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Plasticity-Induced Damage Layer Is a Precursor
to Wear in Radiation-Cross-Linked UHMWPE
Acetabular Components for Total
Hip Replacement
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Abstract: The mechanism for the improved wear resistance of cross-linked ultra-high-
molecular-weight polyethylene (UHMWPE) remains unclear. This study investigated
the effect of cross-linking achieved by gamma irradiation in nitrogen on the
tribologic, mechanical, and morphologic properties of UHMWPE. The goal of this
study was to relate UHMWPE properties to the wear mechanism in acetabular-
bearing inserts. Wear simulation of acetabular liners was followed by detailed
characterization of the mechanical behavior and crystalline morphology at the
articulating surface. The wear rate was determined to be directly related to the
ductility, toughness, and strain-hardening behavior of the UHMWPE. The concept of
a plasticity-induced damage layer is introduced to explain the near-surface orienta-
tion of the crystalline lamellae observed in the wear-tested acetabular liners.
Cross-linking reduces abrasive wear of acetabular components by substantially
reducing—but not eliminating—the plasticity-induced damage layer that precedes
abrasive wear. Key words: ultra-high-molecular-weight polyethylene, wear, cross-
linking, hip simulator, small punch test, transmission electron microscopy, ultimate
properties, morphology, fracture, plasticity-induced damage layer.

Researchers have hypothesized that wear at the
articulating surface of total hip replacements is
related to the mechanical response of ultra-high-
molecular-weight polyethylene (UHMWPE) at large
strains under multidirectional loading [1,2]. Direct
correlations between the wear behavior of UHMWPE
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and its mechanical behavior at large strains have
been limited, however, primarily because bulk ma-
terial tests are not performed on specimens scaled
for the articulating surface. Advances in miniature
specimen testing techniques have greatly facilitated
direct mechanical characterization of UHMWPE im-
plants [3-7]. The small punch test, originally devel-
oped to characterize the tensile and fracture proper-
ties of large metallic components using a miniature
specimen [8], is particularly well suited for the
mechanical characterization of retrieved compo-
nents. Small punch testing technology was applied
to and validated for virgin UHMWPE using disk-
shaped specimens measuring 0.5 mm in thickness
and 6.4 mm in diameter [3]. A subsequent investiga-
tion demonstrated that the small punch test can be
used successfully to characterize as irradiated and
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oxidatively degraded UHMWPE that had been gamma
irradiated in air or nitrogen [4]. Thus, miniature speci-
men testing currently provides a reliable and effec-
tive means to characterize the mechanical proper-
ties of UHMWPE using specimens scaled to the
articulating surface.

As a semicrystalline polymer, the mechanical
behavior of polyethylene is strongly related to its
molecular weight and crystalline morphology. For
UHMWPE with an average molecular weight of 6
million g/mol, the molecular backbone consists of
approximately 400,000 carbon atoms. Visualizing
the polymer chain as an entangled strand of string,
its unentangled length would be greater than 1 km
were the string to have the same aspect ratio as a
UHMWPE molecule. Despite the length of the poly-
mer chain, UHMWPE in the solid state is a two-
phase material, consisting of a crystalline phase
embedded within an amorphous phase. The crystal-
line phase in UHMWPE consists of folded rows of
carbon molecules packed into lamellae, typically 10
to 50 nm in thickness and on the order of 10 to 50
pm in length. The amorphous phase consists of
randomly oriented and entangled polymer chains
from neighboring molecules. The amorphous phase
is also traversed by tie molecules, which intercon-
nect remote crystalline domains and provide addi-
tional resistance to mechanical deformation. Thus,
at a microstructural level, UHMWPE can be consid-
ered to be a complex composite material.

Although the crystalline phase within UHMWPE
is typically randomly oriented within the amor-
phous phase, the size, shape, and orientation of the
lamellae are sensitive to mechanical loading. For
example, when deformed in uniaxial tension to
strains greater than 0.17, the lamellae within
UHMWPE begin to show irreversible changes, which
persist even after unloading [9]. The phenomenon
of irrecoverable, permanent strain resulting from
mechanical loading is termed plasticity, and the study
of lamellar plasticity, in particular, holds clues to the
mechanical loading history of UHMWPE. Because
the liberation of particulate debris from UHMWPE
components is expected, at a microscopic level, to
involve locally large deformations, from the exami-
nation of worn articulating surfaces one should
theoretically be able to detect lamellar plasticity, or
mechanical damage to the original crystalline mor-
phology. This damage would thus be the precursor
to wear and wear debris. Only a few detailed studies
are currently available in the literature regarding
the crystalline morphology of UHMWPE after pro-
cessing into extruded rod or compression-molded
sheet [10,11]. Goldman et al. [12] previously evalu-
ated the crystalline structure and morphology of

gamma-irradiated UHMWPE from tibial compo-
nents. The near-surface morphology in UHMWPE
implants and its likely connection to wear mech-
anisms, however, has yet to be explicitly investi-
gated.

Previous research has suggested that the mechani-
cal loading conditions at the articulating surface of
acetabular components may be conducive to the
development of plasticity-induced damage near the
surface [1,2,13-18]. While investigating the abra-
sion resistance of polyethylene under dry (unlubri-
cated) conditions, Pooley and Tabor [13] concluded
that molecular orientation was responsible for differ-
ences between static and kinetic friction at the
articulating surface. More recently, wear surface
and particle morphology characterization has been
performed on retrieved UHMWPE implants as well
as components that have been tested in conven-
tional hip joint simulators [1,2,17,19,20]. Although
wear testing machines do not precisely mimic the
complex loading and kinematics of the human hip
joint, conventional biaxial rocking hip joint simula-
tors have been shown to reproduce clinically rel-
evant wear rates and wear debris for conventional
UHMWPE when operated under the appropriate
conditions [21]. Detailed investigations of the wear
surfaces and debris from acetabular components
that were previously implanted in patients or exer-
cised in joint simulators have suggested that the
mechanisms of wear in conventional UHMWPE are
related to orientation of long-chain molecules at the
articulating surface [1,2]. The accumulation of plas-
tic strains is believed to result in localized anisotropy
and strain softening in a direction transverse to the
oriented molecular chains [1]. Because of the cross-
ing wear paths and multidirectional motion preva-
lent at the surface of total hip replacements, the
shearing of the oriented UHMWPE molecules is
hypothesized to be the primary mechanism of abra-
sive/adhesive wear in acetabular components [1,2].

Modifications to the structure of UHMWPE, such
as cross-linking of the molecular chains, has previ-
ously been shown to reduce dramatically abrasive/
adhesive wear in several in vitro hip and knee joint
simulator studies [22-24]. It has been suggested
that cross-linking of UHMWPE reduces abrasive
wear by improving the resistance of the polymer
molecules to plastic deformation at the articulating
surface. The role of cross-linking on the local me-
chanical properties and crystalline morphology at
the articulating surface, however, has yet to be
studied in detail. Consequently, the purpose of the
present study was to investigate the effect of cross-
linking, as induced by gamma radiation in nitrogen,
on the mechanisms of wear in UHMWPE acetabular
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components for total hip arthroplasty. This study
tested the hypothesis that the wear behavior of
UHMWPE in a biaxial rocking hip simulator is
directly related to the mechanical behavior mea-
sured at the articulating surface. The small punch
test was used to provide quantitative measures of
the large deformation mechanical behavior of
UHMWEPE, as characterized by ultimate strength,
ductility, and toughness of the polymer. In addition,
using transmission electron microscopy (TEM), we
investigated the hypothesis that cross-linking in-
creases the abrasive wear resistance of UHMWPE by
reducing local plastic deformation at the articulating
surface.

Materials and Methods

Twelve UHMWPE acetabular liners of 28-mm
inner diameter were machined from a ram-ex-
truded rod of GUR 4150 HP (PolyHi Solidur, Fort
Wayne, IN). The reported molecular weight for the
resin was 4.0 to 6.0 million g/mol. Implants were
packaged in nitrogen and submitted to a commer-
cial irradiation facility for repeated doses of gamma
radiation (Table 1). Sets of 2 implants each were
subjected to 0 to 5 repeated doses of gamma radia-
tion in nitrogen without violation of the original
packaging. Inserts were then subjected to wear
testing in a biaxial rocking hip simulator. Wear
testing was followed by detailed characterization of
the resulting mechanical, physical, and morpho-
logic properties of the UHMWPE.

Wear Testing

Wear testing was performed by using an MTS
Multi-Station Hip Simulator fitted with commer-
cially available cobalt-chromium femoral heads
(MTS Systems Corp., Eden Prairie, MN). Before
testing, specimens were presoaked in distilled water
for 30 days. The acetabular liners were then mounted
in an anatomic position in polyurethane molds

Table 1. Summary of Irradiation Cross-Linking
and Test Conditions

Cumulative Average
Repeat Gamma Lot Dosage Dosage Density
Doses in N, (No.) (kGy) (kGy) (9/mL)
0 0 0 0.934
1 27.1 27.1 0.938
2 26.3 53.4 0.940
3 26.7 80.1 0.941
4 26.5 107 0.941
5 26.8 133 0.942

2,500 N Peak
Paul Load Curve (1 Hz)

)

Lubricant

Polyurethane

Mold

Acetabular

Liner Femoral Head

Fig. 1. Schematic of the MTS hip simulator used to test
acetabular liners after gamma irradiation in nitrogen.

within the testing machine (Fig. 1). The Paul load-
ing curve was employed (2500 N maximal load) at a
rate of 1 Hz for 3 million cycles.

During testing, triple-filtered bovine calf serum
with 0.1% sodium azide, 20 mM ethylenediamine-
tetra-acetic acid (EDTA), and 30% distilled water
was used as the lubricating medium. Serum was
continually replenished with distilled water to ac-
count for evaporation. The lubricant was replaced
every 2.6 X 10° cycles. The temperature of the
lubricant was not controlled during the experiment
but typically ranged between 30° and 35°C during
the test because of {frictional heating.

Every 5.7 X 10° cycles, the acetabular liners were
removed from their individual test chambers and
cleaned. The mass of each liner was determined
using an analytical balance with a precision of 0.01
mg. Loaded and soaked controls were not used to
account for lubricant absorption during the current
experiment. Previous research at the first author’s
institution using loaded and soaked controls has
shown that fluid absorption accounts for less than a
few percent of the total change in mass of the
specimen. Thus, the change in mass for each liner
during the present study was not corrected for fluid
absorption, which was judged to be negligible. The
wear rate was calculated using standard linear
regression from the steady-state slopes of mass loss
as a function of cumulative loading cycles over the
duration of the experiment.
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Fig. 2. Schematic of coring locations on the wear-tested
acetabular liners. Four cores were taken for the prepara-
tion of small punch specimens (SP), and one core was
taken for density and morphologic characterization (M).

Small Punch Testing

At the conclusion of wear testing, 4 6.4-mm-
diameter cores were taken perpendicular to the
worn articulating surface of 1 acetabular compo-
nent per irradiation condition for the preparation of
small punch specimens (Fig. 2). The cores were all
taken at 45° with respect to the polar axis of the cup,
and all of the cores were located within the worn
area of the articulating surface. To test the hypoth-
esis that local variations in loading might influence
the measured mechanical properties of the UHM-
WPE, the location of each core (ie, at 0°, 90°, 180°,
and 270° with respect to the superior—inferior refer-
ence plane) was carefully noted for consideration in
the subsequent statistical analysis (Fig. 2).

The surface of each core was carefully machined
to prepare a 500-um-thick, disk-shaped specimen
starting within 25 pm of the articulating surface; a
second specimen from the core was prepared at a
depth of 1.5 to 2.0 mm from the surface. Because of
the difficulty in preparing specimens near the con-
cave surface of the core, however, it was not always
possible to manufacture all specimens within the
required thickness tolerances [3]. As a result, 2 to 5
miniature disk-shaped specimens per cup had accept-
ably tight tolerances for subsequent small punch
testing. A total of 25 small punch tests were per-

formed on the 6 multiply irradiated liners; 19 of the
tests were performed on specimens starting within
25 pm of the articulating surface, whereas the
remaining 6 tests were performed on specimens
taken in the depth range of 1.5 to 2.0 mm.

The small punch testing method used in this study
has been previously described in detail [3,4,8], so
only a brief overview of the procedure is provided
here. The small punch specimens were placed in a
custom-built apparatus and deformed against a
hemispherical-head punch moving at a constant
displacement rate of 0.5 mm/min (Fig. 3). The
resulting load-displacement curve was character-
ized by an initial peak load, an ultimate load, and
ultimate displacement. The work to failure, calcu-
lated as the area under the load-displacement curve,
provided a measure of toughness. Finally, the shape
of the load-displacement curve, which is sensitive to
resin, irradiation, and oxidative degradation [3,4,8],
was interpreted to provide insight into the large-
strain plastic deformation response of the UHMWPE.

The effects of cross-linking by multiple irradiation
doses in nitrogen were statistically evaluated using
standard analysis of variance (ANOVA) procedures
using SAS Version 6.12 (SAS Institute, Inc., Cary,
NC). The effects of secondary experimental design
variables, such as specimen location and depth,
were also investigated. A P value of .05 was taken to
indicate statistical significance.

Density and Morphology

For 1 component per irradiation condition, an
additional core was taken for the characterization of
average density and crystalline morphology through
the thickness. The core was obtained parallel to the

UHMWPE Specimen:

6.4 mm dia. x 0.5 mm thick

Hemispherical
Head Punct

Fig. 3. Small punch test apparatus
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polar axis (Fig. 2), near the center of the worn
region at the articulating surface. From each test
case, 2 specimens prepared from each core were
evaluated in the density gradient column prepared
with isopropanol and distilled water according to
ASTM D1505-85.

The crystalline morphology and lamellar align-
ment of the UHMWPE was determined as a function
of depth below the articulating surface using TEM.
Using a diamond knife, representative cores were
sectioned into 65-nm slices and placed on grids
containing 10 sequential sections spanning a range
of 650 nm (0.65 pm) in depth (Fig. 4). The morpho-
logic characterization was performed for each of the
6 dosages by performing TEM on successively ultra-
microtomed slices of UHMWPE, starting at the
articulating surface and continuing to a maximal
subsurface depth of 9 nm. Specimens from each test
group were prepared for TEM by staining the
UHMWPE in chlorosulfonic acid (99% concentra-
tion) for 6 hours at 60°C. Chlorosulfonation of the
UHMWPE stains, cross-links, and stabilizes the amor-
phous regions of the material [25]. After acid stain,
the samples (allowed to reach ambient tempera-
ture) were rinsed with acetone (0°C) then with
distilled water. The samples were dried at 60°C for 1
hour and embedded in epoxy resin with a curing
time of 24 hours at 60°C. Each specimen was
ultramicrotomed using a diamond knife into 65-nm-
thick sections and collected onto Formvar-supported,
carbon-rubidium slot grids. Slot grids allow for
unobstructed viewing over larger areas of the sam-
ple. Before TEM evaluation, the specimens were
poststained with 0.2% aqueous solution uranyl ac-
etate for 3 hours to intensify contrast. Polymer mor-
phology was characterized using a JEOL 100CX oper-
ating at 80 kV. Lamellar alignment was identified in
TEM as domains of stacked crystalline lamellae.

Extraction and Swelling Measurements

Extraction and swelling measurements were per-
formed to characterize the extent of cross-linking in
the same wear-tested acetabular liners as were

Wear Surface
Wear Surface
= =
Wear Surface

Stained specimen embedded
in epoxy resin for scctioning

Samples taken parallel Ix1x5mm

to extracted core

Fig. 4. Schematic of the transmission electron micros-
copy sample preparation and slicing orientations taken
from the cores from acetabular liners.

subjected to small punch testing, density measure-
ment, and morphologic characterization. Specimens
of reproducible geometry were obtained from the 6
wear-tested liners by taking 6.4-mm-diameter cores
through the thickness near the equator of the cup.
Extraction was performed on 3 specimens per liner
using an apparatus similar to that described by
ASTM D 2765-95. Each specimen was placed in an
individual 500-mL round bottom flask attached to a
water-cooled condenser. Into each flask was added
p-xylene and Irganox 1010 (0.5% by weight, Ciba-
Geigy Corp., Tarrytown, NY), an antioxidant, to
reduce degradation of the UHMWPE during the
prolonged extraction. The UHMWPE specimens,
each with a mass of approximately 0.3 g, were
enclosed in a stainless steel mesh cage (U.S. 120
gage) and suspended within the solvent, which was
heated to a rolling boil for 48 hours. Specimens
were weighed before and after assembly in the mesh
cage using a calibrated analytical balance with a
precision of 0.1 mg.

After extraction, specimens were allowed to equili-
brate for 2 hours in a fresh bath of p-xylene (also
loaded with 0.5% antioxidant) that was maintained
at a controlled temperature of 130°C. Specimens
were then removed from the bath; carefully wiped
to remove excess solvent; quickly transferred to the
adjacent balance; and then weighed in the hot,
swollen, and extracted state. Finally, specimens
were dried in a vacuum oven at 60°C for 48 hours,
which was previously determined to be sufficient
time for the specimens to reach constant weight.
Specimens were weighed once again in the dried
and extracted state. Gel content, defined as percent-
age of polymer mass remaining after extraction, was
calculated per ASTM D 2765. Swell ratio, defined as
the volume ratio of the swollen extracted polymer
to the dried extracted polymer, was also calculated
in accordance with ASTM D 2765.

Results

Wear Testing

After an initial wear-in period, all of the cups
exhibited linear wear behavior for the duration of
the wear testing (Fig. 5). Five repeated doses of
gamma irradiation in nitrogen (133 kGy cumulative
dose) resulted in an 88% reduction in average wear
rate when compared with the rate after a single
irradiation dose (27.1 kGy cumulative dose). Based
on ANOVA, the cumulative dose of gamma radia-
tion was associated with statistically significant re-
ductions in the wear rate (P < .0001). Multiple
irradiation cycles of gamma radiation in nitrogen
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Fig. 5. Wear behavior (mass loss) of UHMWPE as a

function of loading cycles and cumulative irradiation dose

in nitrogen.

resulted in progressive and systematic decreases in
the rate of wear up to 107 kGy (Fig. 6). Beyond 107
kGy, increased irradiation did not appear to provide
further reduction in the wear rate.

Small Punch Testing

Mechanical characterization of the wear-tested
acetabular liners using the small punch test also
revealed systematic changes to the large-deforma-
tion mechanical behavior of the cross-linked
UHMWPE at the articulating surface (Fig. 7). The
load-displacement behavior of the irradiation—cross-
linked UHMWPE specimens obtained within 25 pm
of the articulating surface exhibited an initial peak
load, followed by a membrane drawing phase dur-
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Average Wear Rate (mg/1 0° cycles)
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30 60 90 120 150
Cumulative Sterilization Dose (kGy)

Fig. 6. Effect of cumulative irradiation dose in nitrogen
on the average steady-state wear rate of UHMWPE.
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Punch Displacement (mm)
Fig. 7. Effect of cumulative irradiation dose on load-
displacement behavior of UHMWPE during the small
punch test.

ing which the UHMWPE deformed in equibiaxial
tension around the head of the punch. The irradia-
tion—cross-linked UHMWPE exhibited strain-hard-
ening behavior after the initial peak load. The strain
hardening of the cross-linked UHMWPE was espe-
cially notable after 5 cumulative doses of gamma
irradiation in nitrogen (Fig. 7).

The small punch test reproducibly characterized
the large-deformation mechanical response of the
UHMWEPE at the articulating surface for the multi-
ply irradiated and wear-tested acetabular liners
(Table 2). For example, after 1 irradiation dose in
nitrogen, the relative experimental uncertainties in
initial peak load, ultimate load, ultimate displace-
ment, and work to failure were each less than 3%
(Fig. 8). As indicated by Fig. 8, the small punch test
results did not vary considerably as a function of
location near the articulating surface.

Cumulative radiation doses of greater than 107
kGy were required to induce any measurable differ-
ences in the mechanical behavior of UHMWPE near
the articulating surface as opposed to into the depth
of the acetabular liners. Up to a cumulative dose of
80 kGy, the load-displacement behavior of the
UHMWPE at a depth of 1.5 to 2.0 mm was qualita-
tively similar to the near-surface behavior (Fig. 9A).
At cumulative doses of 107 and 133 kGy, however,
the subsurface mechanical behavior no longer dis-
played an initial peak load, whereas the mechanical
behavior evaluated at the articulating surface, in
contrast, still showed evidence of an initial maxi-
mum in the load-displacement curve (Fig. 9B). The
ultimate load, ultimate displacement, and work to
failure did not vary significantly as a function of
depth into the liner (P > .05).

Using ANOVA, the wear rate of the acetabular
liners was directly correlated to the metrics of the
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Table 2. Summary of Hip Simulator and Small Punch Test Results

Ultimate
Cumulative Wear Rate Initial Peak Ultimate Displacement Work to
Dosage (kGy) (mg/106 cycles) Load (N) Load (N) (mm) Failure (mJ)
0 73.0 75.8 69.0 4.34 256
27.1 45.2 737 £ 1.0 76.9 * 1.7 3.96 = 0.08 228 £ 8
53.4 15.1 68.5 3.6 73.2+£29 3.44 + 0.09 176 £ 6
80.1 11.1 65.6 = 1.6 74.0 £ 2.9 3.33 = 0.04 165 =3
107 5.85 64.1 £ 1.8 733 £ 1.8 3.15 = 0.07 152 £5
133 5.40 64.8 £2.4 69.7 = 8.1 3.04 *0.13 144 = 11

load-displacement curve obtained from the small
punch tests performed at the articulating surface.
The initial peak load was linearly correlated to the
wear rate (r? =.78, P < .0001) (Fig. 10A). The
ultimate load, in contrast, was not significantly
affected by the wear rate (P> .05) (Fig. 10B).
Ultimate displacement and work to failure were
both found to increase linearly with increasing wear
rate (r? = .93, P <.0001) (Fig. 10C, D). Thus, im-
proved wear performance of radiation—cross-linked
acetabular liners in the hip simulator was associated
with statistically significant reductions in the initial
peak load, ultimate displacement, and work to
failure of the UHMWPE determined using the small
punch test.

Density and Crystalline Morphology

The average density of the UHMWPE increased
nonlinearly with cumulative radiation dose (Fig.
11). The greatest changes in density were observed
during the first 27.1 kGy of gamma radiation dos-
age, for which density was observed to increase

S0 T —— T T v
Surface 27.1 kGy

o " 1 1 2 J,u
0.0 1.0 2.0 3.0 4.0 5.0
Punch Displacement (mm)

Fig. 8. Reproducibility of the small punch test performed
on 4 specimens prepared from the articulating surface of
the same wear-tested acetabular liner. Before wear test-
ing, the liner was gamma irradiated in nitrogen with a
dose of 27.1 kGy.

from 0.934 g/mL to 0.939 g/mL. For additional
cumulative doses, the rate of density change progres-
sively decreased. The maximal average density was
found to be 0.942 g/mL and occurred at a cumula-
tive dosage of 133 kGy.

The TEM analysis showed evidence of lamellar
alignment in all of the wear-tested UHMWPE, re-
gardless of cumulative exposure to gamma radia-
tion. Previous work [12] and TEM analysis of the

Load (N)

—s— Surface Specimen ‘
--0--Subsurface Specimen l

0 L " L
0.0 1.0 2.0 3.0 4.0 5.0

A Punch Displacement (mm)

Load (N)

—a— Surface Specimen
--o--Subsurface Specimen

L ! L L

0.0 1.0 2.0 3.0 4.0 50
B Punch Displacement (mm)

Fig. 9. Comparison of load-displacement behavior for
specimens prepared from the articulating surface versus
subsurface specimens prepared at a depth of 1.5 to 2 mm.
(A) Cumulative irradiation dose of 27.1 kGy. (B) Cumula-
tive dose of 133 kGy.
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bulk material provided evidence that the microtom-
ing process did not induce lamellar alignment, and
hence the texture was judged not to be an artifact of
the specimen preparation technique. For the virgin,
non—cross-linked UHMWPE, lamellar alignment was
evident to depths less than 9 pm below the articulat-
ing surface (Fig. 12A, B). At a depth of 9 pm, the
morphology of the virgin UHMWPE was random
and isotropic (Fig. 12C). The cross-linked UHMWPE
also showed evidence of near-surface lamellar align-
ment after wear testing (Fig. 12D, E). Although
there was still substantial texture development in
the cross-linked UHMWPE, lamellar orientation

0.95 T T T
0.945 4 +4

0.94

Density (g/cc)

0.935 -

—— Dosage (kGy)

L 1 1 i X !
120

0.93 1

0 20 40 80 80 140

Dosage (kGy)
Fig. 11. Average density of the UHMWPE as a function of
cumulative radiation dose.

was observed only up to a depth of 4 pm below the
articulating surface. This region of lamellar align-
ment in the wear-tested virgin and cross-linked
UHMWEPE was termed the plasticity-induced damage
layer.

Extraction and Swelling Measurements

As expected, the unirradiated UHMWPE almost
completely dissolved after the prolonged extraction
(gel content of 1%). Although the extraction and
swelling measurements clearly discriminated be-
tween irradiated and unirradiated UHMWPE, gel
content and swell ratio were found to reach a nearly
constant value after a single irradiation dose of 27
kGy in nitrogen (Fig. 13). The average gel content of
the nitrogen-irradiated and wear-tested UHMWPE
was found to be 99% = 1%, whereas the average
swell ratio was found to be 2.87 £ 0.13.

Discussion

The results of this study support the hypothesis
that the wear behavior of radiation—cross-linked
UHMWPE acetabular components is directly related
to the large-deformation mechanical behavior deter-
mined at the articulating surface. The small punch
test has been previously shown to characterize
reproducibly UHMWPE in equibiaxial tension to
failure. This is the first study, however, in which the
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miniature specimen testing technique has been
applied at the articulating surface of wear-tested
orthopedic implants. In contrast with virgin
UHMWPE, which exhibits strain softening after the
initial peak load, the radiation—cross-linked materi-
als in this study were observed to strain harden.
Previous researchers have shown that radiation—
cross-linked UHMWPE components exhibit im-
proved wear resistance in conventional hip simula-
tors [22-24]. It has been proposed that cross-linking

Fig. 12. After wear testing, the virgin, non—cross-linked
(0 kGy) UHMWPE showed evidence of lamellar align-
ment at depths of (A) 1.3 to 2.0 ym and (B) 3.3 to 3.9 um
from the articulating surface. (C) At a depth of 9 ym, the
morphology of the virgin UHMWPE was random and
isotropic. The cross-linked UHMWPE also showed substan-
tial lamellar alignment after wear testing but only to a
maximal depth of 4 pm. (D) Depth of 1.3 to 2.0 pm for the
cup irradiated with 80 kGy. (E) Depth of 3.3 to 3.9 pm for
the cup irradiated with 133 kGy. The region of lamellar
alignment in the wear-tested UHMWPE was termed the
plasticity-induced damage layer. (Original magnification
X 16,000)

of UHMWPE reduces wear in vitro by improving the
resistance of the polymer molecules to lamellar
alignment and plastic deformation at the articulat-
ing surface. The TEM performed in this study
provides evidence that cross-linking does not elimi-
nate texture development at the articulating surface
but rather reduces the thickness of the plasticity-
induced damage layer (Fig. 12). Cross-linking re-
duced the plasticity-induced damage layer 2-fold
over the non—cross-linked material (as schematically

P. 0009
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Fig. 13. Effect of cumulative dose on gel content and
swell ratio for the UHMWPE.

depicted in Fig. 14). The results of this study suggest
that the thickness of this damage layer plays a
critical role in the wear mechanism of UHMWPE in
acetabular components.

Exposure to high-energy radiation in an inert
environment has been shown to promote cross-
linking in UHMWPE [26,27]. In the present investi-
gation, acetabular liners were subjected to repeated
irradiation cycles to reach the desired cumulative
dosage. Thus, the results of the present study are not
directly comparable to prior work because each
repeated irradiation cycle can be expected to result
in both degradation (ie, chain scission) and cross-
linking. The average density of the UHMWPE was
observed to increase with repeated irradiation cycles,
consistent with chain scission and degradative
changes to the polyethylene [28-31]. Despite evi-
dence of degradative changes to the UHMWPE
during repeated cycles of irradiation, the wear
performance improved significantly as a function of
cumulative dosage. Work by Greer et al. [32] has
shown that the improved wear performance of

Plasticity-Induced
Damage Layer
(Oriented Lamellae)

Wear Surface

* Isolropic Polymer . Isotropic Polymer -+ |

(Random Lameliae) "

' .7 (Random Lamellag) .\ -1

A Virgin UHMWPE

B Crossiinked UHMWPE

Fig. 14. Schematic of the plasticity-induced damage layer
and its relative thickness for (A) the virgin UHMWPE and
the (B) radiation cross-linked UHMWPE.

radiation—cross-linked acetabular liners in a conven-
tional hip simulator was unaffected by oxidative
degradation. Thus, prior research and the present
study suggest that the beneficial effects of cross-
linking may predominate over the undesirable ef-
fects of concomitant degradation.

A noteworthy finding of this study was that the
miniature specimen mechanical testing, density,
and morphologic investigations provided more dis-
criminating information about the wear-tested
UHMWPE than did the swelling or extraction experi-
ments. OQur findings in this regard are consistent
with the conclusions of previous researchers [33],
who have also noted the lack of disciminatory
power of standard swelling techniques to character-
ize cross-linking in UHMWPE. Novel and nonstand-
ard techniques have been proposed by Muratoglu et
al. [33] for direct measurement of swell ratio, which
may provide the additional sensitivity that is appar-
ently necessary to distinguish between UHMWPE of
subtly varying cross-link densities.

The complex plasticity mechanisms in polyethyl-
ene can be categorized as intralamellar or interlamel-
lar [9,34-37]. The intralamellar mechanisms occur
within the crystalline lamellae and include twin-
ning, martensitic transformation, dislocation chain
slip, and unraveling. The interlamellar mechanisms
are accommodated through the amorphous region
and include interlamellar shear, separation of lamel-
lae, tilting or rotation, and cavitation. The findings
from the present study suggest that cross-linking
affects the depth of crystalline plasticity and sup-
presses strain softening in the UHMWPE. Taken
together, these observations suggest that radiation
cross-linking hinders the interlamellar mechanisms
of plastic deformation in the amorphous regions but
does not prevent intralamellar plasticity from occur-
ring within the crystalline regions of UHMWPE.
Thus, the cross-linked UHMWPE investigated in the
present study was not immune to abrasive wear but
exhibited a significantly lower wear rate because of
its smaller plasticity-induced damage layer.

Some of the findings in this study should be
interpreted with caution. In addition to improved
abrasive wear resistance, radiation-induced cross-
linking was accompanied by significant decreases in
the ductility and toughness of the UHMWPE. The
reduction in ductility and toughness for cross-linked
UHMWEPE is of potential clinical concern, primarily
because of their potentially negative impact on the
fatigue and fracture resistance of the poly-
mer [14,38]. Based on analyses of retrieved acetabu-
lar components, it appears that although abrasion
and adhesion are the primary wear mechanisms in
the hip, accelerated wear may infrequently be caused

P. 0010



626 The Journal of Arthroplasty Vol. 14 No. 5 August 1999

by scratches in the femoral head or by the introduc-
tion of third bodies, such as poly(methylmethacry-
late) PMMA debris [2,17,21]. Historically, no alter-
ations of UHMWPE have been shown to improve
conclusively the clinical, in vivo performance of a hip
arthroplasty. Therefore, from both a biomaterials
and a biomechanics perspective, any modification of
UHMWPE {or total hip replacements must necessar-
ily strike an optimal balance between wear perfor-
mance, ductility, ultimate strength, fatigue endur-
ance, and fracture resistance.

Conclusions

In this study, the mechanical and morphologic
properties were determined for UHMWPE acetabu-
lar liners that were previously subjected to 3 million
cycles of hip simulator testing. This work is novel in
that miniature specimen testing methods were used
to determine the mechanical behavior near the
articulating surface of the UHMWPE liners. Further,
the mechanical behavior of the cross-linked
UHMWPE was correlated with the radiation dosage,
in vitro wear rate, and polymer morphology.

The following conclusions can be drawn from this
study:

® Exposure to high-energy radiation in an inert
environment promotes cross-linking and signifi-
cantly enhances abrasive wear resistance of
UHMWEPE in a conventional hip simulator.

® The in vitro wear behavior of radiation—cross-
linked UHMWPE is directly related to the large-
deformation mechanical properties at the articulat-
ing surface.

® Cross-linking does not eliminate plasticity-
induced texture in the UHMWPE but rather limits
the thickness of the plasticity-induced damage layer
that precedes abrasive wear.
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