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REDUCED CREEP HIGH MOLECULAR WEIGHT POLYETHYLENE
AND METHODS FOR FORMING THE SAME
FIELD OF THE INVENTION
[0001] The invention relates to cross-linked high molccular weight polycthylenc
articlcs, such as Ultra High Molccular Weight Polycthylenc (UHMWPE) fibers, and mcthods

for making or improving thc same.

BACKGROUND
[0002] Among the requirements that protective clothing such as personal body armor,
chain saw chaps, and others must meet, in addition to ballistic-resistance and/or cut
resistance, are comfort and flexibility. Multiple layers of woven fabrics consisting of high
strength and high modulus fibers are required for use in such protective clothing.
[0003] In recent years, attempts have been made to obtain high-strength, high-elastic
modulus fibers from ultrahigh molecular weight polyethylene (UHMWPE) starting material,
and extremely high strength/elastic modulus fibers have been formed. For example, the "gel
spinning method"” technique, where gel-like fibers are obtained by dissolving ultrahigh
molecular weight polyethylene in solvent and are drawn to a high draw ratio, has been used
to form UHMWPE fibers. High strength polyethylene fibers obtained by the gel spinning
method are generally very high in strength and elastic modulus as organic fibers, and are also

highly superior in terms of impact resistance, and these fibers are bemg é§éfh16ré widely o
used in various fields. However, these high strength polyethylene fibers undergo major
changes in performance with temperature. For example, the tensile strength decreases as the

temperature increases, particularly as temperatures approach or exceed the glass transition

temperature (Tg) which is about -125 C for UHMWPE.
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[0004] Polyethylenes are classified according to their density, which in turn depends
on the extent and type of branching present in the material. The various classifications
include UHMWPE (ultra high molccular weight PE), HDPE (high dcnsity PE), MDPE
(mcdium density PE), LDPE (low density PE), and LLDPE (lincar low density PE). LDPE
has many morc branchcs than HDPE, which mcans that the chains do not "fit wcll” togcther.
It has thereforce Iess strong intermolccular forces as the instantancous-dipole induced-dipole
attraction is less. This results in a lower density and tensile strength, increased malleability
and faster biodegradation. LDPE is created by free radical polymerization. UHMWPE and
HDPE has virtually no branching and thus stronger intermolecular forces and tensile strength.
The lack of branching is ensured by an appropriate choice of catalyst (e.g. Ziegler catalysts)
and reaction conditions.
[0005] UHMWPE is used extensively for the production of specialized ultra high
modulus polyethylene fibers and marketed by Honeywell in the U.S. as SPECTRA® fibers
(UHMPE fibers, Allied Signal, Inc.), and as DYNEEMA® fibers. The fiber forms of
UHMWRPE are used in applications as simple as fishing line and complex as bullet proof vest
materials. The solid, molded forms derived from the fibers are either used directly or
machined for wear surfaces in prosthetic devices. These materials offer superb strength to
weight ratio but are generally inadequate for applications requiring static loads or mechanical
applications due to their creep or slow deformation under loads exerted over long times.
| [0006] - Iﬁcréaséd érc;ss-link density ihAp‘oﬂliy;étfly‘le‘:‘ﬁé is beneficial in _beéﬁng‘sﬁrface )
applications for joint arthroplasty because it significantly increases the wear resistance of this
material. Radiation can be used to cross-link the UHMWPE. Cross-linking connects
respective neighboring PE crystals to one another by covalent bonds by radiation treated

UHMWPE is meant UHMWPE which has been treated with radiation, e.g., gamma radiation
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or electron radiation, so as to induce cross-links between the polymeric chains of the
UHMWEPE.

[0007] U.S. Patent No. 6,852,772 to Muratoglu ct al. issucd Fcbruary 8, 2005 is
entitled "High modulus cross-linked polycthylenc with reduced residual free radical
concentration proparcd below the melt." Muratoglu discloscs an irradiated cross-linkcd
polycthylene containing reducced free radicals, preferably containing substantialty no rcsidual
free radical. The disclosed process for forming a cross-linked polyethylene composition
comprises the steps of a) irradiating at a temperature that is below the melting point of the
polyethylene; mechanically deforming the polyethylene below the melting point of the
irradiated polyethylene in order to reduce the concentration of residual free radicals, and c)
annealing the mechanically deformed polyethylene at a temperature below the polyethylene
melting point in order to permit shape recovery.

{0008] Although the Muratoglu process is performed below the melting point of the
PE, it is performed above the PE alpha transition temperature of about 90 to 95 C.
Specifically, in col. 6 lines 12 to 27 Muratogtu discloses contacting the irradiated
polyethylene with a sensitizing environment, and heating the polyethylene to above a critical
temperature (said to likely be the alpha transition temperature of the polyethylene) that allows
the free radicals to react with the sensitizing environment, but is still below the 145 C melting
point of the polyethylene. According to Muratoglu, the alpha transition is believed to induce
motion in the c;'sfs‘téiiine phase; wlﬁch is believed to providé the desired increase the diffusion
of the sensitizing environment into this phase and/or release the trapped free radicals
allowing the free radicals to react with the sensitizing gas and/or liquid, which are discloses
to act as a linking agent between adjacent free radicals.

[0009] The PE samples processed by Muratoglu begin with large PE blocks formed

by an extrusion process having large diameters, such as UHMWPE bar stock of 3.5"
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diameter. The blocks are then machined into 4 cm thick cylinders. Following irradiation
under mechanical deformation, the cylinders are machined into approximately 2 mm thick
scctions. Although the PE blocks discloscd by Muratoglu arc gencrally polycrystalline, the
crystals arc gencrally randomly oricnted. As a result, after the irradiatcd cross-linking
process discloscd by Muratoglu, the resulting machined PE rcmains polycrystallinc having no
preferred orientation.
SUMMARY OF THE INVENTION

[00010] A method for forming reduced creep high molecular weight polyethylene,
includes the steps of providing at least one high molecular weight polyethylene fiber or
block, the polyethylene being polycrystalline with a plurality of crystals having amorphous
regions between the plurality of crystals. The fiber or block has a preferred crystal
orientation. The fiber or block is irradiated in an environment including a molecule with a
dual reactive functionality and an inert gas at a temperature that is below an average alpha
transition temperature of the polyethylene, where the molecule with dual reactive
functionality provides cross-links across the amorphous regions between adjacent ones of the
plurality of crystals. The irradiating step can take place under isostatic pressure conditions.
The molecule with a dual reactive functionality is a diene selected from the group consisting
of RiR>,C=CR3R4(CR5R¢)<CR7Rs=CRoR 19, RiC=CR2, and RiR,C=CR3=CR4Rs, wherein Ry,

Ry, Rs, R4, Rs, Re, R7, Rs, Ro, and Ry are independently selected from H, C; to Cs4 alkyl and x
is 0 to 4'. T ﬁe ineﬁ éaé caﬁ be He.i - | : a ' 7
[00011] The irradiation can take place at a temperature can be < 50 °C,or <0 °C. A
fiber with a diameter of less than 100 um can be used. The resulting fiber or the block can
provides an X-ray diffraction pattern evidencing only 2 sharp reflections. A radiation

absorber can be included in the irradiation step to provide high relative cross-section for
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photoionization or radical formation from radiation. The radiation absorber is an element or
molecule includes that includes at least one element having an atomic number of > 15.
[00012] A mcthod of grafting to high molccular weight polycthylenc, includes the
steps of: providing at lcast onc polycthylenc fiber or block, the polycthylenc being
polycrystalline with a plurality of crystals, the plurality of crystals having a preferred crystal
oricntation, and grafting onc or morc grafting specics at a tempceraturc that is below an
average alpha transition temperature of the polyethylene, where the grafting species becomes
bound to a surface of the fiber. The one or more of the grafting species can be a molecule
with a dual reactive functionality. The polyethylene fiber or block can be a plurality of the
fibers, where the grafting specie provides cross-links between adjacent ones of the plurality
of fibers. The method can be a peroxide initiated grafting method. The method can further
include the steps of providing one or more grafting species in a solution, and irradiating the
polyethylene suspended in the solution. Gamma rays, x-rays or electrons can be used for the
irradiation. A radiation absorber can be included in the irradiation step to provide high
relative cross-section for photoionization or radical formation from radiation.

A polyethylene article comprises at least one high molecular weight highly cross
linked polyethylene fiber or block comprising a plurality of substantially aligned crystals.
The fiber or block provides an X-ray diffraction pattern evidencing only 2 sharp reflections.

The highly cross linked fiber or block is formed by irradiating a high molecular weight
| Apolyethylene ﬁf)el; or bloék ﬁaﬁng- a blurzi.lri‘t;rﬂ of crystalshavmg érﬁdrphoﬁé fégibns 7
therebetween, the plurality of crystals having a preferred crystal orientation, in an
environment including a molecule with a dual reactive functionality and an inert gas at a
temperature that is below an average alpha transition temperature of the polyethylene,
wherein the molecule with a dual reactive functionality provides a plurality of cross-links

across the amorphous regions between adjacent ones of the plurality of crystals.
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The highly cross linked polyethylene can include at least one grafting species bound
to a surfacc of the highly cross linked polycthylenc. The grafting specic can provide an

unbound rcactive group.

BRIEF DESCRIPTION OF THE DRAWINGS
[00013] There are shown in the drawings, embodiments which are presently preferred,
it being understood, however, that the invention is not limited to the precise arrangements and

instrumentalities shown.

[00014] Fig. 1 shows a schematic showing a molecular basis believed to be associated
with creep in UHMWPE.
[00015] FIG. 2(a)-(c) are schematics showing an initial fiber, the fiber after elongation

(creep), and the fiber after a creep rupture failure, respectively, according to a mechanism
believed to be responsible for creep rupture in UHMWPE fibers.
[00016] FIG. 3 shows schematics of steps according to the invention which are

believed to result in lengthening of UHMWPE Chains.

DETAILED DESCRIPTION OF THE INVENTION
[00017] The invention describes low temperature methods for cross-linking as well as
A graﬁing h{gh hidleculaf Weigﬁt polyethyiené. As used Héreiri, "highrmoledular Wéight" refers
to an average molecular weight of at least 100,000 g/mol. In a first inventive embodiment, a
method for forming reduced creep high molecular weight polyethylene articles comprises the
steps of providing at least one high molecular weight polyethylene fiber or block, the
polyethylene being polycrystalline comprising a plurality of crystals having amorphous

regions therebetween. The plurality of crystals have a preferred crystal orientation. The
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polyethylene is irradiated in an environment including a molecule with a dual reactive
functionality (e.g. diene) and an inert or unreactive gas at a temperature that is below an
avcrage alpha transition tcmperature of the polycthylene, whercin the diene provides cross-
links across the amorphous rcgions between adjacent oncs the plurality of crystals. The high
level of cross-linking achicved between crystals comprising the polycrystalline fiber provides
substantially improved wear resistance known to result from cross-linking, while overcoming
the deficiency of earlier work by substantially maintaining the elastic modulus of the material
resulting in creep resistance required for many applications which results from the annealing
process used for the cross-linking.

[00018] Although not required to practice the claimed invention, Applicant, not
seeking to be bound by the mechanisms associated with the invention, provides the
following. Figure 1 shows a schematic showing a molecular basis believed to be associated
with creep in UHMWPE. The UHMWPE fiber shown at the molecule chain scale includes a
plurality of highly aligned CH, repeating units which are crystalline regions. At the ends of
crystalline regions are amorphous, disordered domains. These amorphous domains are
primarily responsible for connecting adjacent crystalline regions. Being above the o
transition temperature, the amorphous domains are rapidly moving permitting o relaxations,
such that 10,000 steps of CH, segments per second at 370 K occurs. FIG. 2(a)-(c) are
schematics showing an initial fiber, the fiber after elongation (creep), and the fiber after a
xcrreéxﬁ)utr'upfﬁre fe;ilufe, }éSpeéﬁvely, Vaccérrding to a mechanism believed to be responsible for
creep rupture in UHMWPE fibers. The schematics show the amorphous PE domains
determining the creep performance of the conventional UHMWPE fiber.

[00019] Figure 3 shows schematics of steps according to the invention which are
believed to cross-link across amorphous regions and result in lengthening of UHMWPE

chains. Acetylene, with its C;H; molecular structure, is a gas that could be used to form
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bonds to cross-link polyethylene. Introduced into the amorphous regions inside a UHMWPE
fiber substantially contemporaneously with bond breaking of amorphous PE bond following
an irradiation process, acctylenc (the co-rcactant) can covalently bond adjacent crystalline
regions. In step 1, irradiation is dircoted at the PE fiber, the PE fiber being held at a
temperaturc below the alpha transition temperaturc of PE. Being performed at a temperature
below the alpha transition temperature there is cffectively no diffusion by the amorphous
segments into the crystals or vice versa. Thus, the chains are effectively locked into a
conformation that enhances the probability of cross-linking. No mechanical force is required
during any of the steps of the inventive method.

[00020] Step 2 shows the high energy particle breaking the weaker amorphous PE
bond. ‘The introduction of acetylene following irradiation, shown in step 3, adds bonds across
the amorphous regions which couple adjacent crystalline PE domains. Such bonds are
believed to be important for improving the creep properties of UHMWPE fibers, as a great
deal of chain slippage is believed to occur within the amorphous regions. The resulting fiber
or block following irradiation according to the invention can have sufficient orientation and
crystallinity to provide an X-ray diffraction pattern evidencing only 2 sharp reflections.
[00021] However, the effectiveness of the cross-linking agents generally depends on
the ability of the gas to diffuse into the amorphous regions of the polyethylene fiber. Itis
known that while irradiation in acetylene can decrease the cross-linking efficiency in
polyéthylene, irradiatioﬁ in an a;éétylene;ﬁitrd genbfhi;’;;a;l:enééh-éctuallyi imbrov‘eﬂthé efficiency
compared to a vacuum. Furthermore, the use of helium as the irradiating atmosphere
decreases the activation energy of permeation into polyethylene compared to nitrogen gas.
Helium also has a much higher diffusivity value (nearly an order of magnitude greater) than
nitrogen gas. Therefore, there is great potential for the use of an acetylene-helium mixture as

the irradiating atmosphere for UHMWPE fibers. If such a mixture can improve the cross-
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linking efficiency while providing covalent bonds deep into the amorphous regions of the
fiber, creep properties should be improved with little or no loss (and possibly with some gain)
in tensile propertics. Depending on reaction conditions, cross-linking can be limited to the
surfacc of the fibers or for cross-linking the macrofibrils that comprisc a single filament
togcther to form a singlc cross-linked bundlc of macrofibrils.
[00022] The high molcecular weight polycthylenc is preferably UHMWEPE, defined
herein as having a molecular weight of ét least 500,000 g/mol, preferably being at least
1,000,000 g/mol. In yet another alternative embodiment, the molecular weights are above
about 2,000,000 g/mol. In still another alternative embodiment, the molecular weights are
above about 4,000,000 g/mol, or more. The preferred crystal orientation UHMWPE is
preferably in the form of fibers, such as gel-spinning derived SPECTRA™ fibers. Only
about 2-3% of such fibers comprise amorphous regions. While repeating units in the
amorphous regions make up a small volume fraction of UHMWPE fibers, their kinetics
above the glass transition temperature play a significant role in the mechanical properties. In
fact, it has been estimated that between 70 and 110 °C, polyethylene molecules diffuse into
and out of the crystalline regions more than 10,000 times per second. This fast motion is
believed by the inventors to make it difficult to cross-link molecules within the amorphous
regions.
[00023] Also, it becomes increasingly difficult to eliminate excess free radicals from

‘ polye;chylené whéh»the re;diééié: are d1ffusmg VbretWeeri crystallihe and amorphbus regibhs just
as quickly as the molecules. Excess free radicals will begin to oxidize and degrade the
polyethylene if not consumed via cross-linking. To combat this difficulty, some have heated
their post-irradiation samples near or in excess of the 140-145 °C degree melt temperature of
UHMWRPE. This heat treatment is said to speed up the kinetics within the bulk material and,

ideally, allow all of the remaining free radicals to react with the polyethylene. However, heat
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treatments at temperatures of about 90 °C or more can significantly reduce the modulus of the
fibers, due to onset of melting.
[00024] The invention docs not follow conventional mcthods, as polycthylenc that
approachcs its mclt tempcraturc begins to losc the high crystallinity and oricntation that
providc the outstanding mcchanical propertics associated with this matcrial. Thus, the
invention provides irradiation below an average alpha transition temperaturc of the
polyethylene, such as <50 C, including < 0 C, and even at a cryogenic temperature range
including <-150 °C to -200 °C. Moreover, the irradiation is preferably performed under
isostatic conditions.
[00025] The high molecular weight polyethylene may be, in one embodiment,
polyethylene that is characterized in that its repeat unit is essentially ethylene, although, in
other embodiments, it may be a copolymer thereof with small amounts of other monomers
such as a-olefin, acrylic acid or derivatives thereof, methacrylic acid or derivatives thereof or
vinyl silane or derivatives thereof, or it may be a copolymer with these, or a copolymer with
ethylene homopolymer, or it may be a blend with homopolymers of other a-olefins and the
like.
[00026] As noted above, the dual reactive functionality is generally a diene. Dienes by
definition are compounds that contain two fixed double bonds, traditionally implied to be
between two different pairs of carbon atoms, are examples of species which provide at least a
V dﬁal reaéﬁve ﬁmctionality. Dieﬁeé acéordmg to the invention include c‘éﬁjﬁgate'd dienes
which have the two double-bond units linked by one single bond are termed conjugated, e.g.
dienes such CH,=CH-CH=CH, which is buta-1,3-diene, as well as isoprene, and 4-methyl
pentadiene. Acetylene and other alkynes, although not traditionally defined as a dienes since
the two pi bonds are situated between the same pair of carbon atoms, has dual reactive

functionality. In like manner, allenes, where the pi bonds share one common carbon can be

10
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used as the dual reactive functionality. Examples of other species include triallyl
isocyanurate, peroxides, cyclopropane (and its derivatives), and cyclobutane (and its
derivatives). Other agents can also include cpoxy containing specics and di-yncs. Organic
azides will also likcly be cffcctive agents since they gencrate a nitrene which is difunctional.
Under certain circumstancces, a mono-cne (olcfin) can cffectively provide dual functionality
(such as in polycthylene polymcerization) when two radicals formed by addition of a mono-
ene to a radical on the polyethylene tend to terminate by coupling rather than
disproportionating.
[00027] The irradiation can comprise any high energy radiation that initiates the
desired cross-linking reaction within the fiber. In one embodiment, gamma irradiation may
be used, such as *°Co radiation. In another embodiment, x-ray radiation may be used. In still
another embodiment, electron irradiation may be used.
[00028] The irradiation dose may be varied to control the degree of cross-linking and
crystallinity in the final fiber composition. In one embodiment, a dose of greater than about
1 kGyis used. In an alternative embodiment, a dose of greater than about 20 kGy is used.
When electron irradiation is used, the energy of the electrons may be varied to change the
depth of penetration of the electrons, thereby controlling the degree of penetration of cross-
linking in the final product. In one embodiment, the energy is from about 0.5 MeV to about
10 MeV. In another embodiment, the energy is from about 5 MeV to about 10 MeV.
| [00029] - In anothef émbodiihent of the 1nvent10n,th;> ‘moléréﬁlé/w'it'h a dual reactive
functionality cross-linking process across the amorphous regions between adjacent crystals in
UHMWPE and related fibers can be enhanced by using a molecule with a higher atomic
number element (e.g. Z > 15, preferably Z> 25) to act as a radiation absorber to provide high
relative cross-section for photoionization or radical formation from radiation. The dual

reactive molecule is preferably non-polar for entry into the amorphous zones of the fiber to
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permit solubility in linear hydrocarbons, such as heptane, and a small enough molecular size
to diffuse readily into the solid polymer. The radiation absorber can also be a molecule
which absorbs the radiation and gencrates a radical or other reactive specics and subscquently
transfers the radical to the polycthylenc or the molccule with a dual reactive functionality.
[00030] Somc cxcmplary highcr atomic number radiation absorbers include barium
alkylatcs, HI or HBr, silanc and chloroform. Thesc radiation absorbers arc used with at lcast
one molecule with a dual reactive functionality, such as the mixture of isoprene and silane.
However, it is likely a radiation absorbers with high z (e.g. I, or HI) alone may diffuse into
the amorphous zone and act as a trigger of free-radical formation (multiple) and consequently
create a multi-functional reaction. Materials generated by these radiation absorbers will
generally provide a higher concentration of cross-links in the amorphous region. In this
embodiment, diffusion can be enhanced through modest heating, or through mechanical
agitation such as ultrasound or cyclic stretching. In addition to ionizing radiation, visible or
UV radiation can be used in a similar fashion with suitable initiators and/or sensitizers.
[00031] In another embodiment of the invention, the fiber surface is modified by
adding a grafting specie which preferably generally provides dual reactive functionality, such
as a diene, on the surface of a UHMWPE fiber. This method provides cross-linking on the
external surface of the individual filaments, fibrils and macrofibrils into a more uniform
single body. However, the invention includes grafting species having single reactive
| ﬁlﬂctiénaiifgr fhat are thus uﬁébié tvor cros<s:1rihk.ﬂ This processcan proceed at Toom temperature
and without irradiation. Appropriate surface grafts can provide desired fiber characteristics,
electroactivity, including, but not limited to, wetting, gas permeability, and oxidative
stability. Significantly, when the preferred grafting specie having dual reactive functionality

is provided, the remaining reactive group after the graft also allows the grafted fiber to
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participate in subsequent chemical reactions. The grafting specie is grafted in an amount of
from about 1 to about 10% by weight of the total composition.

[00032] The non-dicnc grafting spccic can be a mono-cnc, such as an acrylic
monomer. The grafting spccic can also include macromers. Subscquently chemical reaction
to grafting on the polycthylenc can results in cross-linking by coupling two grafts on two
fibers. Cross-linking between fibers helps limit fiber-to-fiber creep.

[00033] The grafting method used can be based on the hydroperoxide initiated grafting
method which permits the grafting of tethered, linear chains by a free radical-type
polymerization disclosed in a PhD dissertation by Jesse J. Arnold entitled "METHODS OF
FIBER SURFACE GRAFTING FOR INTERPHASE DESIGN AND TAILORED
COMPOSITE RESPONSE" which was published in 1997 and available in the University of
Florida Library. Hydroperoxide initiated grafting does not require irradiation, but is
generally wet chemical method. In the Arnold thesis, the grafting moieties, such as
acrylamide and acrylic acid, all lacked diene functionality. As a result, the grafts disclosed
by Arnold cannot provide the cross-linking or a reactive surface provided by the preferred
embodiment of this aspect of the invention, but must rely either upon a secondary processing
method or upon a change in composition to substitute the diene for a vinyl
compound/monomer.

[00034] An embodiment of the invention involves the irradiation of UHMWPE fibers
v&hiieﬁéingéré&ri th&)ﬁgﬁ é solution of é’ne 6r moré graftihg specie where a preferred
solution includes at least one diene as defined for the purposes of the invention. Irradiation is
carried out with gamma-rays, x-rays or electrons. Particularly when the solvent, grafting
species, and/or an included radiation absorber includes one or more atoms with an atomic
mass or >15, a larger proportion of the reactive species, such as radicals, are generated at the

surface rather than within the bulk of the fiber unlike the case for irradiation of a fiber in a
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gaseous environment. Where the radicals and other reactive species are created in the bulk of
the fiber, polymer chain scission can dominate cross-linking, particularly in crystalline
regions of the fiber where a grafting agent's or dicnc's penctration is relatively poor. In this
manncr polymecr chain scission within the fiber cam be minimize. It is known that when
chain scission dominant over cross-linking; crcep propertics can be compromiscd rather than
cnhanced by irradiation. The irradiation of the fiber in a liquid promotcs the grafting,
polymerization and cross-linking of the diene on the surface of the polyethylene fiber. By
biasing the radical or other reactive species formation to the surface the filling of defects
including voids and strengthening of the amorphous regions that are in contact with the
surface via the formation of a cross-linked structure occurs preferentially to any molecular
weight degrading processes within the fibers. Defects, and in particular surface defects, can
have a large contribution to the observed creep properties of a fiber.

[00035] The invention provides numerous advantages over the available art. The
invention can be used to control the cross-link density and maintain both the high modulus
(stiffness) and strength that are critical in many applications. In addition, by eliminating the
high temperature annealing step, the processing times and procedures are simplified. Finally,
the invention can be used for “net-shape” devices. These are devices that have been either
molded or machined to a finished dimension.

[00036] Products which can benefit from the invention include reinforcement fibers for
a‘higrh élﬁtu&é air shipé, réiﬁfércémént ﬁberé fo;' bulletproc;f \}eété iP eﬁfsoné.llrprortec':ﬁdri
wovens). Other products that can benefit from the invention include medical implants such
as wear surfaces on hip prostheses, knee prostheses, elbow prosthesis and spinal implants.
Various manufacturers of polyethylene or polypropylene suture materials can also benefit

from the invention.

Example
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[00037] 1t should be understood that the prophetic Examples described below are
provided for illustrative purposes only and do not in any way define the scope of the
invention.

Formation of Low Creccp UHMWPE fibers

[00038] SPECTRA® UHMPE fibcers (Allicd Signal) were obtaincd. SPECTRA® has
a rcported melting point of 150 °C. The diamcter of the fibers was about 40 um. The fibers
were irradiated for 84 hours at a dose rate of 140 rads/min for a total dose of 0.1 Mrad. The
gas mixture was about 3% by volume acetylene and about 97% by volume He. The process
temperature was 25 °C. The resulting fibers after irradiation processing had a highly
preferred crystal orientation evidenced by an X-ray diffraction pattern which revealed on two
(2) sharp reflections.

[00039] It is to be understood that while the invention has been described in
conjunction with the preferred specific embodiments thereof, that the foregoing description as
well as the examples which follow are intended to illustrate and not limit the scope of the
invention. Other aspects, advantages and modifications within the scope of the invention will

be apparent to those skilled in the art to which the invention pertains.
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CLAIMS

1. A mcthod for forming rcduced creep high molcecular weight polycthylenc,

comprising the stcps of:

providing at Icast onc high molccular weight polycthylenc fiber or block, said
polycthylenc being polycrystalline comprising a plurality of crystals having amorphous
regions therebetween, said plurality of crystals having a preferred crystal orientation, and

irradiating said polyethylene in an environment including a molecule with a
dual reactive functionality and an inert gas at a temperature that is below an average alpha
transition temperature of said polyethylene, wherein said molecule with a dual reactive
functionality provides cross-links across said amorphous regions between adjacent ones of

said plurality of crystals.

2. The process of claim 1, wherein said irradiating step takes place under

isostatic pressure conditions.

3. The method of claim 1, wherein said molecule with a dual reactive
functionality is a diene selected from the group consisting of
R;R,C=CR;3R4(CRsR6)xCR7Rs=CRyR 19, RiC=CR3, and RjR,C=CR3=CR4Rs, wherein R1, Ry,
*R3,7 K«;, R, R6, R—;; Rg, R;, ahci Rlo are independentlyﬂ selected from H, Ci to Cy dﬂ{jrl andxis

0 to 4.

4, The method of claim 1, wherein said inert gas comprises He.

5. The method of claim 1, wherein said temperature is < 50 C.

16
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6. The method of claim 1, wherein said temperature is < 0 C.
7. The method of claim 1, whercin a diamcter of said fiber is less than 100 pm.
8. The method of claim I, wherein said fiber or said block after said irradiating

step provides an X-ray diffraction pattern evidencing only 2 sharp reflections.

9. The method of claim 1, wherein a radiation absorber is included in said
irradiation step to provide high relative cross-section for photoionization or radical formation

from radiation.

10. The method of claim 9, wherein said radiation absorber includes at least one

element having an atomic number of > 15.

11. A method of grafting to high molecular weight polyethylene, comprising the
steps of:
providing at least one polyethylene fiber or block, said polyethylene being
polycrystalline comprising a plurality of crystals, said plurality of crystals having a preferred
‘ Efystal bfiéntatioh, and »
grafting one or more grafting species at a temperature that is below an average

alpha transition temperature of said polyethylene, wherein said grafting species becomes

bound to a surface of said fiber.

17
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12. The method of claim 11, wherein one or more of said grafting species is a

molecule with a dual reactive functionality.

13. The mcthod of claim 11, whercin said at Icast onc polycthylenc fiber or block
compriscs a plurality of said fibers, wherein said grafting specic provides cross-links between

adjaccnt oncs of said plurality of fibers.

14. The method of claim 11, wherein said method comprises a peroxide initiated

grafting method.

15. The method of claim 11, further comprising the steps of:
providing said one or more grafting species in a solution, and

irradiating said polyethylene suspended in said solution.

16. The method of claim 15, wherein irradiation is by gamma rays, x-rays or
electrons.
17. The method of claim 15, wherein a radiation absorber is included in said

irradiation step to provide high relative cross-section for photoionization or radical formation

from radiation.
18. A polyethylene article, comprising:

at least one high molecular weight highly cross linked polyethylene fiber or block

comprising a plurality of substantially aligned crystals, said fiber or block providing an X-ray

18
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diffraction pattern evidencing only 2 sharp reflections, said highly cross linked fiber or block
formed by:

irradiating a high molccular wcight polycthylenc fiber or block having a plurality of
crystals having amorphous regions thercbetween, said plurality of crystals having a preferred
crystal oricntation, in an cnvironment including a molccule with a dual rcactive functionality
and an incrt gas at a tempcraturc that is below an average alpha transition temperaturc of said
polyethylene, wherein said molecule with a dual reactive functionality provides a plurality of

cross-links across said amorphous regions between adjacent ones of said plurality of crystals.

19. The article of claim 18, wherein said highly cross linked polyethylene includes

at least one grafting species bound to a surface of said highly cross linked polyethylene.

20. The article of claim 19, wherein said grafting specie provides an unbound

reactive group.
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