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(57) ABSTRACT 

A process for forming an oriented orthopaedic implant 
prosthesis bearing, net-shape bearing, or near net-shape 
bearing includes the step of placing an irradiated UHMWPE 
preform or puck of a volume suf?cient to accommodate the 
bearing in a compression mold and compression molding the 
irradiated preform. The molding is accomplished by apply 
ing heat and pressure to form the preform into a desired 
shape. The compression molding induces biaXial orientation 
in the formed bearing. 
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ORIENTED, CROSS-LINKED UHMWPE MOLDING 
FOR ORTHOPAEDIC APPLICATIONS 

[0001] This patent application is a divisional of US. 
patent application Ser. No. 09/961,842 ?led Sep. 24, 2001, 
Which claims priority to US. Provisional Patent Application 
No. 60/236,958, ?led Sep. 29, 2000, the disclosures of each 
of Which are hereby incorporated by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a compression 
molding process for forming orthopaedic implant prosthesis 
bearings having increased Wear resistance and improved 
mechanical properties. The present invention particularly 
relates to improved bearings for use in orthopaedic implant 
prosthesis and to methods for making polyethylene bearings 
by molding a cross-linked preform via the application of 
sufficient heat and pressure in such a Way as to induce 
orientation in molded bearings. 

BACKGROUND OF THE INVENTION 

[0003] Ultrahigh molecular Weight polyethylene (UHM 
WPE) has been the material of choice for articulating 
surface applications for three decades. Such UHMWPE 
resin is commonly used for implantable prosthesis bearings, 
such as acetabular bearings, glenoid bearings, tibial bear 
ings, and the like, for use in hip, knee, shoulder and elboW 
prostheses. In that time many improvements have been 
introduced, most notably irradiation of the polyethylene to 
induce cross-linking. In fact, the improved Wear character 
istics of the polyethylene have been largely attributed to 
such cross-linking procedures. Typically, a bar stock or 
preform, or a molded or machined bearing is irradiated and 
subsequently heat treated or heat annealed. The irradiation 
generates molecular cross-links and free radicals. Such 
cross-linking creates a 3-dimensional netWork in the poly 
mer Which renders it more resistant to abrasive Wear in 
multiple directions. In addition, the free radicals formed 
upon irradiation of UHMWPE can also participate in oxi 
dation reactions, Which reduce the molecular Weight of the 
polymer via chain scission, leading to degradation of physi 
cal properties, embrittlement, and an increase in Wear rate. 
The free radicals may be very long-lived, often several 
years, so that oxidation can continue over an extended 
period of time. Processes that tend to substantially eliminate 
residual free radicals induced by such irradiation tend to 
provide polyethylene With improved oxidation resistance. 
Typical processes for quenching free radicals in UHMWPE 
induced by irradiation involve elimination of the free radi 
cals With heat treatments. 

[0004] The bearings may be formed from polyethylene by 
direct compression molding processes or by machining the 
required bearing shapes from mill shapes, such as sheet or 
bar stock. Molding processes may be performed on unirra 
diated or irradiated polyethylene. 

[0005] Processes to improve the material properties of the 
polyethylene, such as toughness, and the like, are yet sought. 
It is appreciated that such processes desirably do not com 
promise the advances in Wear properties that have been 
made. Wear-resistant materials reduce Wear debris-associ 
ated maladies, such as bone and soft tissue deterioration, 
Wear debris-induced osteolysis, and the like. Such maladies 
may lead to implant loosening and possibly necessitate 
revision surgery. 
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[0006] Reference is made to a number of prior art refer 
ences as folloWs: 

[0007] 1. US. Pat. No. 5,728,748, and its counterparts all 
relating to the same application, “Non-OxidiZing Polymeric 
Medical Implant,” to Sun, et al. 

[0008] 2. US. Pat. No. 5,879,400, “Melt-Irradiated Ultra 
High Molecular Weight Polyethylene Prosthetic Devices,” 
to Merrill et al. 

[0009] 3. US. Pat. No. 6,017,975, “Process for Medical 
Implant of Cross-Linked Ultrahigh Molecular Weight Poly 
ethylene Having Improved Balance of Wear Properties and 
Oxidation Resistance,” to Saum, et al. 

[0010] 4. US. Pat. No. 6,228,900, “Crosslinking of Poly 
ethylene for LoW Wear Using Radiation and Thermal Treat 
ments,” to Shen et al. 

[0011] 5. US. Pat. No. 6,168,626, “Ultra High Molecular 
Weight Polyethylene Molded Article for Arti?cial Joints and 
Method of Preparing the Same,” to Hyon et al. 

[0012] 6. US. Pat. No. 6,245,276, “Method for Molding a 
Cross-Linked Preform,” to McNulty et al. 

[0013] 7. US. Pat. No. 6,281,264, “Chemically 
Crosslinked Ultrahigh Molecular Weight Polyethylene for 
Arti?cial Human Joints,” to Salovey et al. 

[0014] The above references teach the general concepts 
involved in forming or consolidating polyethylene resin 
directly into a component or a stock form from Which the 
component is made, gamma or other irradiation of the 
component or the stock form, and subsequent heat treating 
(including annealing or remelting) of the component or 
stock form. The above references also teach the general 
concepts of compression molding and the appropriate appa 
ratuses used therein. The disclosures of these above-listed 
references are incorporated herein for purposes of establish 
ing the nature of polyethylene resin, the irradiation steps and 
options, and the heat treating steps and options. 

SUMMARY OF THE INVENTION 

[0015] The present invention provides UHMWPE bear 
ings With improved mechanical properties, improved oxida 
tion resistance and increased Wear resistance. The polyeth 
ylenes prepared by the processes of the present invention 
also reduces the amount of Wear debris generated from 
UHMWPE bearings. Typically, the polyethylene may be 
ultrahigh molecular Weight polyethylene (UHMWPE), 
although it Will be appreciated that the processes of the 
present invention may be used With various types of poly 
ethylene. 

[0016] The present invention is directed to a process for 
molding a bearing, near net-shape bearing, or net-shape 
bearing from a preform, Which has been previously cross 
linked, by obtaining such a preform and placing it in a press 
mold de?ning the desired bearing shape, or near net-shape, 
and applying heat and pressure in the mold to form the 
bearing in such a Way as to orient the polyethylene. What is 
meant herein by the term “net-shape bearing” is a bearing 
that is in a shape or condition that is satisfactory for use in 
a prosthetic implant upon removal of the bearing from a 
compression molding die Without requiring any additional 
machining. The term “near net-shape”, on the other hand, is 
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meant herein to de?ne a bearing Which requires a small 
degree of further manipulation, such as machining, to pro 
duce the ?nal bearing With such further manipulation being 
performed on surfaces of the bearing other than the articu 
lating (i.e., bearing) surface of the bearing. What is meant 
herein by the term “bearing” is an orthopaedic implant 
prosthetic bearing of any type, condition, shape, or con?gu 
ration. As such, the term “bearing”, amongst others, includes 
both net-shape bearings and near net-shape bearings. 

[0017] The present invention is also directed to a com 
pression molding process that induces biaXial orientation in 
the molded bearing to improve its Wear characteristics and 
mechanical properties. In some embodiments, the preforms 
may be made from consolidated UHMWPE stock Which has 
been irradiated. In other embodiments, the UHMWPE stock 
may be pre-annealed or pressure crystalliZed, or a combi 
nation thereof, to further enhance its mechanical properties. 
In an alternate embodiment, the irradiated UHMWPE pre 
form may be heated or otherWise treated to substantially 
quench free radicals present in the irradiated preform. 

[0018] Additional features of the present invention Will 
become apparent to those skilled in the art upon consider 
ation of the folloWing detailed description of invention 
exemplifying the best mode of carrying out the invention as 
presently perceived. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1 is a schematic vieW of an implantable 
prosthetic bearing that may be produced by processes 
described herein; 

[0020] FIG. 2 is a perspective vieW of an implantable 
glenoid bearing prosthesis that may be produced by pro 
cesses described herein; 

[0021] FIG. 3 is a perspective vieW of an implantable 
acetabular bearing prosthesis that may be produced by 
processes described herein; and 

[0022] FIG. 4 is a perspective vieW of an implantable 
tibial bearing prosthesis that may be produced by processes 
described herein. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0023] While the invention is susceptible to various modi 
?cations and alternative forms, speci?c embodiments 
thereof have been shoWn by Way of eXample in the draWings 
and Will herein be described in detail. It should be under 
stood, hoWever, that there is no intent to limit the invention 
to the particular forms disclosed, but on the contrary, the 
intention is to cover all modi?cations, equivalents, and 
alternatives falling Within the spirit and scope of the inven 
tion as de?ned by the appended claims. 

[0024] A typical prosthetic bearing design includes an 
articulating or bearing surface on Which either a natural bone 
structure or a prosthetic component articulates. In addition, 
a typical prosthetic bearing design also includes an engaging 
surface Which may include locking features in the form of 
mechanisms such as pins, tabs, tapered posts, or the like for 
locking or otherWise securing the bearing to either another 
component associated With a prosthetic assembly (e.g., a 
metal shell or tray) or to the bone itself. 
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[0025] Referring noW to FIGS. 1-4, there is shoWn an 
implantable prosthetic bearing 10. The bearing 10 is shoWn 
schematically as a bearing 12 in FIG. 1, Whereas speci?c 
eXemplary embodiments of the prosthetic bearing 10, such 
as a glenoid bearing 14 for implantation into a glenoid of a 
patient (not shoWn), an acetabular bearing 16 for implanta 
tion into an acetabulum of a patient (not shoWn), and a tibial 
bearing 18 for implantation into a tibia of a patient (not 
shoWn) are shoWn in FIGS. 2-4, respectively. Each of the 
embodiments of the prosthetic bearing 10 includes an articu 
lating or bearing surface 20 on Which a natural or prosthetic 
component bears. For example, in the case of the glenoid 
bearing 14, a natural or prosthetic humeral head (not shoWn) 
bears on the articulating surface 20. Similarly, in the case of 
a acetabular bearing 16, a natural or prosthetic femoral head 
(not shoWn) bears on the articulating surface 20. Moreover, 
in the case of the tibial bearing 18, a pair of natural or 
prosthetic femoral condyles (not shoWn) bear on the articu 
lating surface 20. 

[0026] Each of the prosthetic bearings 10 also includes an 
engaging surface 22 Which may have a number of features 
de?ned therein for engaging either another prosthetic com 
ponent or the bone into Which the bearing 10 is to be 
implanted. For eXample, in the case of the glenoid bearing 
14, a number of pins or pegs 24 may be de?ned in the 
engaging surface 22 thereof. The pegs 24 are received into 
a number of corresponding holes (not shoWn) formed in the 
glenoid surface of the patient. The pins 24 are typically held 
in place With the use of bone cement. Moreover, if the 
glenoid bearing 14 is utiliZed in conjunction With an 
implanted metal shell, the engaging surface 22 of the bearing 
14 may be con?gured With a tapered post (not shoWn) or the 
like for securing the glenoid bearing 14 to the shell. 

[0027] In the case of the acetabular bearing 16, a number 
of keying tabs 26 are de?ned in the engaging surface 22 
along the outer annular surface thereof. The keying tabs 26 
are received into a number of corresponding keying slots 
(not shoWn) de?ned in an implanted metal acetabular shell 
(not shoWn) in order to prevent rotation of the acetabular 
bearing 16 relative to the implanted shell. In the case of 
?Xation of the acetabular bearing 16 directly to the acetabu 
lum of the patient (i.e., Without the use of a metal shell), the 
engaging surface 22 of the bearing 16 may alternatively be 
con?gured With a number of posts or pegs (not shoWn) 
Which are received into a number of corresponding holes 
formed in the patient’s acetabulum. In such a case, the posts 
or pegs are typically held in place With the use of bone 
cement. Moreover, it should be appreciated that the acetabu 
lar bearing 16 may be cemented to the patient’s acetabulum 
Without the use of posts or pegs on the engaging surface 22 
thereof. 

[0028] In the case of the tibial bearing 18, a tapered post 
28 is de?ned in the engaging surface 22 thereof. The tapered 
post 28 is received into a corresponding tapered bore (not 
shoWn) de?ned in an implanted tibial tray (not shoWn) of a 
knee prosthesis (not shoWn). It should be appreciated that 
the engaging surface 22 of the tibial bearing 18 may also be 
con?gured With features to alloW the tibial bearing 18 to be 
secured directly to the tibia Without the use of an implanted 
tray (e.g., by use of bone cement). 

[0029] The present invention pertains to fabrication of 
such an orthopaedic implant prosthetic bearing 10 by com 
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pression molding a preform, by the application of heat and 
pressure, in a mold de?ning the shape of the bearing 10. The 
process of the present invention may be used to mold 
net-shape bearings directly to provide a ?nish Which is 
satisfactory for an articular (bearing) surface. It is appreci 
ated that smoother bearing surfaces may be made by mold 
ing processes than by machining processes. HoWever, the 
process of the present invention may also be used to mold 
near net-shape bearings that require a small degree of 
additional machining. In either case, the preform may be 
fabricated from an ole?nic resin, typically a polyethylene 
resin, such as an ultrahigh molecular Weight polyethylene 
(UHMWPE) resin. It is further appreciated that other poly 
ethylenes such as high molecular Weight polyethylene, high 
density polyethylene, high molecular Weight high density 
polyethylene, and the like may be fabricated into bearings 
using the processes described herein. The term “preform” as 
used herein refers to an article that has been consolidated, 
such as by ram extrusion or compression molding of poly 
ethylene resin particles into rods, sheets, blocks, slabs, or the 
like. The term “preform” also includes a preform “puck” 
Which may be prepared by intermediate machining of a 
commercially available preform. Preform pucks are of a siZe 
and mass suitable to be placed into a bearing compression 
molding die. The shape of the preform or puck may or may 
not be similar to the ?nal net shape component. In addition, 
the formed bearing folloWing compression molding may be 
either the actual desired bearing con?guration or a blank that 
can be machined subsequently to produce the desired bear 
ing geometry. Such preforms may be obtained or machined 
from commercially available UHMWPE, for example GUR 
4150 HP ram extruded UHMWPE rods from PolyHi Solidur 
(Fort Wayne, Ind.). The starting preform may be pressure 
recrystalliZed as described in Us. Pat. No. 5,478,906 and in 
US. Pat. No. 6,017,975. The starting preform may be 
optionally annealed, as described in US. Pat. No. 6,017,975, 
prior to irradiation. This pre-annealing step may be con 
ducted in a substantially oxygen-free atmosphere. It is 
appreciated that the preform of the present invention may be 
formed from a Wide variety of crude or processed plastic 
resins suitable for use in orthopaedics, that can be converted 
by manufacture into a ?nished bearing. It is further appre 
ciated that the current invention contemplates cross-linking 
of the polyethylene prior to intermediate machining of a 
commercial stock into a preform puck. 

[0030] An exemplary embodiment of the current invention 
includes a process that includes the steps of irradiating a 
polyethylene preform to form free radicals and cross-link the 
polyethylene and compression molding the preform by the 
application of heat and pressure to form a bearing, net-shape 
bearing, or near net-shape bearing. The compression mold 
ing process is performed in a manner to provide an oriented 
bearing. 
[0031] The preform is irradiated, preferably With gamma 
radiation; hoWever, electron beam or X-ray radiation may 
also be used. The preform is irradiated With gamma radiation 
at a dose of about 0.5 Mrad to about 50 Mrad, preferably 
about 5.1 Mrad to about 15 Mrad, using methods knoWn in 
the art. The irradiation process may be optionally performed 
under vacuum or in an inert or substantially oxygen-free 
atmosphere by placing the preform in a bag, Which includes 
materials such as aluminum foil, polyethylene, and the like, 
suitable for such irradiation processes. The bag may be 
optionally evacuated and the atmosphere substantially 
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replaced With an inert gas such as nitrogen, argon, and the 
like. It Will be appreciated, hoWever, that acceptable results 
may be achieved for certain bearing con?gurations When the 
irradiation process is carried out under atmospheric condi 
tions, i.e., With some oxygen present. 

[0032] The compression molding process is performed in 
such a manner as to induce tWo-dimensional How of the 
polyethylene in a plane, referred to hereinafter as “planar 
?oW.” Such a plane is transverse to any axis Which is parallel 
With the direction of compression. It should be appreciated 
that any such axis parallel to the direction of compression 
passes through, and as a result does not lie in, this transverse 
plane. The induction of planar How in the preform creates 
molecular orientation, preferably biaxial molecular orienta 
tion, in the plane of the formed bearing that is transverse to 
the compression direction. HoWever, depending upon the 
manner in Which the preform is placed into the compression 
mold, and the dimensions of the preform relative to the mold 
cavity, varying levels of symmetry may be thus imparted to 
the resulting formed bearing. It is therefore appreciated that 
the resulting planar How may also be asymmetric, and in 
certain cases, the planar How Will adopt a substantially 
uniaxial orientation transverse to the compression direction 
in certain bearing con?gurations prepared by processes 
described herein. 

[0033] In the case of bearings possessing a substantially 
circular or elliptical cross-section, the biaxial orientation in 
the formed bearing is preferably radially-disposed biaxial 
molecular orientation. The term “radially-disposed” is 
de?ned herein to mean an orientation in Which a structure 
such as a molecular chain or a crystal structure extends 

radially outWard from the center, or a point near the center, 
of the compression force, Within a plane transverse to the 
compression force. The biaxial orientation present in the 
formed bearing may also be present as biaxial crystal 
orientation. 

[0034] The degree of biaxial orientation present in the 
formed bearing may be assessed by methods knoWn in the 
art such as thermal mechanical analysis (TMA), thermal 
shrinkage, X-ray diffraction (XRD), Crossed PolariZer 
Microscopy, and others. Thermal mechanical analysis 
includes the measurement of thermal relaxation properties. 
Thermal expansion and contraction of oriented polyethyl 
enes can be determined using instruments such as the 2940 
Thermal Mechanical Tester, commercially available from 
TA Instruments, NeW Castle, Del. 

[0035] Materials that are biaxially oriented tend to 
undergo signi?cant contraction in the tWo directions (i.e. 
dimensions) transverse to the compression direction, namely 
in the transverse plane, When heated to a temperature at or 
near the melting point of the material. This thermally 
induced contraction is typically irreversible, such that the 
material does not return to the original volume upon sub 
sequent cooling. In contrast, isotropic materials, those mate 
rials that do not exhibit signi?cant orientation in any direc 
tion, may be characteriZed by their exhibiting of thermal 
expansion in all directions When heated near the melting 
point of the material. Furthermore, such thermal expansion 
is often reversible; the material returns to a volume approxi 
mating the original volume When it is cooled. Polyethylenes 
prepared according to the processes of the current invention 
are expected to have increased Wear resistance and improved 
mechanical properties. 



US 2005/0043815 A1 

[0036] Under certain variations of the process, the com 
pression molding step has the additional bene?t of substan 
tially eliminating residual free radicals in the UHMWPE. 
Such an elimination of free radicals may eliminate the need 
for, and thus make optional, a discrete quenching step 
folloWing the irradiation step, such as a quenching step 
involving heat treatment. Compression molding induces 
elongational shear ?oW, or melt ?oW, Which may account for 
this advantage, by promoting effective recombination of free 
radicals present in the polymer. HoWever, it should be 
appreciated that, if desired, a discrete quenching step (e.g., 
heat treatment) may be utiliZed prior to compression mold 
ing of the preform. 

[0037] Free radical populations present in the formed 
bearing may be measured by such techniques as electron 
paramagnetic resonance (EPR), and the like. Populations of 
free radicals folloWing the compression molding step are 
preferably at levels comparable to the preform prior to 
irradiation. The compression molding step may reduce free 
radical populations by as much as about 90% or greater, 
preferably by as much as about 95% or greater, more 
preferably by as much as about 99% or greater, from those 
levels measured soon after irradiation, as determined by 
measurement methods like those mentioned above. It is 
appreciated that the occurrence of further cross-linking of 
the polyethylene and accompanying improvements in both 
the mechanical properties and Wear characteristics bene?t 
ting the UHMWPE bearings may thus be achieved. 

[0038] The preform may be heated Within the molding 
equipment to a temperature high enough to alloW deforma 
tion under compression, usually to a temperature above the 
melting temperature of the polyethylene, illustratively at 
temperatures from about 110° C. to about 250° C., prefer 
ably at temperatures from about 130° C. to about 240° C., 
and more preferably at temperatures from about 138° C. to 
about 216° C. It is appreciated that in some embodiments, 
the preform is heated to a temperature beloW the melting 
temperature of the polyethylene, but still high enough to 
alloW deformation of the preform in the compression mold 
ing process. 

[0039] In an alternative embodiment, the preform may be 
heated to a temperature above ambient temperature prior to 
placement in the molding equipment. After placement in the 
molding equipment the temperature may be adjusted if 
necessary to a temperature suitable for compression mold 
ing, such as the temperature Within the ranges described 
above. It is appreciated that certain equipment con?gura 
tions or fabrication processes may require either one or a 
combination of both of these heating steps as the process 
demands. 

[0040] Prior to the application of pressure suf?cient to 
effect compression molding, it may be desirable to alloW the 
puck or preform to reach a degree of thermal equilibrium 
during a “melt-soak stage.” The term “melt-soak stage” as 
used herein refers to a period of time during Which the 
preform is held at a temperature suitable for compression 
molding, such as those temperatures described above. This 
temperature is maintained for a period of time in the range 
from about 30 minutes to about 90 minutes, preferably about 
60 minutes. Such a melt-soak stage may alloW much of, or 
most of, the mass of the puck to reach about the same 
temperature. It is further appreciated that additional melt 
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soak stages at various temperatures may be added as addi 
tional steps in variations of the process. 

[0041] The molding process may involve pressures from 
about 1,000 psi to about 15,000 psi, preferably pressures 
from about 1,000 psi to about 9,000 psi, or pressures from 
about 2,000 psi to about 8,000 psi. The molding process may 
be optionally performed under vacuum or in an inert or 
substantially oxygen free atmosphere. It Will be appreciated, 
hoWever, that acceptable results may be achieved for certain 
bearing con?gurations When the molding process is carried 
out under atmospheric conditions, i.e., With some oxygen 
present. 

[0042] The molding process may include exerting a small 
initial pressure on the preform prior to the application of 
heat. Such an initial pressure is illustratively less than about 
1,000 psi, and preferably in the range from about 50 psi to 
about 250 psi. It is appreciated that When higher tempera 
tures are used to perform the compression molding that a 
loWer initial pressure may be exerted on the preform. 
Alternatively, it is further appreciated that When loWer 
temperatures are used to perform the compression molding 
that higher initial pressures may be exerted on the preform. 

[0043] The molding process may also include a second 
pressuriZation that folloWs the application of heat, illustra 
tively during a melt-soak stage. Such a second pressuriZa 
tion is illustratively less than about 1,000 psi, and preferably 
in the range from about 150 psi to about 800 psi. It is 
appreciated that When higher temperatures are used in the 
melt-soak stage that a loWer initial pressure may be exerted 
on the preform. Alternatively, it is further appreciated that 
When loWer temperatures are used in the melt-soak stage that 
higher initial pressures may be exerted on the preform. 

[0044] It is appreciated that additional pressuriZation steps 
or stages of pressuriZation may be added to the process. 
Such additional steps or stages may be desirable for certain 
bearing con?gurations. 

[0045] The ?nal molded bearing dimensions resulting 
from the compression molding process are such that the 
cross-sectional area of the bearing, in a plane transverse to 
the compression direction, is greater than the cross-sectional 
area of the puck or preform used at the outset of the 
compression molding process. Furthermore, the compres 
sion molding process of the present invention is embodied as 
a loW compression-ratio molding process, as characteriZed 
by the How ratio. The term “?oW ratio” is de?ned herein as 
the ratio of the ?nal bearing radius to the preform radius. For 
bearings and preforms that are not substantially circular or 
elliptical, another measurement such as length or Width may 
be used to determine the How ratio. LoW compression-ratio 
processes involve a How ratio that is typically less than 2, 
illustratively from about 1.05 to about 1.7, or preferably 
from about 1.1 to about 1.3, or more preferably from about 
1.2 to about 1.3. 

[0046] FolloWing compression molding, the pressure 
exerted by the molding press on the formed bearing Will be 
maintained during cooling of the bearing. It is appreciated 
that maintaining the pressure on the molded bearing While 
cooling Will discourage the relaxation of the polyethylene 
back to an unoriented state. Cooling rates may be moderate 
from about 1° C. per minute or greater, or rapid from about 
15° C. per minute or greater. It is appreciated that cooling 
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rates slower than 1° C. per minute or less may be appropriate 
for certain end-use dependent con?gurations, particularly 
con?gurations requiring crystal orientation. SloWer cooling 
rates tend to increase the degree of crystallinity of the 
polyethylene observed in the molded bearing. The develop 
ment of such microcrystalline structures in the molded 
bearings may also be oriented in a manner analogous to the 
biaxial molecular orientation, as described above. 

[0047] In variations of the process, a “recrystallization 
soak stage” is inserted into the process folloWing the com 
pression molding. The term “recrystallization-soak stage” as 
used herein refers to a cooling procedure Where the molded 
bearing, While under pressure, is cooled to, and held at, a 
temperature above ambient temperature for a period of time 
Without the release of pressure. It is appreciated that includ 
ing a recrystalliZation-soak stage may promote the formation 
of additional crystalline morphology in the molded bearing. 
Such additional crystalline morphology may discourage the 
relaxation of the polyethylene back to an unoriented state. 
Illustratively, the molded bearing may be cooled to an 
intermediate temperature in the range of about 120° C. to 
about 160° C., or preferably a temperature in the range of 
about 130° C. to about 150° C. An illustrative period of time 
for the recrystalliZation-soak stage is in the range from about 
30 minutes to 60 minutes, or preferably in the range from 
about 30 minutes to 40 minutes. It is further appreciated that 
longer periods of time may be used in recrystallization-soak 
stages performed at higher temperatures, and conversely, 
shorter periods of time may be used in recrystalliZation-soak 
stages performed at loWer temperatures. It is appreciated that 
additional temperature stages or steps added to the process 
may be desirable for certain bearing con?gurations. 

[0048] The actual radiation dose and the compression 
molding conditions may be chosen to thus obtain a balance 
from Which the Wear characteristics of the formed bearing 
may be obtained by routine optimiZation. Certain end-use 
dependent bearing con?gurations, such as differences in the 
desired con?gurations of hip bearings in comparison to 
those con?gurations desired for shoulder bearings, may 
require adjustment of the balance of orientation induction 
obtained from the compression molding process and the 
level of cross-linking obtained from the irradiation process. 
Such adjustment may be achieved by routine experimenta 
tion by those of ordinary skill in the art. It is appreciated that 
various levels of cross-linking and orientation present in the 
molded bearing, net-shape bearing, or near net-shape bear 
ing may be desirable. 

[0049] The present invention further pertains to an ori 
ented UHMWPE material prepared by the processes of the 
present invention. Such oriented polyethylene possesses 
biaxial orientation, and preferably radially-disposed biaxial 
molecular orientation in the planes of the material transverse 
to the compression direction. This compression-induced 
orientation imparts improved physical properties to UHM 
WPE. Particularly, oriented UHMWPE and the correspond 
ing molded bearings prepared according to processes 
described herein exhibit a percent elongation to break of 
about 250% or greater, and preferably of about 350% or 
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greater, in the compression direction. In addition, oriented 
UHMWPE prepared according to processes described 
herein may exhibit a higher tensile strength in the transverse 
plane, and a greater impact strength in the compression 
direction, relative to UHMWPE prepared by conventional 
means. Furthermore, the bearings of the present invention 
may demonstrate improved Wear rates and improved resis 
tance to oxidation. 

[0050] The tensile strength of the oriented polyethylene 
can be determined by techniques knoWn to those of ordinary 
skill in the art, such as according to the ASTM D638 test 
procedure using 400-pm thick type “V” test specimens, or 
according to any other test procedure of a similar nature 
Which is commonly practiced or otherWise accepted in the 
art. The impact strength of the polyethylene can be deter 
mined by techniques knoWn to those of ordinary skill in the 
art, such as using the Double-notched IZOD Impact test 
based on the ASTM F648 test procedure, or according to any 
other test procedure of a similar nature Which is commonly 
practiced or otherWise accepted in the art. The oxidation 
resistance of the polyethylene can be assessed in terms of an 

Oxidation Index (OI) using Fourier-Transform infrared 
spectroscopy (FT-IR), or according to any other test proce 
dure of a similar nature Which is commonly practiced or 
otherWise accepted in the art. The OI can be measured for 
in-process oxidation potential as Well as post-process accel 
erated aging oxidation potential. The protocol for such a 
post-process accelerated aging procedure may include plac 
ing the specimen in an oxygen chamber Which is maintained 
at 70° C. at 5 atm of pressure for tWo Weeks. Alternatively, 
the oxidation resistance of the polyethylene can be assessed 
by measuring the oxidative onset temperature. A higher 
observed value for the measured oxidative onset temperature 
for a polyethylene re?ects a polyethylene With a greater 
resistance to oxidation. 

[0051] A more complete understanding of the present 
invention can be obtained by referring to the folloWing 
illustrative examples of the practice of the invention. The 
examples are intended to illustrate the scope and spirit of the 
invention by Way of describing particular embodiments and 
are not intended, hoWever, to be unduly limiting of the 
invention. 

EXAMPLES 

[0052] Pucks of undersiZed diameter relative to the mold 
diameter Were prepared from commercial ram extruded 
GUR 1020 bar stock. The pucks Were irradiated With doses 
in the range of about 5 Mrad to about 10 Mrad of gamma 
irradiation in an oxygen-reduced atmosphere using standard 
procedures. Pucks of cross-linked UHMWPE, optionally 
stabiliZed by a melt annealing process are also commercially 
available. The pre-irradiated samples Were centraliZed in the 
mold cavity of a standard compression molding apparatus 
and compression molded With various processing param 
eters alloWing for planar melt How to achieve mold ?lling. 
Orientation Was induced after the melt soak stage during 
compression molding and maintained during the recrystal 
liZation and the cooling stages. 
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Example 1 

Oriented Cross-Linked UHMWPE Molded at 2000 
Psi 

[0053] A puck of commercially available cross-linked 
UHMWPE (~5 Mrad or ~10 Mrad) Was centralized in a 
standard compression molding apparatus adapted for com 
pression molding in an evacuated environment. The appa 
ratus Was evacuated, the compression mold Was pressuriZed 
to 250 psi, and the mold platen Was heated rapidly, over 
10-25 minutes, to about 193° C. The pressure Was subse 
quently increased to 800 psi, and the puck Was alloWed to 
reach thermal equilibrium over 60 minutes. Compression 
molding took place at 2000 psi. The temperature Was 
decreased to 138° C., and the molded article Was alloWed to 
reach thermal equilibrium over 30 minutes. Finally, the 
molded article Was alloWed to cool to ambient temperature. 

The 2000 psi pressure Was maintained throughout both steps 
of the cooling procedure. 

Example 2 

Oriented Cross-Linked UHMWPE Molded at 8000 
Psi 

[0054] A puck of commercially available cross-linked 
UHMWPE (~5 Mrad or ~10 Mrad) Was centraliZed in a 
standard compression molding apparatus adapted for com 
pression molding in an evacuated environment. The appa 
ratus Was evacuated, the compression mold Was pressuriZed 
to 50 psi, and the mold platen Was heated rapidly, over 10-25 
minutes, to about 216° C. The pressure Was subsequently 
increased to 150 psi, and the puck Was alloWed to reach 
thermal equilibrium over 60 minutes. Compression molding 
took place at 8000 psi. The temperature Was decreased to 
149° C., and the molded article Was alloWed to reach thermal 
equilibrium over 40 minutes. Finally, the molded article Was 
alloWed to cool to ambient temperature. The 8000 psi 
pressure Was maintained throughout both steps of the cool 
ing procedure. 

Example 3 

Anisotropic Behavior of Oriented Cross-Linked 
UHMWPE 

[0055] Asample of oriented cross-linked UHMWPE (10.6 
Mrad, 1.40 How ratio) Was heated from ambient temperature 
to about 190° C. using a TA Instruments 2940 Thermal 
Mechanical Tester. Thermal expansion and contraction data 
Were generated. The dimensions of the sample Were moni 
tored as a function of temperature. A signi?cant relaxation 
and contraction of the oriented polyethylene chains Was 
observed When the temperature of the sample reached 
betWeen 134° C. and 141° C. The dimensions of the sample 
contracted by 1.4%, but only in the plane transverse to the 
direction of compression, namely the transverse plane. In 
contrast, over the same temperature range, thermal expan 
sion typical of isotropic UHMWPE Was observed in the 
dimension parallel With the compression direction. The 
thermally-induced contraction of the compression plane Was 
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irreversible, being retained after complete cooling of the 
sample. Such thermal behavior is indicative of biaxial ori 
entation of the UHMWPE in the transverse plane. 

Example 4 

Free Radical Quenching During Compression 
Molding and Oxidation Resistance of Oriented 
Cross-Linked UHMWPE Compared to Other 

Samples of UHMWPE 

[0056] Freshly-irradiated UHMWPE (10.6 Mrad) Was 
compression molded (1.40 How ratio) as described above to 
induce orientation. The residual free radical concentration in 
the oriented cross-linked UHMWPE Was determined and 

compared to conventionally prepared UHMWPE (10.6 
Mrad, quenched by heat treatment), freshly-irradiated 
unquenched UHMWPE (10.6 Mrad), and non-cross-linked 
(raW) UHMWPE. The residual free radical concentration in 
these samples Was determined by measuring peak-to-peak 
height of electron paramagnetic resonance (EPR) signals. 
The data are shoWn in Table I. In addition, post-accelerated 
aging oxidation Was measured in terms of an Oxidation 

Index (OI) using Fourier-Transform infrared spectroscopy 
(FT-IR) for each of the samples. These data are also shoWn 
in Table I. Finally, the oxidative onset temperature Was 
determined for each of the samples and each is shoWn in 
Table I. 

[0057] The data in Table I shoW that compression molding 
to induce orientation in cross-linked UHMWPE also pro 
vided substantial quenching of the residual free radical 
population. Free radical levels Were reduced by more than 
99% from the level measured in freshly-irradiated 
unquenched UHMWPE and Were comparable to the level 
found in non-cross-linked UHMWPE. 

[0058] The data in Table I also shoW that the oxidation 
resistance, as assessed by OI, of oriented cross-linked UHM 
WPE prepared as above, Was comparable to that measured 
for non-cross-linked UHMWPE and UHMWPE cross 
linked and quenched With conventional methods. Finally, the 
data in Table I shoW that the oxidative onset temperature for 
the oriented cross-linked UHMWPE Was higher than that for 
either conventionally cross-linked UHMWPE (quenched by 
heat treatment) or non-cross-linked UHMWPE. Freshly 
irradiated UHMWPE had a relatively loW oxidative onset 
temperature. 

TABLE I 

Oxidation resistance of oriented UHMWPE, conventional 
cross-linked UHMWPE, irradiated UHMWPE, and 
non-irradiated UHMWPE, as assessed by EPR, 

OI and oxidative onset temperature. 

Relative 
EPR OI (Accelerated Oxidative Onset 

Sample Signal Aging) Temperature (° C.) 

Oriented 1.0 0.015 168.9 
Conventional 1.2 0.004 168.3 
Irradiated & 190 0.316 165.4 
Unquenched 
Non-cross-linked 1.0 0.041 166.4 



US 2005/0043815 A1 

Example 6 

Mechanical Properties of Oriented Cross-Linked 
UHMWPE Compared to Conventional 

Cross-Linked UHMWPE 

[0059] The physical properties of the resulting compres 
sion molded samples of oriented cross-linked UHMWPE, 
prepared as above, Were evaluated and compared to con 
ventional cross-linked UHMWPE and non-irradiated UHM 
WPE. The ultimate tensile strength Was determined accord 
ing to the ASTM D638 test procedure using 400-pm thick 
type “V” test specimens. The Double-notched IZOD Impact 
Strength test Was performed based on the ASTM F648 test 
procedure. In addition, fracture energy to break and percent 
elongation to break Were determined using standard test 
protocols. 

[0060] The data in Table II and Table III shoW an improve 
ment in the mechanical properties of the oriented cross 
linked UHMWPE prepared in accordance With the present 
invention When compared to cross-linked UHMWPE pre 
pared With conventional methods. In addition, these data 
suggest that improvements in tensile strength, impact 
strength, toughness, and percent elongation to break are 
directionally-dependent. The tensile strength Was improved 
in the transverse plane in the oriented cross-linked UHM 
WPE, Without any loss of tensile strength in the compression 
direction, When compared to conventionally prepared cross 
linked UHMWPE. The percent elongation to break and the 
impact strength Were both improved in the compression 
direction, Without a signi?cant loss of these tWo mechanical 
properties in the transverse plane, When compared to con 
ventionally prepared cross-linked UHMWPE. Finally, the 
toughness, namely the measured energy required to achieve 
tensile fracture, trends toWard an improvement in the com 
pression direction for the oriented cross-linked UHMWPE, 
When compared to conventionally prepared cross-linked 
UHMWPE. 

TABLE II 

Mechanical properties of oriented cross-linked UHMWPE 
(5.4 Mrad) in tWo directions and conventional cross-linked 

UHMWPE (5 Mrad). 

Double 
Notched 

Ultimate Izod 
Tensile Elongation Fracture Impact 

FloW Strength to Break Energy at Strength 
Sample Ratio (ksi) (%) Break (ksi) (Kl/m2) 

Oriented 1.06 8.49 1 0.43 280 1 33 12.9 1 1.7 76 1 2 

(transverse 
plane) 
Oriented 1.06 7.10 1 0.47 332 1 27 12.6 1 1.3 81 1 5 

(compression 
direction) 
Oriented 1.12 8.10 1 0.47 283 1 18 12.6 1 1.1 78 1 1 

(transverse 
plane) 
Oriented 1.12 6.87 1 0.23 435 1 25 15.1 1 1.2 94 1 8 

(compression 
direction) 
Oriented 1.20 8.67 1 0.66 280 1 24 13.1 1 1.6 74 1 2 

(transverse 
plane) 
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TABLE II-continued 

Mechanical properties of oriented cross-linked UHMWPE 
(5.4 Mrad) in tWo directions and conventional cross-linked 

UHMWPE (5 Mrad). 

Double 
Notched 

Ultimate Izod 
Tensile Elongation Fracture Impact 

FloW Strength to Break Energy at Strength 
Sample Ratio (ksi) (%) Break (Kl/m2) 

Oriented 1.20 6.47 1 0.39 474 1 78 15.8 1 1.9 110 1 13 

(compression 
direction) 
Conventional — 6.84 1 0.99 308 1 38 10.4 1 1.9 71 1 1 

[0061] 

TABLE III 

Mechanical properties of oriented cross-linked UHMWPE 
(10.6 Mrad) in tWo directions and conventional 

cross-linked UHMWPE (10.6 Mrad). 

Double 
Notched 

Ultimate Izod 
Tensile Elongation Fracture Impact 

FloW Strength at Break Energy at Strength 
Sample Ratio (%) Break (Kl/m2) 

Oriented 1.40 8.3 298 11.2 91 

(transverse 
plane) 
Oriented 1.40 7.0 412 12.2 62 
(compression 
direction) 
Conventional — 6.5 294 9.4 73 

EXample 7 

Wear Test Data for Various UHMWPE Samples 
Measured by Pin-On-Disk 

[0062] Several samples of UHMWPE, oriented cross 
linked UHMWPE (various ?oW ratios), conventional UHM 
WPE (cross-linked and quenched by heat treatment), 
freshly-irradiated and unquenched UHMWPE, and non 
cross-linked (raW) UHMWPE, Were subjected to Wear tests 
using the standard Pin-on-Disk test protocol. All cross 
linked or irradiated samples of UHMWPE Were treated With 
a dose of about 5.4 Mrad to about 5.6 Mrad of gamma 
irradiation. The data in Table IV shoW that the oriented 
cross-linked UHMWPE demonstrated a comparable Wear 
rate to that observed for conventional UHMWPE, and a 
loWer Wear rate than that observed for either irradiated and 
unquenched UHMWPE, or non-cross-linked UHMWPE. 

TABLE IV 

Pin-on-Disk Wear data for various UHMWPE samples. 

Wear Rate 
Sample FloW Ratio (mg/million cycles) 

Oriented 1.12 4.83 1 0.68 

(compression direction) 
Oriented 1.40 4.71 1 1.88 

(transverse plane) 
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TABLE IV-continued 

Pin-on-Disk Wear data for various UHMWPE samples. 

Wear Rate 
Sample FloW Ratio (mg/million cycles) 

Oriented 1.40 6.89 r 1.31 

(compression direction) 
Conventional — 5.65 r 0.35 

Irradiated & Unquenched — 12.29 1 0.78 

Non-cross-linked — 17.58 1 0.34 

[0063] While the invention has been illustrated and 
described in detail in the drawings and foregoing descrip 
tion, such an illustration and description is to be considered 
as exemplary and not restrictive in character, it being under 
stood that only the illustrative embodiments have been 
shoWn and described and that all changes and modi?cations 
that come Within the spirit of the invention are desired to be 
protected. 
[0064] There are a plurality of advantages of the present 
invention arising from the various features of the prosthetic 
bearing described herein. It Will be noted that alternative 
embodiments of each of the prosthetic bearings of the 
present invention may not include all of the features 
described yet still bene?t from at least some of the advan 
tages of such features. Those of ordinary skill in the art may 
readily devise their oWn implementations of a prosthetic 
bearing that incorporate one or more of the features of the 
present invention and fall Within the spirit and scope of the 
present invention as de?ned by the appended claims. 

[0065] For example, although it has been described herein 
to cross-link materials via irradiation, a process Which has 
numerous advantages in regard to the present invention, it 
should be appreciated that certain of such advantages may 
be achieved by cross-linking the materials by any other 
suitable technique. 

What is claimed is: 
1. An orthopaedic prosthesis, comprising: 

a bearing, the bearing being prepared by a process com 
prising the steps of placing an irradiated polyethyl 
ene preform into a compression molding press, and (ii) 
compression molding the preform to form the bearing 
by compressive forces effective to create a biaxial 
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orientation of the polyethylene in a plane Which is 
transverse to the direction of compression. 

2. The prosthesis of claim 1, Wherein the irradiated 
polyethylene preform is an irradiated ultrahigh molecular 
Weight polyethylene preform. 

3. The prosthesis of claim 1, Wherein the biaxial orienta 
tion is a biaxial molecular orientation. 

4. The prosthesis of claim 1, Wherein the biaxial orienta 
tion is a radially-disposed molecular orientation. 

5. The prosthesis of claim 1, Wherein the process further 
comprises the step of cooling the bearing While maintaining 
the bearing under pressure. 

6. The prosthesis of claim 1, Wherein the process further 
comprises the step of preheating the preform prior to the 
placing step. 

7. The prosthesis of claim 1, Wherein the process further 
comprises the steps of: 

heating the preform, and 

soaking the preform for a period of time at a soak pressure 
Which is less than the pressure generated by the com 
pressive forces, Wherein the soaking step is performed 
after the heating step. 

8. The prosthesis of claim 1, Wherein the process further 
comprises the steps of: 

heating the preform, and 

exerting an initial pressure on the preform prior to the 
heating step, Wherein the initial pressure is less than the 
pressure generated by the compressive forces. 

9. The prosthesis of claim 1, Wherein the process further 
comprises the steps of: 

heating the preform, and 

exerting an intermediate pressure, Which is less than the 
pressure generated by the compressive forces, on the 
preform subsequent to the heating step. 

10. The prosthesis of claim 1, Wherein the process further 
comprises the step of soaking the bearing for a period of 
time, after the compression molding step, at a temperature 
Which is greater than ambient temperature, Wherein the 
bearing is maintained under pressure during the soaking 
step. 

11. The prosthesis of claim 1, Wherein the process further 
comprises the step of quenching the preform prior to the 
compression molding step. 

* * * * * 


