom temperature with a crosshead speed of 500
mm/min and a gauge length of 50 mmaciing to ASTM D882-91.

Wear test
The pin-on-disk type wear tesmachine constructed and used was composed of a
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stationary metal pin and a rotating polymer disk.CA-Cr alloy pin with a diameter of 1

mm and a hemispherical tip with the radius afrature of 10.42 mm slid on the
surface of polymer disk tracking a circle of 36 mm in diameter at a sliding velocity of 107
mm/s. The pin was cut outrom the femoral head component of attual prosthesis,
polished with a sand paper and lapped to have a center-line average roughneSsa.

0.03 pm. The polymer disk of DVB- oDAP-modified UHMWPE was prepared as
follows: A disk was cut out of the rod to have Endnsion of 70 mm diameter and 10 mm
thickness, lapped tor, below 0.05 pm, and modified. DCP- or DCP/TAC-modified
UHMWPE powder was compression molded to a disk with thenes dimensin, and
polished to the sameigaceroughness as above.

Wear tests wereubricated with calf serum containin@.2 vol % sodiumazide to inhibit
bacterial contaminatn, and were carried out at roomemperature. A constanhormal

load of 10 N was applied vertically on the pin, and the number of sliding cycles was fixed
at 200000 forall the tests. During the tests, friction coefficients were monitored by the
equipped load cell. Wear rate or volumetric wear per cyélg, was determined by
measuring the cross-sectional area of the wear track after removing the pin, using a
Tencor Instruments Alpha-Step profiveter.

Results and discussion

Thermal properties

The thermal propeties of the modified UHMWPE measured by DSC were shown in
Table 1. At the first heating scan, the crystallinity and the melting temperature of DVB- or
DAP-modified UHMWPE were little changed from those of the control sample.
This indicated that the omomers penetrated selectively into the ogmhous region of
UHMWPE, and that the crialine phase was little influenced by theffasion and
photopolymeization of the monomers. At the secondeating scan, however, the modified
UHMWPE showed lowerT, and X, than those obtained at the first scan. The smaller
lamellar thickness and lower crystallinity were attributed to the fact thaing the
cooling process after the first heating scan, the crossliokwed by the modification in
the amorphous region oftUHMWPE hindered the chaindrom crydallizing (7). The
decrease i, _also reflected the hindered crystallization.

For DCP- or DCP/TAC-modified UHMWPE, since theespnens were crosslinked in the
melt state and then cooleX,, T, and T, determined at the first heating scan and cooling
were lower than those of unmodified UHMWPErydallization process appeared to be

Table 1. Thermal properties of modified UHMWPE

Modifier I (O X C4) T,.(°C)
Istscan  2nd scan Ist scan  2nd scan

DVB 131.8 129.5 472 34.6 113.6

DAP 133.2 129.7 48.8 37.7 113.5

None (control) 132.0 - 46.9 - 116.0

DCP 126.4 - 41.5 - 114.0

DCP/TAC 118.0 - 353 - 106.0
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much more hindered in DCP/TAC-modified UHMWPE than in DCP-modified
UHMWPE, which was ingtated by the much lower values of, T, and T . It was
suggested that crosslinking iefency be greatly enhanced by the addition of TI8C

Tensile properties

The stress-strain curves of the modifi’dHMWPE were shown in gure 1, and the
tensile propeties were summarized in Table 2. Theounig's modulus,E, and the yield
stress, o, of DVB- or DAP-modified UHMWPE were higher than those of
the unmodified UHMWPE. The increases wehlmught to be due to the structural change
and the stiffening in the amorphous region WHMWPE. Although it is true that both
propeties are directly influenced by crystallinity9), the changes in crglinity were
negligible from the control gEimen. It was thefere considered that the rigid amatic
monomers, by either forming semi-IPN with UHMWPE chains or crosslinking
UHMWPE chains, reiforced the amorphous region dJHMWPE, leaving the crystals
alone. The reinforcing edtt was larger in the DVB modification due presumably to the
fact that DVB was smaller in molecular size and more compatible WHMWPE than
DAP was. The calculated solubility parameter valudger UHMWPE, DVB, and DAP
were 16.0, 17.4, and 18.1 MPaespectively(10).

E and o, of DCP- or DCP/TAC-modified UHMWPE were lower than those of
the unmodified UHMWPE. In these instances, the decreases imaltryiy and lamellar
thickness appeared to result in the decrease in these small-strain tensile prddeti®s (
When TAC was used with DCP, both propes were further decreased, iHetting the
enhanced crosslinking in the melt state and the consequent lower crystallizability.

The tensile behavior of the modifiedHMWPE at large d®rmations was differenfrom
the small-deormation tensile behavior discussetbose. The elongtions at break of the
modified UHMWPE were lower than that of the unmodified UHMWPE. The results were
also attributed to the structural changes in theorahous and cryalline regions of the
modified UHMWPE.

Unlike other polyethylenes, UHMWPE shows early onset of strain hardening aékt y
without apparentigld drop, which is a chacteristicfound inelastomeric materiald.3).
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Figure 1. Stress strain curves of the control and the modified UHMWPE.



437

Table 2. Tensile and wear properties of modified UHMWPE

) E oy G, % C.E, O max
MiGdsher (MPa) (MPa) (MPa) B Mpa)  (Mpay Om/%
DVB 916 271 374 232 484 882 289  1.07
DAP 817 231 309 152 558 470 268 116
None (control) 721 199 361 401 1053 1440 247 124
DCP 640 190 239 350 673 1300 228 120
DCP/TAC 416 160 176 298 474 715 171 1.07

* volumetric wear per cycle (x 10°° mm’/cycle)

The behavior originates from the unique microstructure of UHMWPE. The
microstructure of UHMWPE is not fully sphditic. Rather it is a composite-like
structure in  which small crystalline Ilamellae,onoected by tie molecules, are
dispersed over the amorphousatrix (14,15). Upon the defaration bgond yeld point,
entanglements in the amphous region andamellar blocks act aphyscal and chemical
crosslinks, hindering molecular chairicom slipping and orienting along the eéation of
applied stress. The role gfhyscal crosslinks in reducing the drawability has been well
known in the mtecular weight effect. Increase in entanglement density with increasing
molecular weight results in the decrease onghtion at break of polyethylene (9).

The elongation at break or ultimate strag), of DVB- or DAP-modified UHMWPE was
lower than the control specimen by a factor bbat two. The decrease could be lexped

by the effect of addedphyscal and chemical crosslinks, which were raduced to the
amorphous region by the modiition. The smi-IPN and crosslinks further hindered the
slippage and orientation of the chains, resulting in the lower drawability of the specimens.
The tensile strength or the ultimate stress, of the modified specimen was kept high due
apparently to the high yield stress and the subsequent stain hardening.

The lower ¢, of DCP- or DCP/TAC-modified UHMWPE could also batributed to the
effect of added crosslinks by the modificati The lower g, and the less-limited
drawability of these specimens, compared with those of DVB- AP-modified
specimens, werehought to be due to themsller anount of crysalline lamellae, which
acted as the crosslinks and gtrhardened the sgimen. In all of thefour modified
UHMWPE, the product of o, and g, which is known as tefle rupture energy, were lower
than that of the unmodified UHMWPE.

Wear resistance and its correlation to téagproperty

The results of profilmetry showing the cross-section of the wear tracks were presented in
Figure 2, and the wearates, R, of the specimens were listed in Table 2. The wear
rates of all four of the modified UHMWPE were Ilower than the unmodified
UHMWPE, indcating the enhanced wear resistance by the modifications. Tensile
propeties were widely varied in these materials depending on the modificatiohodyet

as discussed above. None of the propsr however, appeared to directlprelate with

the observed wear rate.

In the previous studies, various mechanigalopeties have been uggested as the
governing &ctor that would determine the wear rateoddlus, yeld stress, and tensile
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strength were reported to be inversely proportionalRfoin a study with polyethylene (16).
Tensile rupture energy g, has been suggested and widedgcepted to arrelate well

with wear resistance in many polymers (17-19). However, theelation has failed in
many cases, especially when the contacting interface was smoothoudiit it is
known, in polyethylene, that wearmte decreases with increasing molecular wei(#),
tensile rupture energy decreases sigzahtly (9). The wear ate of UHMWPE renforced

with Aramid or Spectra UHMWPE) fiber was rported to be suppressed, déspthe
decrease inog, (21, 22). Also in the present worlgge, did not correlate withR, as
shown in Table 2.

Adhesive, abrasive, and fatigue wear have been identified as the wear mechanisms on
retrieved implants (23). When the hardenetallic sirface is very smooth and the
contacting interface is wellubricated as in the present tests, the adhesionp@oemt of

wear becomes negligible. The monitored friction coefficient was in the range between 0.1
and 0.2, and no transfeilmh was observed on the pin. Under thigndition, the wear of a
polymer is generated exclusively by mechanigabcesses, i.e., abrasion and fatigue, and
the wear resistance can be determined by the mechapiopkties of polymer and the
magnitude of contact stress. Waoutght, therefore, that it was apprape to examine

the interaction between stress and matguraperty that responds to the stress.

Generation of wear debris can be divided into three successive processes; plastic
deformaton, crack fomation, andtearing of debrisfrom the surdce. In the early stage of
wear the resistance to plastic falenation, rather than Itimate propeties like tensile
rupture energy may be more important, exsally when the contacting intade is smooth
enough to avoid excessivetting. In this context the igld stress, which is defined as the
stress at the start of plastic fenation, may be themechanicalproperty that governs the
early stage wear. Since the number of sliding cycle2@000 was not very high, it was
considered that yield stress miglrielate well with the wear result of the presentky

The stress that actually acts on and causes the waafadesis contact stress rather than
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Figure 2. Profiles of the cross section of wear Figure 3. Relation between the wear rate
tracks: (a) DVB-modified, (b) DCP-modified, and the ratio of maximum contact stress

and (c) the control UHMWPE. to yield stress.
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mere applied stress. The magnitude of contact stress can be estimated by using Hertz's
elastic contact they (24), which calculates the stresBom cortact geometry and material
parameters. It washought that theelastic thery could be used for the present purpose,
since the apparent contact stress (based on the full contact) of 12 MPa was well below
the yield stress dlHMWPE.

For the calculation the reduced radius otrvature, r
modulusE_, were calculated by the following equations:

and the reduced Young's

red’

red?

1 ) 5 -1
2 2 1 l—Vp I—Vd
Tred =|—+—| and E d = |5 L — .
[rp rd} e {2[ E, E,

The radii of curvaturer] and the Poisson's ratiog)(of the pin and the disk were =
10.42 mm,r, = o, v = 0.3, andv, = 0.46 (25). The Young's moduli used were 210 GPa
(26) for Co-Cr E) and the values determined in the tensile tefsts the polymers
(E,)). Radius of contact circle, was given by the equation

1/3
3Lryg
red

where L was the normal load. Finally, maximum contact stress, the largest of the
stress distribution and at the center of contact circle, could be calculated by the equation

3L
. =

max — .
2an2

Using the appliednormal load of 10 N,oc  for the sgcimens were calculated and
listed in Table 2.

We propose the atio of maximum contact stress to yield stresg,/o, as a possible
parameter that can predict the wear resistancehoA$th the atio is not a material
property, it is a physal parameter that compares actuafodming stress with resistance
to deformaton. As shown in Figure 3, the pameter orrelated well with the wear rate for
the modified and the unmodified UHMWPE. Thermelation appeared to holdor the
wear of Aramid fiber reiforcedUHMWPE (21), for whicho g, failed to be the factor.

The dominant wear mechanism exerted in the present experiment was considered to be
the ploughing, which is one of the abrasive wearechanisms (27). The ctting
mechanism of abrasive wear wdsught to be much suppressed, since theasarfof the
pin was very smooth and the calculated contact stress was not lazggheto cause a fast
rupture. Rtigue wear was also not considered to be the major wear mechdorsrthe
number of wear cycle was not largeoeigh.

Conclusions

In UHMWPE modified only in the aorphous region, modulus andield stress were
higher than those of the unmodified UHMWPE, iwhthose of UHMWPE crosslinked in

the melt state were lower. dlgations at break and tensileipture energies of the
modified UHMWPE were lower than those of the unmodified UHMWPR/ear
resistances of the modified UHMWPE were higher than that of the unmodified
UHMWPE. The wear result did notoelate with any single tensilproperty. The atio of
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maximum contact stress to yield stress, /o, appeared to correlate well with
the observed wear resistance, and was proposed as amepar that can predict wear
resistance of polymer in the early stage of wear.
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