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Molecular orientation at the surface layer of cross-linked ultrahigh molecular weight polyethylene
(UHMWPE) has been examined. Molecular orientation has been shown to affect the wear resistance
and surface mechanical properties of UHMWPE under biomechanical loading conditions. This
study utilizes a nondestructive synchrotron based soft x-ray technique; near edge x-ray absorption
fine structure at the carbon K-edge to examine the degree of surface molecular orientation of
UHMWPE subjected to various cross-linking/sterilization techniques as a function of stress and
wear. UHMWPE samples prepared under gamma irradiation, ethylene-oxide (EtO) treatment, and
electron beam irradiation were worn in a wear tester systematically. Results suggest that the
cross-linking resists surface orientation when the samples were under tensile and biomechanical
stresses. The molecular orientation in the C—C chains in the polymer showed a monotonic decrease
with an increase in gamma irradiation dosage levels. EtO sterilized samples showed more C-C
chain orientation than the electron beam irradiated samples, but lower than the 30 kGy gamma
irradiated samples. Ordered C—C chains in UHMWPE samples have been associated with more
crystallinity or large strain plastic deformation of the polymer. Higher levels of gamma irradiation
appear to induce cross-linking of C—C chains and render a polymer with more amorphous phase
which resists orientation after wear and imparts wear resistance to the polymer. © 2007 American

Vacuum Society. [DOIL: 10.1116/1.2723767]

I. INTRODUCTION

Ultrahigh molecular weight polyethylene (UHMWPE) is
the most widely used material for orthopaedic bearings in hip
and knee prostheses.l The overall success of the UHMWPE
as a bearing surface has been attributed to its good biocom-
patibility and high mechanical strength, resisting wear and
abrasions. However, under biomechanical loading condi-
tions, wear of the joint materials generates wear debris.
Highly localized deformation®® and wear debris accumula-
tion in the body4’5 eventually lead to the loosening of the
implants.

The molecular structure of UHMWPE is a long alkyl
chain backbone having a molar mass (molecular weight) of
(4—6) X 10% g/mol. It has a folded chain crystalline phase
embedded in an amorphous phase containing loose chains.
Cross-linking of the chains in the amorphous phase makes
the material more rigid and hard, and oxidation generates
free radicals which degrade the structure. Although the
UHMWPE material is biologically inert, its mechanical
properties are strongly influenced by the manufacturing and
sterilization processes. UHMWPE is typically formed by sin-
tering the fine powder at or above the melting point of the
material via molding and annf:aling.6’7 The formed material
also undergoes sterilization processes such as gamma radia-
tion, electron beam irradiation, or peroxides treatment before
use. These sterilization processes, however, have also shown
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to induce cross-linking in the amorphous region of the
polymer.s’s_” Cross-linking of the polymer has been shown
to reduce wear significantly, especially in oxygen-free atmo-
sphere followed by annealing. Jasty et al. found from re-
trieval samples that conventional uncross-linked polyethyl-
ene material underwent large-strain plastic deformation,
which led to strain hardening in the sliding direction but
weakening of the material in the transverse direction.” Align-
ment of crystalline chains in UHMWPE may be an important
indication of strain hardening2 as well as increasing hardness
and brittleness. For this reason, surface molecular orientation
of the carbon chains in orthopaedic joint application provides
an insight into the material property as influenced by the
wear processes.lo_12 Because of the complexity of the mate-
rial, the common technique of measuring molecular orienta-
tion of UHMWPE uses staining, cross sectioning the poly-
mer material, and observing the microstructural features
under high magnification electron microscopy, which lacks
quantification of orientation.>"

This study involves the resonant x-ray excitation of a
K-shell electron to an unoccupied low-lying molecular or-
bital of o or 7 symmetry. The initial-state K-shell excitation
gives near edge x-ray absorption fine structure (NEXAFS) its
element specificity, e.g., carbon, oxygen, and substrate
copp<3r,14’15 while the final-state unoccupied molecular orbit-
als give NEXAFS its bonding or chemical selectivity. Be-
cause of the fixed sample geometry (relative to the incident
x-ray beam) and the fact that the 1s— ¢ and 1s— 7" exci-
tations are governed by dipole selection rules, the resonance
intensities vary as a function of the direction of the electric
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TaBLE 1. List of samples of UHMWPE (GUR 1050) studied using NEXAFS method. Various processing

methods and wear/stress conditions with % C—C orientation from NEXAFS are also indicated.

Material % C-C

label Processing Load/wear history orientation (£2%)

COo No irradiation No deformation/wear 68.8
(control)

Cl No irradiation 200% elongation in 40.5
tension

C3 No irradiation 310% elongation in 38.1
tension

C4 No irradiation 400% elongation in 42
tension

X0 100 kGy gamma in air No deformation 43.7
(control)

X1 100 kGy gamma in air 260% elongation in 429
tension

X2 100 kGy gamma in air 200% elongation in 34.8
tension

X5 100 kGy gamma in air 100% elongation in 314
tension

El 0 kGy/EtO sterilization Knee simulator worn 25.6
component

E2 100 kGy E-beam in air Knee simulator worn 12.2
component

D3 30 kgy gamma in N, Knee simulator worn 31.3

(duration process) component

D5 50 kGy gamma in N, Knee simulator worn 224
component

D7 75 kGy gamma in N, Knee simulator worn 18.5
component

D10 100 kGy gamma in N, Knee simulator worn 18.4

component
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field vector E of the incident polarized x ray relative to the
axis of the o and 7 orbitals. This variation in resonance
intensity allows for the measurement of the average molecu-
lar orientation of the alkyl chain with respect to the surface
of UHMWPE. Thus, NEXAFS is an ideal technique for
probing the molecular bond chemistry and orientation in
UHMWPE up to a depth of 5 nm.'*" This study measures
the changes in molecular orientation of UHMWPE NEXAFS
as the samples were subjected to mechanical stresses from
tensile pulling and wear simulator test cycles on a series of
samples with different degrees of cross-linking.

Il. EXPERIMENT
A. Materials and methods

A series of GUR 1050 UHMWPE samples was prepared
for molecular orientation measurements. A detailed descrip-
tion of the samples’ preparation and their wear history is
summarized in Table I. The samples are categorized into four
groups. (Certain commercial quipment, instruments, or ma-
terials are identified in this paper in order to specify the
experimental procedure adequately. Such identification is not
intended to imply recommendation or endorsement by the
National Institute of Standards and Technology, nor is it in-
tended to imply that the materials or equipment are necessar-
ily the best available for this purpose.)

JVST A - Vacuum, Surfaces, and Films

The first group is labeled as C series (C0-C4), which had
no irradiation. These samples were subjected to various ex-
tents of tensile elongation in one direction on an Instron
machine. The second group is labeled as X series (X0-X2
and X5). These samples were subjected to 100 kGy gamma
irradiation in air to induce cross-linking, but the top 3 mm
surface layer had been removed by diamond cutting. The
samples were then annealed at 145-245 °C for 10 h and
then subjected to tensile elongation to different strains. So
comparison between the C and X series will highlight the
effect of cross-linking under the same mechanical tensile
conditions.

The third group is labeled as E series (E1-E2). These
samples were sterilized under ethylene oxide or electron (E)
beam irradiation conditions in air. All the samples were then
tested in an MTS knee simulator for 5 X 10° cycles of dura-
tion; details are described elsewhere.” The fourth group is
labeled as D series (D3, D5, D7, and D10). These samples
were subjected to 30, 50, 75, and 100 kGy gamma irradiation
in nitrogen to induce different degrees of cross-linking and
then packed in nitrogen, heat treated at 50 °C for six days in
the package. No surface layer was removed. This set of
samples was treated in nitrogen atmosphere to avoid oxida-
tion, which had shown deleterious effects on wear and fa-
tigue properties. These samples were worn in the knee simu-
lator under the same conditions. The control samples
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FiG. 1. Schematic diagram of sample geometry for the incident polarized
soft x-ray beam normal to UHMWPE sample surface with elongation direc-
tion parallel to E(¢p=0°). Also represented is angle # made by the incident
x-rays with the sample surface. At normal incidence (6=90°), electric field

vector E is parallel to the sample surface, and at glancing incidence
(#=20°), E is nearly perpendicular to the sample surface.

supplied provide a means by which to compare the mechani-
cal properties of the samples and serve as a statistical base-
line for measuring the effect of wear simulator procedure on
surface molecular orientation.

B. NEXAFS surface analysis

The x-ray absorption experiments (NEXAFS) at the car-
bon K-edge were carried out at the National Synchrotron
Light Source NIST/DOW U7A beamline.'® Multiple samples
approximately 1 cm in diameter (or width) and about 3 mm
thick were loaded on a stainless steel bar and introduced into
the vacuum chamber through a sample load lock system.
Samples were precisely aligned with the aid of a fully auto-
mated computerized sample manipulator stage.17 Energy
resolution and photon energy calibration of the monochro-
mator were performed by comparing gas-phase carbon mon-
oxide with electron-energy-loss reference data.'® The partial-
electron-yield NEXAFS measurements were made using a
channel electron multiplier with a —100 V bias on the en-
trance grid to enhance surface sensitivity. Under these bias
conditions, the partial-electron-yield measurement is domi-
nated by the Auger yield from the sample surface ~5 nm
sensitivity (probe depth of approximately 3-35 nm).'® The
sample was charge compensated using a low energy electron
flood gun, which added no noticeable background to the
NEXAFS spectrum. Electron-yield data are subject to inci-
dent beam intensity fluctuations and monochromator absorp-
tion features. The spectra were normalized to the incident
beam intensity /;, by collecting the total electron-yield inten-
sity from a gold-coated 90% transmitting grid placed in the
incoming x-ray beam path.

The samples were first analyzed with the overall elonga-
tion (stress) direction parallel to the electric field polarization
plane (¢=0°) in an x-ray beamline, as shown in Fig. 1. Then
the samples were rotated by 90° such that the elongation
direction was perpendicular to the electric field polarization
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FIG. 2. Partial-electron-yield NEXAFS spectrum of UHMWPE (GUR 1050)
at the carbon K-edge taken at normal incidence (solid curve) and at glancing
incidence (dashed curve). The predominant peaks are C—H" resonance at
287.3 eV and C-C o at 292.7 eV. Also shown is the subtraction 7,=90°
—1,=20°, which highlights the C-H and C-C orientations.

plane ($=90°). In each of the parallel and perpendicular
geometry, the NEXAFS spectra were obtained at normal in-
cidence (#=90° incidence angle measured with respect to the
surface), where the electric field vector E is parallel to the
sample surface, and at glancing incidence (#=20°) when the
E is nearly perpendicular to the sample surface, also shown
in Fig. 1.

lll. RESULTS AND DISCUSSION

NEXAFS partial-electron-yield spectrum of typical elon-
gated UHMWPE at the carbon K-edge taken at normal inci-
dence 6=90° (solid curve) and at glancing incidence @
=20° (dashed curve) is shown in Fig. 2. The C-H resonance
Rydberg peak was observed at 287.3 eV, and the C-C ¢"
resonance peak (292.7 eV),"” a weak peak at 285 eV, has
been assigned to C=C 7" due to the small amount of un-
saturation present in UHMWPE. All the NEXAFS spectra in
this paper are pre-edge (<275 eV) subtracted to zero and
post-edge (>325 eV) normalized to compare the degree of
preferential molecular orientation as a result of wear or
stress. In the first set of experiments, the UHMWPE samples
were loaded such that the elongation direction was parallel to
the electric field polarization plane (¢=0°). It is observed
that the C—H resonance peak is pronounced when 6=20°
(glancing incidence) and C-C resonance peak is pronounced
when #=90° (normal incidence). This is indicative of a pref-
erential molecular orientation of the polymeric C—C chains
parallel to the sample surface. In order to highlight those
bonds having preferred molecular orientation as a result of
different deformation/elongation stress, the normalized spec-
trum Iy, (dashed) was subtracted from I, 5 (solid) as
shown with label (a) in Fig. 2. The spectral feature with no
preferred orientation subtracts to zero.

It was observed that the elongation direction when paral-
lel to E (¢=0°) exhibits maximum @ anisotropy (alkyl chain
orientation) compared to perpendicular measurement (¢
=90°, data not shown). This implies that when the stress
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FiG. 3. C-H % molecular orientation for the C and X series with different
elongation stress conditions is plotted. A linear regression fit is also shown
as a solid line for the C series and as a dashed line for the X series.

direction is perpendicular to the plane containing E vector,
we observe a nearly isotropic behavior of the C—C and C-H
peaks for the normal incidence and glancing incidence. This
result for the perpendicular geometry indicates that majority
of the C-C alkyl chains lie in the direction of elongation
stress and very few in the perpendicular direction. This result
is very similar to our previous work on rubbed UHMWPE
(Refs. 10-13) and elongated polystyrene.20 In the present
study, we will report the orientation calculations with elon-
gation direction parallel (¢=0°) to the E.

A. Effect of elongation on orientation

The first of these series is the C series, in which the
samples were not subjected to any gamma irradiation and
were elongated to 200%, 310%, and 400% of the original
length. Along with the C series, experiments were done on
the X series, which were irradiated with 100 kGy gamma
rays prior to elongation stress of 100%, 200%, and 260%.
Elongation stress of 310% and 400% on the X series were
not available to complete our present study. From the sub-
tracted NEXAFS spectrum (Zg_gpe—Ig—n0) using the method-
ology illustrated by Outka ef al.,”' the C-C and C-H tilt
angles and percent molecular orientation can be extracted.
Percent molecular orientation represents the degree of aniso-
tropy or alignment of C—H or C—C chains with respect to a
highly oriented UHMWPE reference. The C—H percent mo-
lecular orientation for the C and X series with different elon-
gation stress conditions is plotted in Fig. 3. It was observed
that the control materials CO and X0 (0% elongation) had a
very high degree of initial anisotropy (C—H and C-C orien-
tation), which is attributed to the machining methods by
which the control materials were prepared (See Table I). In
the case of samples that are undergoing a large degree of
elongation stress, an initially oriented blank surface is de-
stroyed and the deformed surface reflects the bulk UHM-
WPE. Hence the comparisons of worn or extensively elon-
gated surfaces are valid as long as the material is chemically
and structurally similar.

JVST A - Vacuum, Surfaces, and Films
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FIG. 4. C-C % orientation of GUR 1050 D series for E parallel (black
circles) and perpendicular (gray open squares) to the wear direction with
respect to gamma radiation dosage. A linear regression fit is also represented
by solid lines.

From the comparison of the percent C—H orientation of C
(no irradiation) and X series (100 kGy) (Fig. 3), The X series
has overall lower orientation in parallel and perpendicular
cases (not shown) and this trend remains the same in lower
elongation cases. As the elongation is increased beyond
200%, the orientation of X series and C series tends to be-
come similar within the limits of experimental errors. Irra-
diation of UMHWPE with gamma rays has definitely re-
sulted in samples that resist orientation when an elongation
stress of 200% or less is applied to them. The C—C percent
molecular orientation (not shown in figure) for the C and X
series followed a similar trend. Elongation stress in UHM-
WPE causes large-strain deformation and results in strain
hardening in the direction of applied stress.”> From our ob-
servations, we can conclude that in the C series without
gamma irradiation, uniaxial elongation stress causes greater
strain hardening, which is attributed to increased alignment
of amorphous C—C chains in the direction of stress,5 thereby,
higher percent C—C molecular orientation in NEXAFS. In
the X series, gamma irradiation leads to conglomeration of
loosely bound chains to form a cross-linked amorphous ma-
terial which resists strain deformation and has lesser alkyl
chain orientation.

B. Effect of wear on orientation

In the next set of experiments, GUR 1050 was subjected
to various levels of gamma radiation (D series), ethylene-
oxide (E1) and electron beam sterilization (E2), and exam-
ined for wear characteristics. In each set, a similarly prepared
unworn UHMWPE was provided to serve as a control. In
general, it was observed that control (not worn) UHMWPE
as well as the worn UHMWPE with higher amount of radia-
tion have lesser orientation. The C—C percent orientation for
E parallel and perpendicular to the wear direction with re-
spect to dosage in the D series is shown in Fig. 4. It was
observed that as the dosage of gamma radiation increased
from 30 to 100 kGy, the percent C—C orientation shows a
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monotonic decrease for both ¢=90° and ¢=0° cases, with
the exception of the 75 kGy sample. The out of trend result
was attributed to extremely low anisotropy observed in the
control material. It is well established for UHMWPE that the
dosage of gamma irradiation levels similar to amounts in the
present study causes various degrees of cross-linking to the
chains of UHMWPE.** In general, when the E was parallel
to the wear direction, more anisotropy or alkyl chain orien-
tation was observed as compared to the perpendicular case.
This result is very similar to the C and X series and our
previous studies on GUR4150."° Within the limits of 5%
experimental error, which arises due to NEXAFS peak inten-
sity measurements, it was observed that the degree of orien-
tation at C—C shows a linear response to the radiation dose
for the range of dosage examined.

The difference in wear characteristics with varying
amount of cross-linking may be explained by the different
degrees of freedom of movement of the folded polymer
chains as a function of the degrees of constraint imposed by
cross-linking the chains. In the case of the 30 kGy irradiation
level (D3), less cross-linking in the amorphous material
makes the random C—C chains more susceptible to aggrega-
tion and realignment along the wear direction, with high per-
cent C—C orientation. For the most highly cross-linked ma-
terials (100 kGy in our studies), more test (wear) time is
necessary to break the cross-links and orient the folded
chains, and hence, a smaller percent C—C orientation.

A comparative study of surface percent C—C orientation
of other forms of irradiation/sterilization techniques such as
ethylene-oxide sterilization and electron beam irradiation ex-
amined is summarized in Table I. It can be seen that an
ethylene-oxide (EtO) sterilized sample shows the highest de-
gree of orientation, followed by the 100 kGy gamma irradi-
ated sample and 100 kGy electron beam irradiated sample.
By utilizing small angle x-ray scattering, differential scan-
ning calorimetry and other methodologies, Goldman et al?
concluded that both 25 kGy electron beam and gamma irra-
diation caused increased crystallinity as compared to EtO
sterilization. Under these low levels of radiation (D3) in this
present study, we observed a high degree of anisotropy after
wear similar to the observation of Goldman et al. However,
increasing the level of gamma (D5-D10) or electron beam
(E2) irradiation, where cross-linking was the more dominant
process, resulted in more amorphous phase which resisted
orientation after wear. By using NEXAFS technique, it ap-
pears that electron beam irradiation methods are much more
effective in cross-linking GUR 1050 to produce maximum
wear resistance.

Highest anisotropy is observed in case CI, where as-
received GUR 1050 was subjected to 200% elongation
stress, which was 40% higher %C orientation in X2
(100 kGy gamma irradiated sample). An interesting compari-
son of different kinds of wear processes is provided, for ex-
ample, by a GUR 1050 sample subjected to elongation stress
or wear using a knee simulator. Comparing X2 (100 kGy
gamma irradiated sample), which was subjected to 200%
elongation, and D10 (100 kGy gamma irradiated sample),
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which was worn in a knee simulator, shows that elongation
stress is much effective in causing anisotropy or alignment of
C—C chains. The ease with which the surface molecules can
be oriented or aligned has several implications for the ob-
served wear phenomenon. One hypothesis is that by subject-
ing the material to unidirectional sliding or elongation in one
direction, the surface molecules align parallel to the wear or
stress direction, forming a quasiglassy material. Wear, there-
fore, occurs by tensile cracking and brittle fracture of the
hardened surface layer, producing a relatively low amount of
wear. When the surface motion is multiaxial (as in knee-
simulator instrument), the surface molecules are in a constant
state of flux and all fracture modes (tensile, shear, and twist)
come into play. The molecular orientation weakens interfiber
strength and thus results in a much higher amount of wear
than in the other cases.'*'*%*

IV. CONCLUSIONS

In this study, we utilized NEXAFS, a nondestructive syn-
chrotron based soft x-ray technique, to examine the degree of
surface molecular orientation of UHMWPE under various
cross-linking/sterilization techniques as a function of stress
and wear. Our studies reveal the effect of radiation on the
wear characteristics from the top 5 nm surface perspective.
We have concluded that gamma and electron beam irradia-
tions render very high wear resistance by forming a more
amorphous cross-linked surface molecular layer that resists
surface orientation. This consequently makes cross-linked
UHMWPE the most suitable candidate in orthopaedic bear-
ings in hip and knee prostheses. The NEXAFS at the C edge
showed that gamma irradiation of UMHWPE has definitely
resulted in samples (X series) which have a 30% reduction in
surface molecular orientation when elongation stress up to
200% in length is applied. Increasing the amount of gamma
radiation dose causes a linear decrease in molecular orienta-
tion of worn samples in a knee simulator. Below 50 kGy
gamma irradiation, UHMWPE sample exhibited more aniso-
tropy, indicating a greater fraction of crystalline phase, which
has poor wear resistance. By increasing the radiation dose up
to 100 kGy, UHMWPE appears to form a highly cross-
linked rigid layer which has about 50% reduced anisotropy
in NEXAFS.
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