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CROSSLINKED POLYMERS

TECHNICAL FIELD

[0001] This invention relates to crosslinked polymers, and
to methods of making the same.

BACKGROUND

[0002] Polymeric materials are used in medical endopros-
theses, e.g., orthopaedic implants (e.g., hip replacement
prostheses). For example, ultrahigh molecular weight poly-
ethylene (UHMWPE) is used to form components of arti-
ficial joints. Desirable characteristics for the polymeric
materials used in medical endoprostheses include biocom-
patibility, a low coeflicient of friction, a relatively high
surface hardness, and resistance to wear and creep. It is also
desirable for such endoprostheses to be readily sterilizable,
e.g., by using high-energy radiation, or by utilizing a gas-
eous sterilant such as ethylene oxide, prior to implantation
in a body, e.g., a human body.

[0003] High-energy radiation, e.g., in the form of gamma,
x-ray, or electron beam radiation, is often a preferable
method of sterilization for some endoprostheses because, in
addition to sterilizing the endoprostheses, often the high
energy radiation crosslinks the polymeric materials, thereby
improving the wear resistance of the polymeric materials.
However, while treatment of some endoprostheses with
high-energy radiation can be beneficial, high-energy radia-
tion can also have deleterious effects on some polymeric
components. For example, treatment of polymeric compo-
nents with high-energy radiation can result in the generation
of long-lived, reactive species within the polymeric matrix,
e.g., free radicals, radical cations, or reactive multiple bonds,
that over time can react with oxygen, e.g., of the atmosphere
or dissolved in biological fluids, to produce oxidative deg-
radation in the polymeric materials.

[0004] Such degradation can reduce the wear resistance of
the polymeric material. Therefore, it is often advantageous
to reduce the number of such reactive species. Radiation
sterilization of polymeric materials, crosslinking, and
entrapment of long-lived, reactive species, and their rela-
tionship to wear are discussed in Kurtz et al., Biomaterials,
20, 1659-1688 (1999); Tretinnikov et al., Polymer, 39(4),
6115-6120 (1998); Maxwell et al., Polymer, 37(15), 3293-
3301(1996); Kurtz et al., Biomaterials, 27, 24-34 (2006);
Wang et al., Tribology International, 31(1-3), 17-33 (1998);
Oral et al., Biomaterials, 26, 6657-6663 (2005); Oral et al.,
Biomaterials, 25, 5515-5522 (2004); Muratoglu et al., Bio-
materials, 20, 1463-1470 (1999); Hamilton et al., European
Patent Application No. 1072276A1; Li et al., U.S. Pat. No.
5,037,928, NcNulty et al.,, U.S. Pat. No. 6,245,276; and
Muratoglu et al., PCT Publication No. WO 2005/074619.

SUMMARY

[0005] The invention is based, in part, on the discovery
that maintaining or reducing a first degree of crystallinity of
a substantially non-crosslinked polymeric material prior to
crosslinking, followed by crosslinking the substantially non-
crosslinked polymeric material to provide a crosslinked
polymeric material, and then applying pressure to the
crosslinked polymeric material, while heating the
crosslinked material below a melting point of the
crosslinked polymeric yields highly crystalline, oxidation
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resistant crosslinked polymeric materials. For example,
crosslinked ultra-high molecular weight polyethylene
(UHMWPE) having a degree of crystallinity greater than
about 52 percent, and a melting point of greater than about
141° C. can be prepared using the methods described herein.

[0006] In one aspect, the invention features methods of
making oxidation resistant crosslinked polymeric materials.
The methods include obtaining a substantially non-
crosslinked polymeric material having a first degree of
crystallinity; maintaining or reducing the first degree of
crystallinity of the substantially non-crosslinked polymeric
material; crosslinking the substantially non-crosslinked
polymeric material, to provide a crosslinked polymeric
material; and then applying a pressure of greater than 10
MPa to the crosslinked polymeric material, while heating
the crosslinked material below a melting point of the
crosslinked polymeric material at the applied pressure for a
time sufficient to provide the desired oxidation resistant,
crosslinked polymeric material.

[0007] In some embodiments, the methods can further
include, prior to crosslinking, heating the substantially non-
crosslinked polymeric material having the first degree of
crystallinity above a melting point of the substantially
non-crosslinked polymeric material. For example, the meth-
ods can further include, prior to crosslinking, heating the
substantially non-crosslinked polymeric material having the
first degree of crystallinity above a melting point of the
substantially non-crosslinked polymeric material, and then
cooling the substantially non-crosslinked polymeric material
with a fluid having a temperature below about 0° C. The
substantially non-crosslinked polymeric material, can be,
e.g., an olefin or a mixture of olefins, e.g., UHMWPE. For
example, in a particular embodiment, the substantially non-
crosslinked polymeric material is UHMWPE and the first
degree of crystallinity is between about 50 and about 55
percent. A degree of crystallinity of the UHMWPE after
heating above the melting point of the UHMWPE, and then
cooling the melted UHMWPE to about 25° C. is between
about 32 percent and about 48 percent.

[0008] In certain embodiments, the non-crosslinked poly-
meric material is substantially-free of biologically leachable
additives. Leachable additives can, e.g., interfere with
crosslinking, and can, e.g., have deleterious effects on ani-
mals, e.g., humans.

[0009] In some embodiments, the substantially non-
crosslinked polymeric material, e.g., in the form of a cylin-
drical rod, includes UHMWPE. In other embodiments, the
substantially non-crosslinked polymeric material includes a
melt processible polymer or a blend of melt processible
polymers.

[0010] In some embodiments, the crosslinking step
includes irradiating the substantially non-crosslinked poly-
meric material with an ionizing radiation, e.g., in the form of
gamma radiation, e.g., at a total dose of greater than 1 Mrad,
and at an applied dose rate of greater than 0.1 Mrad/hour.
The crosslinking can occur below a melting point of the
substantially non-crosslinked polymeric material, or at tem-
peratures above a melting point of the substantially non-
crosslinked polymeric material. Crosslinking can occur, e.g.,
at nominal atmospheric pressure.

[0011] In some embodiments, prior to the application of
any pressure above nominal atmospheric pressure, the
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crosslinked polymeric material is heated to a temperature
that is between about 25° C. to about 0.5° C. below a melting
point of the crosslinked polymeric material.

[0012] In certain embodiments, applying pressure while
heating includes applying a pressure of above about 250
MPa at a temperature of between about 100° C. to about 1°
C. below a melting point of the crosslinked polymeric
material at the applied pressure, and then further heating
above the temperature, but below a melting point of the
crosslinked polymeric material. Pressure can be applied,
e.g., along a single axis.

[0013] In another aspect, the invention features medical
endoprostheses, or a portion thereof, that include the oxi-
dation resistant crosslinked polymeric materials described
herein.

[0014] In another aspect, the invention features a
crosslinked UHMWPE having a melting point greater than
about 141° C., and a degree of crystallinity of greater than
about 52 percent, e.g., greater than about 56 percent. In some
embodiments, the crosslinked UHMWPE has a crosslink
density of greater than about 100 mol/m?, and/or a molecular
weight between crosslinks of less than about 9,000 g/mol.

[0015] In another aspect, the invention features preforms,
e.g., cylindrical slugs, made from the oxidation resistant
crosslinked polymeric materials described herein.

[0016] In another aspect, the invention features methods
of making oxidation resistant preforms. The methods
include obtaining a preform that includes a substantially
non-crosslinked polymeric material having a first degree of
crystallinity; maintaining or reducing the first degree of
crystallinity of the substantially non-crosslinked polymeric
material; crosslinking the substantially non-crosslinked
polymeric material, to provide a preform that includes a
crosslinked polymeric material; and then applying a pressure
of greater than 10 MPa to the preform that includes the
crosslinked polymeric material, while heating the
crosslinked material below a melting point of the
crosslinked polymeric material at the applied pressure for a
time sufficient to provide an oxidation resistant preform.

[0017] In some embodiments, the substantially non-
crosslinked polymeric material is in the form of a cylindrical
rod. The preform can be made by extrusion, e.g., thermo-
plastic extrusion or ram extrusion, or by molding, e.g.,
injection or compression molding.

[0018] Advantages include any one of, or combinations of,
the following. The oxidation resistant crosslinked polymeric
material is highly crystalline, e.g., having a crystallinity of
greater than 54 percent, e.g., 57 percent or higher. The
oxidation resistant crosslinked polymeric material is highly
crosslinked, e.g., having a high crosslink density, e.g.,
greater than 100 mol/m>, and/or a relatively low molecular
weight between crosslinks, e.g., less than 9000 g/mol. When
the oxidation resistant crosslinked polymeric material is
UHMWPE, it can have a relatively high melting point, e.g.,
greater than 140° C., in combination with a relatively high
degree of crystallinity, e.g., greater than about 52 percent.
Parts formed from the oxidation resistant crosslinked poly-
meric material have high wear resistance, enhanced stiff-
ness, as reflected in flexural and tensile moduli, a high level
of fatigue and crack propagation resistance, and enhanced
creep resistance. Some of the oxidation resistant crosslinked
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polymeric materials have a low coeflicient of friction. The
described methods are easy to implement.

[0019] An “oxidation resistant crosslinked polymeric
material” is one that loses less than 25 percent of its
elongation at break (ASTM D412, Die C, 2 hours, and 23°
C.) after treatment in a bomb reactor filled with substantially
pure oxygen gas to a pressure of 5 atmospheres, heated to
70° C. temperature, and held at this temperature for a period
of two weeks.

[0020] A “substantially non-crosslinked polymeric mate-
rial” is one that is melt processible, or in the alternative,
dissolves in a solvent.

[0021] A “polymeric material that is substantially free of
biologically leachable additives” is one that releases less
than 0.01 weight percent when 1.0 gram of the test material
is completely immersed in 100 mL of Ringer’s solution at
25° C. for 24 hours. For the purposes of this disclosure,
Ringer’s solution is a solution of boiled distilled water
containing 8.6 gram sodium chloride, 0.3 gram potassium
chloride, and 0.33 gram calcium chloride per liter.

[0022] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although methods and materials similar
or equivalent to those described herein can be used in the
practice or testing of the present invention, suitable methods
and materials are described below. All publications, patent
applications, patents, and other references mentioned herein
are incorporated by reference in their entirety. In case of
conflict, the present specification, including definitions, will
control. In addition, the materials, methods, and examples
are illustrative only and not intended to be limiting.

[0023] Other features and advantages of the invention will
be apparent from the following detailed description, and
from the claims.

DESCRIPTION OF DRAWINGS

[0024] FIG. 1 is a perspective, cut-away view of a gamma
irradiator.

[0025] FIG. 2 is an enlarged perspective view of region 2
of FIG. 1.

[0026] FIG. 3 is a schematic perspective view of a cylin-
drical plug cut from an extruded rod made from substantially
non-crosslinked ultrahigh molecular weight polyethylene
(UHMWPE).

[0027] FIG. 4 is a cross-sectional view of a crosslinked
UHMWPE rod in a mold disposed within a furnace.

[0028] FIG. 5 is a block diagram, schematically illustrat-
ing methods of making oxidation resistant crosslinked
UHMWPE.

[0029] FIG. 6 is a partial cross-sectional view of a hip
prosthesis having a bearing formed from crosslinked UHM-
WPE.

[0030] FIG. 7 is a Fourier transform (FT) infrared spec-
trum of oxidized, and substantially unoxidized UHMWPE.

[0031] FIG. 7A is an FTIR spectrum of oxidized UHM-
WPE, illustrating calculation of oxidation index (OI).
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[0032] FIG. 8 is a plot of maximum oxidation index of
irradiated UHMWPE versus pressure at room temperature
(triangles), and at 130° C. (solid circles connected by dotted
line).

[0033] FIG. 9 is a plot of maximum oxidation index of
irradiated UHMWPE versus temperature for heating in the
range of 160-220° C. (solid line is control).

[0034] FIG. 10 is a phase diagram for UHMWPE, show-
ing temperatures and pressures when the UHMWPE is in the
melt, along with its crystalline structure.

[0035] Like reference symbols in the various drawings
indicate like elements.

DETAILED DESCRIPTION

[0036] The invention is based, in part, on the discovery
that maintaining or reducing a first degree of crystallinity of
a substantially non-crosslinked polymeric material prior to
crosslinking, followed by crosslinking, e.g., by using ioniz-
ing radiation, the substantially non-crosslinked polymeric
material to provide a crosslinked polymeric material, and
then applying pressure, e.g., of greater than 250 MPa, to the
crosslinked polymeric material, while heating the
crosslinked material below a melting point of the
crosslinked polymeric yields highly crystalline, oxidation
resistant crosslinked polymeric materials.

General Methodology

[0037] Generally, highly crystalline and wear resistant
oxidation resistant crosslinked polymeric materials can be
prepared by first obtaining a substantially non-crosslinked
polymeric material, e.g., a polyolefin such as an ultrahigh
molecular weight polyethylene (ULHMWPE), having a first
degree of crystallinity. The first degree of crystallinity of the
substantially non-crosslinked polymeric material is main-
tained or reduced, e.g., by maintaining the material substan-
tially below its melting point, or by heating the material
above a melting point of the substantially non-crosslinked
polymeric material when it is desired to reduce crystallinity.
The substantially non-crosslinked polymeric material is then
crosslinked, e.g., by irradiating with an ionizing radiation
such as gamma rays, or by heating the substantially non-
crosslinked material together with radical source such as an
azo compound, a peroxide, or a persulfate, to provide a
crosslinked polymeric material.

[0038] After crosslinking, reactive species trapped within
the polymeric matrix that can cause oxidation, e.g., free
radicals, radical cations, or reactive multiple bonds, are
removed, e.g., quenched, by applying a pressure of greater
than 10 MPa to the crosslinked polymeric material, while
heating the crosslinked material below a melting point of the
crosslinked polymeric material at the applied pressure. In
addition to reducing reactive species trapped in the poly-
meric matrix that can react with oxygen, the high pressure
treatment can, e.g., improve the crystallinity of the
crosslinked polymeric material. It is believed that the above-
mentioned steps, and ordering of the steps produces
crosslinked polymeric materials that are highly resistant to
oxidation, have high crystallinities, high melting points, and
exceptional mechanical properties. Parts, e.g., medical
endoprostheses, or portions of medical endoprostheses,
formed from the oxidation resistant crosslinked polymeric
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materials have high wear resistance, enhanced stiffness, a
high level of fatigue and crack propagation resistance, and
enhanced creep resistance.

Polymeric Materials

[0039] The substantially non-crosslinked polymeric mate-
rial can be, e.g., a polyolefin, e.g., a polyethylene such as
UHMWPE, a low density polyethylene (e.g., having a
density of between about 0.92 and 0.93 g/cm?, as determined
by ASTM D792), a linear low density polyethylene, a
very-low density polyethylene, an ultra-low density poly-
ethylene (e.g., having a density of between about 0.90 and
0.92 g/cm?, as determined by ASTM D792), a high density
polyethylene (e.g., having a density of between about 0.95
and 0.97 g/em®, as determined by ASTM D792), or a
polypropylene, a polyester such as polyethylene terephtha-
late, a polyamide such as nylon 6, 6/12, or 6/10, a polyeth-
yleneimine, an elastomeric styrenic copolymer such as sty-
rene-ethylene-butylene-styrene copolymer, or a copolymer
of styrene and a diene such as butadiene or isoprene, a
polyamide elastomer such as a polyether-polyamide copoly-
mer, an ethylene-vinyl acetate copolymer, or compatible
blends of any of these polymers. The substantially non-
crosslinked polymeric material can be processed in the melt
into a desired shape, e.g., using a melt extruder, or an
injection molding machine, or it can be pressure processed
with or without heat, e.g., using compression molding or
ram extrusion.

[0040] The substantially non-crosslinked polymeric mate-
rial can be purchased in various forms, e.g., as powder,
flakes, particles, pellets, or other shapes such as rod (e.g.,
cylindrical rod). Powder, flakes, particles, or pellets can be
shaped into a preform by extrusion, e.g., ram extrusion, melt
extrusion, or by molding, e.g., injection or compression
molding. Purchased shapes can be machined, cut, or other
worked to provide the desired shape. Polyolefins are avail-
able, e.g., from Hoechst, Montel, Sunoco, Exxon, and Dow;
polyesters are available from BASF and Dupont; nylons are
available from Dupont and Atofina, and elastomeric styrenic
copolymers are available from the KRATON Polymers
Group (formally available from Shell). If desired, the mate-
rials may be synthesized by known methods. For example,
the polyolefins can be synthesized by employing Ziegler-
Natta heterogeneous metal catalysts, or metallocene catalyst
systems, and nylons can be prepared by condensation, e.g.,
using transesterification.

[0041] In some embodiments, it is desirable for the sub-
stantially non-crosslinked polymeric material to be substan-
tially free of biologically leachable additives that could
leach from an implant in a human body or that could
interfere with the crosslinking of the substantially non-
crosslinked polymeric material.

[0042] In particular embodiments, the polyolefin is UHM-
WPE. For the purposes of this disclosure, an ultrahigh
molecular weight polyethylene is a material that consists
essentially of substantially linear, non-branched polymeric
chains consisting essentially of —CH,CH,— repeat units.
The polyethylene has an average molecular weight in excess
of about 500,000, e.g., greater than 1,000,000, 2,500,000,
5,000,000, or even greater than 7,500,000, as determined
using a universal calibration curve. In such embodiments,
the UHMWPE can have a degree of crystallinity of greater
than 50 percent, e.g., greater than 51 percent, 52 percent, 53
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percent, 54 percent, or even greater than 55 percent, and can
have a melting point of greater than 135° C., e.g., greater
than 136, 137, 138, 139 or even greater than 140° C. Degree
of crystallinity of the UHMWPE is calculated by knowing
the mass of the sample (in grams), the heat absorbed by the
sample in melting (E in J/g), and the heat of melting of
polyethylene crystals (AH=291 J/g). Once these quantities
are known, degree of crystallinity is then calculated using
the formula below:

Degree of Crystallinity=F/(sample weight)-AH.

[0043] For example, differential scanning calorimetry
(DSC) can be used to measure the degree of crystallinity of
the UHMWPE sample. To do so, the sample is weighed to
a precision of about 0.01 milligrams, and then the sample is
placed in an aluminum DSC sample pan. The pan holding
the sample is then placed in a differential scanning calorim-
eter, e.g., a TA Instruments Q-1000 DSC, and the sample and
reference are heated at a heating rate of about 10° C./minute
from about -20° C. to 180° C., cooled to about -10° C., and
then subjected to another heating cycle from about —20° C.
to 180° C. at 10° C./minute. Heat flow as a function of time
and temperature is recorded during each cycle. Degree of
crystallinity is determined by integrating the enthalpy peak
from 20° C. to 160° C., and then normalizing it with the
enthalpy of melting of 100 percent crystalline polyethylene
(291 J/g). Melting points can also be determined using DSC.

Maintaining or Reducing Crystallinity

[0044] After obtaining the substantially non-crosslinked
polymeric material having a first degree of crystallinity, the
first degree of crystallinity of the substantially non-
crosslinked polymeric material is maintained or reduced.
Crystallinity of the substantially non-crosslinked polymeric
material can be decreased, e.g., by heating the substantially
non-crosslinked polymeric material having a first degree of
crystallinity to a temperature sufficient to decrease its degree
of crystallinity. For example, the substantially non-
crosslinked polymeric material can be heated to about its
melting point, or to at least one of its melting points in the
case of polymer blends, or to a temperature above its melt
point, or at least one of its melting points. It is believed that
such a heating regimen reduces the degree of crystallinity in
the substantially non-crosslinked polymeric material, which
can, e.g., allow for a greater degree of freedom of polymeric
chains during crosslinking, and can provide fewer crystal-
line regions in which to trap reactive species. This can result
in an increase in crosslink density and a reduction in
molecular weight between crosslinks. Advantageously,
higher crosslink densities can result in higher wear resis-
tance. The structure of UHMWPE is discussed in Turell et
al., Biomaterials, 25, 3389-3398 (2004).

[0045] After heating, the substantially non-crosslinked
polymeric material is cooled to “freeze” the substantially
non-crosslinked polymeric material at the desired degree of
crystallinity. During cooling, cooling rates can be rather
slow, e.g., from about 1° C. per minute to about 25° C. per
minute, e.g., from about 2° C. per minute to about 10° C. per
minute. Higher cooling rates can also be achieved. For
example, after heating the substantially non-crosslinked
polymeric material, cooling can be accomplished by con-
tacting, e.g., by submerging, the substantially non-
crosslinked polymeric material with a fluid having a tem-
perature below about 0° C., e.g., liquid nitrogen with a
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boiling point of about 77 K. This can allow for rapid cooling
rates, especially of skin portions of the substantially non-
crosslinked polymeric. In such cases, cooling rates can be,
e.g., from about 50° C. per minute to about 500° C. per
minute, e.g., from about 100° C. to about 250° C. per
minute. Rapid cooling rates can result in more nucleation
sites, smaller crystallites, and a material having a higher
surface area. As an illustrative example, when UHMWPE is
the substantially non-crosslinked polymeric material, it can
have, e.g., a first degree of crystallinity of between about 50
and about 55 percent. After melting, the UHMWPE and
cooling the melted UHMWPE to about 25° C., the crystal-
linity is reduced, e.g., to between about 32 percent and about
48 percent.

Crosslinking

[0046] After maintaining or reducing the first degree of
crystallinity of the substantially non-crosslinked polymeric
material, the substantially non-crosslinked polymeric mate-
rial is crosslinked to provide crosslinked material.

[0047] In some embodiments, the crosslinking occurs at a
temperature from about -25° C. to above a melting point of
the substantially non-crosslinked polymeric material, e.g.,
from about —10° C. to about a melting point of the substan-
tially non-crosslinked polymeric material, e.g., room tem-
perature to about the melting point. Irradiating above a
melting point of the substantially non-crosslinked polymeric
material can, e.g., increase crosslink density.

[0048] In some embodiments, the crosslinking occurs at a
pressure, e.g., from about nominal atmospheric pressure to
about 50 atmospheres of pressure, e.g., from about nominal
atmospheric pressure to about 5 atmospheres of pressure.
Crosslinking above atmospheric pressure can, e.g., increase
crosslink density.

[0049] In some embodiments, an ionizing radiation (e.g.,
an electron beam, x-ray radiation or gamma radiation) is
employed to crosslink the substantially non-crosslinked
polymeric material. In specific embodiments, gamma radia-
tion is employed to crosslink the substantially non-
crosslinked polymeric material. Referring to FIGS. 1 and 2,
a gamma irradiator 100 includes gamma radiation sources
108, e.g., °°Co pellets, a working table 110 for holding the
substantially non-crosslinked polymeric material to be irra-
diated, and storage 112, e.g., made of a plurality iron plates,
all of which are housed in a concrete containment chamber
102 that includes a maze entranceway 104 beyond a lead-
lined door 106. Storage 112 includes a plurality of channels
120, e.g., 16 or more channels, allowing the gamma radia-
tion sources 108 to pass through storage 112 on their way
proximate the working table 110.

[0050] In operation, the substantially non-crosslinked
polymeric material to be irradiated is placed on working
table 110. The irradiator is configured to deliver the desired
dose rate and monitoring equipment is connected to experi-
mental block 140. The operator then leaves the containment
chamber 102, passing through the maze entranceway 104
and through the lead-lined door 106. The operator uses a
control panel 142 to instruct a computer to lift the radiation
sources 108 into working position using cylinder 141
attached to a hydraulic pump 144. If desired, the sample can
be housed in a container that maintains the sample under an
inert atmosphere such as nitrogen or argon.
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[0051] In embodiments in which the irradiating is per-
formed with electromagnetic radiation (e.g., as above), the
electromagnetic radiation can have energy per photon of
greater than 107 eV, e.g., greater than 10%, 10*, 10°, 10°, or
even greater than 107 eV. In some embodiments, the elec-
tromagnetic radiation has an energy per photon of between
10* and 107, e.g., between 10° and 10° eV. The electromag-
netic radiation can have a frequency of, e.g., greater than
10 hz, greater than 10'” hz, 108, 10'?, 10%°, or even greater
than 10°' hz. In some embodiments, the electromagnetic
radiation has a frequency of between 10*® and 10*? hz, e.g.,
between 10'° to 10** hz.

[0052] In some embodiments, a beam of electrons is used
as the radiation source. Electron beams can be generated,
e.g., by electrostatic generators, cascade generators, trans-
former generators, low energy accelerators with a scanning
system, low energy accelerators with a linear cathode, linear
accelerators, and/or pulsed accelerators. Electrons as an
ionizing radiation source can be useful to crosslink outer
portions of the substantially non-crosslinked polymeric
material, e.g., inwardly from an outer surface of less than 0.5
inch, e.g., less than 0.4 inch, 0.3 inch, 0.2 inch, or less than
0.1 inch. In some embodiments, the energy of each electron
of the electron beam is from about 0.3 MeV to about 10.0
MeV (million electron volts), e.g., from about 0.5 MeV to
about 3.0 MeV, or from about 0.7 MeV to about 1.50 MeV.

[0053] In some embodiments, the irradiating (with any
radiation source) is performed until the sample receives a
dose of at least 0.25 Mrad, e.g., at least 1.0 Mrad, at least 2.5
Mrad, at least 5.0 Mrad, or at least 10.0 Mrad. In some
embodiments, the irradiating is performed until the sample
receives a dose of between 1.0 Mrad and 6.0 Mrad, e.g.,
between 1.5 Mrad and 4.0 Mrad.

[0054] In some embodiments, the irradiating is performed
at a dose rate of between 5.0 and 1500.0 kilorads/hour, e.g.,
between 10.0 and 750.0 kilorads/hour, or between 50.0 and
350.0 kilorads/hours. Low rates can generally maintain the
temperature of the sample, while high dose rates can cause
heating of the sample.

[0055] In some embodiments, radical sources, e.g., azo
materials, e.g., monomeric azo compounds such as 2,2'-
azobis(N-cyclohexyl-2-methylpropionamide) (I), or poly-
meric azo materials such as those schematically represented
by (II) in which the linking chains include polyethylene
glycol units (N is, e.g., from about 2 to about 50,000), and/or
polysiloxane units, peroxides, e.g., benzoyl peroxide, or
persulfates, e.g., ammonium persulfate (NH,),S,O,, are
employed to crosslink the substantially non-crosslinked
polymeric material.
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Azo materials are available from Wako Chemicals USA, Inc.
of Richmond, Va.

[0056] Generally, to crosslink the substantially non-
crosslinked polymeric material, the material is mixed, e.g.,
powder or melt mixed, with the radical source, e.g., using a
roll mill, e.g., a Banbury® mixer or an extruder, e.g., a
twin-screw extruder with counter-rotating screws. An
example of a Banbury® mixer is the F-Series Banbury®
mixer, manufactured by Farrel. An example of a twin-screw
extruder is the WP ZSK 50 MEGAcompounder™, manu-
factured by Krupp Werner & Pfleiderer. Generally, the
compounding or powder mixing is performed at the lowest
possible temperature to prevent premature crosslinking. The
sample is then formed into the desired shape, and further
heated (optionally with application of pressure) to generate
radicals in sufficient quantities to crosslink the sample.

Application of Pressure

[0057] After crosslinking, a pressure of greater than 10
MPa is applied to the crosslinked polymeric material, while
heating the crosslinked material below a melting point of the
crosslinked polymeric material at the applied pressure for a
sufficient time to substantially reduce the reactive species
trapped within the crosslinked polymeric material matrix,
e.g., free radicals, radical cations, or reactive multiple bonds.
Quenching such species produces an oxidation resistant
crosslinked polymeric material. The high pressures, and
temperatures employed also increase the crystallinity of the
crosslinked polymeric material, which can, e.g., improve
wear performance.

[0058] In some embodiments, the pressure applied is
greater than 25 MPa, e.g., greater than 50 MPa, 75 MPa, 100
MPa, 150 MPa, 200 MPa, 250 MPa, 350 MPa, 500 MPa,
750 MPa, 1,000 MPa, or greater than 1,500 MPa. In some
embodiments, the pressure is maintained for greater than 30
seconds, e.g., greater than 45 seconds, 60 seconds, 2.5
minutes, 5.0 minutes, 10 minutes, 20 minutes, 30 minutes,
60 minutes, greater than 90 minutes, or even greater than
120 minutes, before release of pressure back to nominal
atmospheric pressure.

[0059] In some embodiments, prior to the application of
any pressure above nominal atmospheric pressure, the
crosslinked polymeric material is heated to a temperature
that is between about 25° C. to about 0.5° C. below a melting
point of the crosslinked polymeric material. This can
enhance crystallinity of the crosslinked polymeric material
prior to the application of any pressure.

[0060] In some embodiments, a pressure of above about
250 MPa is applied at a temperature of between about 100°
C. to about 1° C. below a melting point of the crosslinked
polymeric material at the applied pressure, and then the
material is further heated above the temperature, but below
a melting point of the crosslinked polymeric material at the
applied pressure.

Manufacture of Preforms

[0061] Referring now to FIGS. 3-5, in particular embodi-
ments, to make a crosslinked UHMWPE cylindrical preform
that is resistant to oxidation, a substantially non-crosslinked
cylindrical preform 200 is obtained, e.g., by machining rod
stock to a desired height H;, and desired diameter D,.
Preform 200 can be made from a substantially non-

HONEYWELL Ex. 1025, Page 14 of 18
HONEYWELL INTERNATIONAL INC. v. DSM IP ASSETS B.V.
IPR2024-00493



US 2007/0197679 Al

crosslinked UHMWPE having a melting point of around
138° C., and a degree of crystallinity of about 52.0 percent.
This crystallinity is either reduced, e.g., by heating the
preform 200 above the melting point of the UHMWPE, and
then cooling, or the crystallinity is maintained, but not
increased. Preform 200 is then subjected to gamma radia-
tion, e.g., 50 kGr (5 Mrad; 1 Mrad=10 KGr) of gamma
radiation, to crosslink the UHMWPE. After irradiation, the
sample is press-fit into a pressure cell 210, and then the
pressure cell 210 is placed into a furnace assembly 220.
Furnace assembly 220 includes an insulated enclosure struc-
ture 222 that defines an interior cavity 224. Insulated enclo-
sure structure 222 houses heating elements 224 and the
pressure cell 210, e.g., that is made stainless steel, and that
is positioned between a stationary pedestal 230 and a
movable ram 232.

[0062] The crosslinked UHMWPE sample is first heated
to a temperature T, below the melting point of the UHM-
WPE, e.g., 130° C., without the application of any pressure
above nominal atmospheric pressure. After such heating,
pressure P, e.g., 500 MPa of pressure, is applied to the
sample, while maintaining the temperature T,. Once pres-
surization has stabilized, the sample is further heated to a
temperature T,, e.g., 160, 180, 200, 220, or 240° C., while
maintaining the pressure P. As noted, pressure is applied
along a single axis by movable ram 232, as indicated by
arrow 240. Pressure at the given temperature T, is generally
applied for 10 minutes to 1 hour. During any heating, a gas
such as an inert gas, e.g., nitrogen or argon, can be delivered
to interior cavity 224 of insulated enclosure structure 222
through an inlet 250 that is defined in a wall of the enclosure
structure 222. The gas exits through an outlet 252 that is
defined in a wall of the enclosure structure, which maintains
a pressure in the cavity 224 of about nominal atmospheric
pressure. After heating to T, and maintaining the pressure P,
the sample is allowed to cool to room temperature, while
maintaining the pressure P, and then the pressure is finally
released. The pressure cell 210 is removed from furnace 220,
and then the oxidation resistant UHMWPE is removed from
pressure cell 210.

[0063] Using the methods illustrated in FIGS. 3-5, by
starting with an UHMWPE having a melting point of around
138° C., and a degree of crystallinity of about 52.0 percent,
and using a temperature of T, of about 240° C., and a
pressure P of about 500 MPa, one can obtain an oxidation
resistant crosslinked UHMWPE that has a melting point
greater than about 141° C., e.g., greater than 142, 143, 144,
145, or even greater than 146° C., and a degree of crystal-
linity of greater than about 52 percent, e.g., greater than 53,
54, 55, 56, 57, 58, 59, 60, 65, or even greater than 68
percent. In some embodiments, the crosslinked UHMWPE
has a crosslink density of greater than about 100 mol/m?,
e.g., greater than 200, 300, 400, 500, 750, or even greater
than 1,000 mol/m?, and/or a molecular weight between
crosslinks of less than about 9,000 g/mol, e.g., less than
8,000, 7,000, 6,000, 5,000, or even less than about 3,000
g/mol.

Measuring Crosslink Density

[0064] Crosslink density measurements are performed fol-
lowing the procedure outlined ASTM F2214-03. Briefly,
rectangular pieces of the crosslinked UHMWPE are set in
dental cement, and sliced into thin sections that are 2 mm
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thick. Small sections are cut out from these thin sections
using a razor blade, giving test samples that are 2 mm thick
by 2 mm wide by 2 mm high. A test sample is placed under
a quartz probe of a dynamic mechanical analyzer (DMA),
and an initial height of the sample is recorded. Then, the
probe is immersed in o-xylene, heated to 130° C., and held
at this temperature for 45 minutes. The UHMWPE sample is
allowed to swell in the hot o-xylene until equilibrium is
reached. The swell ratio g, for the sample is calculated using
a ratio of a final height H; to an initial height H, according
to formula (1):

g HyHo T ®.
The crosslink density v, is calculated from q, the Flory

interaction parameter ¢ and the molar volume of the solvent
@, according to formula (2):

Il - g + 47" + xg;? @
b1(65" —g51/2)

Vg =

where 5 is 0.33+0.55/gs, and @, is 136 cm®/mol for UHM-
WPE in o-xylene at 130° C. Molecular weight between
crosslinks M, can be calculated from v,, and the specific
volume of the polymer v according to formula (3):

M=(vr)™! 3.

Measurement of swelling, crosslink density and molecular
weight between crosslinks is described in Muratoglu et al.,
Biomaterials, 20, 1463-1470 (1999).

Applications

[0065] The oxidation resistant crosslinked polymeric
materials can be used in any application for which oxidation
resistance, long-term stability, high wear resistance, low
coefficient of friction, chemical/biological resistance,
fatigue and crack propagation resistance, and/or enhanced
creep resistance are desirable. For example, the oxidation
resistant crosslinked polymeric materials are well suited for
medical devices. For example, the oxidation resistant
crosslinked polymeric material can be used as an acetabular
liner, a finger joint component, an ankle joint component, an
elbow joint component, a wrist joint component, a toe joint
component, a hip replacement component, a tibial knee
insert, an intervertebral disc, a heart valve, a stent, or part of
a vascular graft.

[0066] In a particular embodiment, the oxidation resistant
crosslinked polymeric material is used as a liner in a hip
replacement prostheses. Referring to FIG. 6, joint prosthesis
300, e.g., for treatment of osteoarthritis, is positioned in a
femur 302, which has been resected along line 304, relieving
the epiphysis 306 from the femur 302. Prosthesis 300 is
implanted in the femur 302 by positioning the prosthesis in
a cavity 310 formed in a portion of cancellous bone 312
within medullary canal 314 of the femur 302. Prosthesis 300
is utilized for articulating support between femur 302, and
acetabulum 320. Prosthesis 300 includes a stem component
322, which includes a distal portion 324 disposed within
cavity 310 of femur 302. Prosthesis 300 also includes a cup
334, which is connected to the acetabulum 320. A liner 340
is positioned between the cup 334 and the stem 322. Liner
44 is made of the oxidation resistant crosslinked polymeric
material described herein.
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EXAMPLES

[0067] The invention is further described in the following
examples, which do not limit the scope of the invention
described in the claims.

Materials and Apparatuses

[0068] Non-crosslinked, ram-extruded rod stock of GUR
1050 UHMWPE (Hoechst-Ticona, Bayport, Texas) was
purchased from PolyHi Solidur of Fort Wayne, Ind. The
non-crosslinked rod stock was machined into cylinders that
were 25 mm in length and 12.5 mm in diameter. Tolerances
were held in the machining such that the cylinders can be
pressed fitted into a hollow, cylindrical high-pressure cell
using human manipulation. The high pressure cell is made
from D2 tool alloy, and is heated by direct contact with
heating elements. The UHMWPE sample is pressed by
sandwiching the sample between plates of polytetrafluoro-
ethylene and copper, with the polytetrafluoroethylene plates
being in direct contact with the UHMWPE sample. After
machining, the UHMWPE cylindrical preforms were sub-
jected to 50 kGy (5 Mrad) of gamma radiation in air using
Sterix Isomedix’s, Northborough, Mass. facility. The
crosslinked UHMWPE preforms were stored in water to
minimize additional exposure to ambient air. Pressure was
applied to the crosslinked samples using a CARVER®
Model 3912 eleven ton, four column manual hydraulic
press. Samples were sectioned using a Leitz Wetzlar (Leica,
Nussloch, Germany) sledge microtome.

[0069] Accelerated aging of UHMWPE samples was per-
formed using a Parr® 6300 series oxygen bomb reactor
filled with oxygen gas to a pressure of 5 atmospheres. The
bomb reactor was heated to 70° C. temperature, and held at
this temperature for a period of two weeks to completely
oxidize the samples (see ASTM F2003-02).

[0070] Oxidation index (OI) was determined for each
sample using a Nicolet Magna 860 FTIR spectrometer. Thin
sections that were 100-200 um thick were provided by the
microtome. A sample size of six was used to calculate the
average oxidation index.

[0071] Referring to FIG. 7, substantially unoxidized
UHMWPE does not exhibit a substantial carbonyl vibration
in the 1650 to 1775 cm™" region, while oxidized UHMWPE
does exhibit a substantial vibration in that region due to
carbonyl groups in the oxidized UHMWPE (e.g., of alde-
hyde, ketone and/or acid groups). As FIG. 7 shows, both
oxidized and substantially unoxidized UHMWPE exhibit a
strong methylene (CH,) vibration in the 1325 to 1380 cm™
region. Referring now to FIG. 7A, the oxidation index OI of
an oxidized sample is the ratio of the area under the
spectrum in the carbonyl region (AO) to the area under the
spectrum in the methylene vibration region (AN).

Pressure Application Protocols

[0072] The following experimental groups were evalu-
ated.

[0073] (1) Pressure of 100, 200, 300, 400 and 500 MPa
was applied to irradiated UHMWPE cylindrical specimens
at room temperature for a period of 20 minutes, followed by
pressure release.

[0074] (2) Irradiated UHMWPE cylindrical specimens
were heated to 130° C., and then a pressure of either 100,
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300, or 500 MPa was applied to the sample for 20 minutes.
Each sample was allowed to slow cool to room temperature,
and then once at room temperature, the pressure was
released.

[0075] (3) Irradiated UHMWPE cylindrical specimens
were heated to 130° C. without the application of pressure
above nominal atmospheric pressure. After such heating, a
pressure of 500 MPa was applied to the sample, while
maintaining 130° C. Once pressurization had stabilized, the
sample was further heated to a temperature of either 160,
180, 200, 220, or 240° C., while maintaining the 500 MPa
pressure applied to the sample. Pressure at the given tem-
perature was applied for 20 minutes. Each sample was then
allowed to slowly cool to room temperature, and then once
at room temperature, the pressure was released. In these
particular examples, the cooling rate was between about 40
and 100° C./hour.

Results and Discussion

[0076] FTIR experiments showed irradiated UHMWPE
samples that were bomb aged exhibited a maximum oxida-
tion index of 1.68+/-0.13, in comparison to 0.29+/-0.09 for
the air aged UHMWPE. Therefore, 0.29 was subtracted from
the OI of the samples to accurately reflect oxidation indexes
solely associated with the bomb aging.

[0077] FIG. 8 shows no general trend in the oxidation
index OI for experimental group (1) after accelerated ageing
(triangles). However, referring to FIG. 8, the oxidation index
Ol for experimental group (2) after accelerated aging shows
a clear increase in the OI with increasing pressure (solid
circles connected by dashed line).

[0078] FIG. 9 shows that for experimental group (3) after
accelerated ageing, the OI decreased substantially for each
member of the group, but there appeared to be no apparent
trend in the OI as a function of annealing temperatures.

[0079] From the above-noted results, it appears that (a)
application of high pressure alone does not affect resistance
to oxidation; (b) high pressure annealing increases oxidation
with increasing pressure at 130° C.; and (c) high pressure
annealing at temperatures in the range of about 160-220° C.
substantially decreases oxidation at an applied pressure of
500 Mpa.

[0080] Tt is believed that these results can be explained
with the help of the phase diagram for polyethylene. FIG. 10
shows that the melting temperature of polyethylene
increases approximately 20° C. per 100 MPa of applied
pressure from an initial value of 133° C. at atmospheric
pressure. In experimental group (1), there was insufficient
thermal energy at high pressures to decrease free radical
concentrations. In experimental group (2), the annealing
temperature of 130° C. was much lower than melting point
at 500 MPa (approximately 233° C.), 300 MPa (about 193°
C.), or 100 MPa (153° C.). Consequently, the OI increased
with increasing pressure at isothermal annealing conditions.
For experimental group (3), the annealing temperature range
of 160-220° C. is still below the estimated melting point of
233° C. at 500 MPa, but the high thermal energy was enough
to substantially reduce the free radical load of the samples.
In addition, the polyethylene chains in the hexagonal regime
of the phase diagram associated with those samples of
experimental group (3) have increased mobility, which is
desirable for quenching any reactive species, leading to
lower oxidation indexes.
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Other Embodiments

[0081] It is to be understood that while the invention has
been described in conjunction with the detailed description
thereof, the foregoing description is intended to illustrate
and not limit the scope of the invention, which is defined by
the scope of the appended claims. Other aspects, advantages,
and modifications are within the scope of the following
claims.

What is claimed is:
1. A method of making an oxidation resistant crosslinked
polymeric material, the method comprising:

obtaining a substantially non-crosslinked polymeric mate-
rial having a first degree of crystallinity;

maintaining or reducing the first degree of crystallinity of
the substantially non-crosslinked polymeric material;

crosslinking the substantially non-crosslinked polymeric
material, to provide a crosslinked polymeric material;
and then

applying a pressure of greater than 10 MPa to the
crosslinked polymeric material, while heating the
crosslinked material to a temperature below a melting
point of the crosslinked polymeric material at the
applied pressure for a time sufficient to provide an
oxidation resistant crosslinked polymeric material.

2. The method of claim 1, further comprising, prior to the
application of pressure above nominal atmospheric pressure,
heating the crosslinked polymeric material to a temperature
that is between about 25° C. to about 0.5° C. below a melting
point of the crosslinked polymeric material.

3. The method of claim 1, wherein applying pressure
while heating includes applying a pressure of above about
250 MPa at a temperature of between about 100° C. to about
1° C. below a melting point of the crosslinked polymeric
material at the applied pressure, and then further heating
above the temperature, but below a melting point of the
crosslinked polymeric material at the applied pressure.

4. The method of claim 1, further comprising, prior to
crosslinking, heating the substantially non-crosslinked poly-
meric material having the first degree of crystallinity above
a melting point of the substantially non-crosslinked poly-
meric material, at the applied pressure.

5. The method of claim 4, wherein the substantially
non-crosslinked polymeric material is ultra-high molecular
weight polyethylene (UHMWPE), wherein the first degree
of crystallinity is between about 50 and about 55 percent,
and wherein a degree of crystallinity of the UHMWPE after
cooling the melted UHMWPE to about 25° C. is between
about 32 percent and about 48 percent.

6. The method of claim 1, further comprising, prior to
crosslinking, heating the substantially non-crosslinked poly-
meric material having the first degree of crystallinity above
a melting point of the substantially non-crosslinked poly-
meric material, and then cooling the substantially non-
crosslinked polymeric material with a fluid having a tem-
perature below about 0° C.

7. The method of claim 1, wherein applying pressure
while heating includes heating above about 100° C.

8. The method of claim 1, wherein the non-crosslinked
polymeric material is substantially-free of biologically
leachable additives.
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9. The method of claim 1, wherein the crosslinking step
comprises irradiating the substantially non-crosslinked poly-
meric material with an ionizing radiation.

10. The method of claim 9, wherein the ionizing radiation
is in the form of gamma radiation.

11. The method of claim 9, wherein the ionizing radiation
is applied at a total dose of greater than 1 Mrad.

12. The method of claim 9, wherein the ionizing radiation
is applied at a dose rate of greater than 0.1 Mrad/hour.

13. The method of claim 1, wherein the crosslinking
occurs below a melting point of the substantially non-
crosslinked polymeric material.

14. The method of claim 1, wherein the substantially
non-crosslinked polymeric material comprises ultra-high
molecular weight polyethylene.

15. The method of claim 1, wherein the substantially
non-crosslinked polymeric material comprises a melt pro-
cessible polymer or a blend of polymers.

16. The method of claim 1, wherein the oxidation resistant
crosslinked polymeric material is in the form of a cylindrical
rod.

17. The method of claim 1, wherein pressure is applied
along a single axis.

18. The method of claim 1, wherein the applied pressure
is greater than 350 MPa.

19. The method of claim 1, wherein the time is greater
than 45 seconds.

20. The method of claim 1, wherein the crosslinking
occurs at about nominal atmospheric pressure.

21. The method of claim 1, wherein the substantially
non-crosslinked polymeric material is an olefin or a mixture
of olefins.

22. A medical endoprosthesis, or portion thereof, com-
prising an oxidation resistant crosslinked polymeric material
made by the method of claim 1.

23. A crosslinked ultra-high molecular weight polyethyl-
ene having a melting point greater than about 141° C., and
a degree of crystallinity of greater than about 52 percent.

24. The crosslinked ultra-high molecular weight polyeth-
ylene of claim 23, wherein the degree of crystallinity is
greater than about 56 percent.

25. The crosslinked ultra-high molecular weight polyeth-
ylene (UHMWPE) of claim 23, having a crosslink density of
greater than about 100 mol/m®.

26. The crosslinked ultra-high molecular weight polyeth-
ylene (UHMWPE) of claim 23, having a molecular weight
between crosslinks of less than about 9,000 g/mol.

27. A medical device comprising the crosslinked ultra-
high molecular weight polyethylene (UHMWPE) of claim
23.

28. A preform shape comprising the crosslinked ultra-high
molecular weight polyethylene (UHMWPE) of claim 23.

29. A method of making an oxidation resistant preform,
the method comprising:

obtaining a preform comprising a substantially non-
crosslinked polymeric material having a first degree of
crystallinity;

maintaining or reducing the first degree of crystallinity of
the substantially non-crosslinked polymeric material;
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crosslinking the substantially non-crosslinked polymeric
material, to provide a preform comprising a crosslinked
polymeric material; and then

applying a pressure of greater than 10 MPa to the preform
comprising the crosslinked polymeric material, while
heating the crosslinked material to a temperature below
a melting point of the crosslinked polymeric material at
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the applied pressure for a time sufficient to provide an
oxidation resistant preform.

30. The method of claim 29, wherein the preform com-
prising the substantially non-crosslinked polymeric material
is in the form of a cylindrical rod.

31. The method of claim 29, wherein the preform is
obtained by extrusion.

* * #* * £
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