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Abstract

Microstructure, Mechanical Behavior, and Clinical Trade-offs in
Ultra-High Molecular Weight Polyethylene for Total Joint Replacement

by
Sara Anne Atwood
Doctor of Philosophy in Engineering-Mechanical Engineering
University of California, Berkeley

Professor Lisa A. Pruitt, Chair

Ultra-high molecular weight polyethylene (ultra-high) often limits the longevity of total
joint replacements due to excessive wear and associated clinical complications such as
osteolysis. To mitigate such wear-related failure, manufacturers produced ultra-high that was
highly cross-linked, typically by gamma radiation. Cross-linking was coupled with subsequent
re-melting to neutralize free radicals that can lead to oxidative degradation of the material.
However, cross-linking and re-melting decreased the resistance to fatigue crack propagation. In
an attempt to preserve adequate resistance to fatigue and fracture while maintaining wear
resistance and oxidative stability, manufacturers produced ultra-high that was either moderately
cross-linked and re-melted, highly cross-linked and annealed below the melting temperature, or
sequentially cross-linked and annealed. The success of such treatments remains a subject of
debate due to the paucity of full-spectrum mechanical characterization studies that provide
controlled comparisons amongst multiple clinically-relevant ultra-high materials.

This dissertation is the first study to simultaneously evaluate fatigue crack propagation,
wear, and oxidation in a wide variety of clinically-relevant ultra-high. Results have important
clinical implications: primarily, none of the materials was able to excel in all three areas. The
moderately cross-linked re-melted material did equally well in all areas, but did not excel in any.
With respect to processing treatments, increasing radiation dose increased wear resistance but
decreased fatigue crack propagation resistance. Annealing reduced fatigue resistance less than re-
melting, but left materials susceptible to oxidation. This appears to occur because annealing
below the melting temperature after cross-linking increased the volume fraction and size of
lamellae, but failed to neutralize all free radicals. Alternately, re-melting after cross-linking
appeared to eliminate free radicals, but, restricted by the network of cross-links, the re-formed
lamellae were fewer and smaller in size which resulted in poor fatigue crack propagation
resistance.

The trade-off demonstrated is critical to the material’s long-term success in total joint
replacements: 1) excessive wear is a historical problem that results in large numbers of failures;
2) poor resistance to fatigue crack propagation and fracture has been implicated in recent reports
of cross-linked re-melted hip liners fracturing in vivo; and 3) highly oxidized ultra-high cannot
adequately withstand in vivo demands. Understanding the shortcomings of the current marketed
materials, as well as the relationship of mechanical performance to treatment and microstructure,
allows for targeted improvements needed to produce materials and designs that can withstand
rigorous in vivo mechanical demands and improve the longevity of total joint arthroplasty.
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Chapter 1

Introduction

1.1 Total Joint Replacement
Natural Joints

There are over three hundred joints in the human body, whose purpose is to provide a
combination of mobility and stability to allow for the controlled motion of the skeletal system.
Load-bearing articular joints are remarkable natural bearing systems, supporting loads up to ten
times body weight at more than 2 million loading cycles per year, for almost 100 years (John
Fisher, 2001; J. Fisher & Dowson, 1991; Mow & Hayes, 1991). In a healthy articular joint, the
bones are covered with articular cartilage and the contact is lubricated by synovial fluid (Figure
1.1), resulting in a bearing system with extremely low wear and friction (Williams, 1994).

Synovial fluid

Articular
cartilage "

e

—

Synovial
membrane

Comp_liant 2 S I IP TSI ST IS4 ///;
solid S

Motion

Figure 1.1. Natural articular joint showing articular cartilage covering the bone (left) and
schematically represented as an engineering bearing system (right) From (Williams, 1994).

Conditions exist in which human joints deteriorate over time or due to trauma, resulting
in the deterioration of the articular cartilage (osteoarthritis). Healthy articular cartilage, made up
of 80% water and 20% of a type-2 collagen fiber network and hydrophilic proteoglycans, can
support and lubricate the joint under complex dynamic loading situations. However, once
damaged, cartilage is slow to recover due to its avascularity (Dumbleton, 1981; John Fisher,
2001). This leads to bone-on-bone contact, limited motion, pain, and ultimately the replacement
of the natural joint by an engineered total joint replacement (Dumbleton, 1981).



Total Joint Replacement

Total joint replacement restores pain-free mobility using engineering materials, but does
not necessarily mimic the natural bone and cartilage. Most total joint replacements are composed
of two metal components that attach to the bone (usually a titanium or cobalt chrome alloy), and
a polymer bearing (Figure 1.2). The titanium alloy (usually Ti6Al4V) encourages bone ingrowth,
while the cobalt chrome alloy (usually CoCrMo) is hard enough to maintain an extremely
smooth surface finish for articulation against the polymer. The polymer is almost exclusively
ultra high molecular weight polyethylene (ultra-high, or UHMWPE).

Alternative bearing couples are sometimes used in hip joint replacement, including metal-
on-metal (35%) and ceramic-on-ceramic (14%). However, metal-on-ultra-high remains the
bearing couple of choice in 51% of hip replacements and virtually all knee replacements in the
United States (Bozic, Kurtz et al., 2009a).

%

femoral - a s
component *3‘{]
(CoCr) .

acetabularcup
(CoCrorTi alloy)

CoCrhead
(can be ceramic)

ultra-high
bearing

femoral stem (hip)
tibial tray (knee)
(Ti alloy)

Figure 1.2. Components comprising total knee and hip replacements, including metal components
attached to the bone and an ultra-high bearing. Modified from www.eorthopod.com.

The hip and the knee are the most commonly replaced joints, followed by the spine,
shoulder, elbow, and ankle. The hip is a relatively conforming ball-and-socket joint with a wide
range of motion including translation and rotation in several planes. This anatomy results in an
implant undergoing relatively low contact stresses (2-10 MPa, due to the high conformity) and
cross-shearing motion. The knee, in contrast, is much less conforming with motion that is
primarily rolling-sliding due to flexion-extension. The anatomy of the knee results in an implant
undergoing relatively high contact stresses (20-30 MPa or higher) and uniaxial motion. Most of
the other replaced joints fall somewhere between in terms of conformity and motion (Bartel,
Bicknell, & Wright, 1986; Bartel, Rawlinson, Burstein, Ranawat, & Flynn, 1995; S. M. Kurtz,
2009b, 2009¢).



Together, hip and knee replacements numbered over 600,000 in the United States during
2003 (202,500 hip, 402,100 knee) (S. Kurtz, Ong, Lau, Mowat, & Halpern, 2007). Despite the
success of most of these surgeries, about 10% of joint replacements fail during the patient’s
lifetime due to problems including pain, loosening, limited range of motion, instability, tissue
degradation, and implant failure (Bozic, Kurtz et al., 2009b; Bozic, Kurtz, Lau, Ong, Vail et al.,
2009; S. Kurtz et al., 2005). The revision procedure consists of the removal and replacement of
one or more of the implant components, most commonly the ultra-high bearing. Revision
surgeries are more costly than primary replacement surgeries with a lower rate of success (D. W.
Van Citters, 2003).

The reason for revision in approximately 20% of hips and 16% of knees is implant
loosening, often associated with perioprosthetic osteolysis (Bozic, Kurtz et al., 2009b; Bozic,
Kurtz, Lau, Ong, Vail et al., 2009). Osteolysis describes the loss of bone tissue surrounding an
implant as a reaction to the presence of small foreign particles. In the case of hip and knee
replacements, these foreign particles are primarily from wear of the ultra-high bearing (Harris,
2001; Ingram, Stone, Fisher, & Ingham, 2004). Other common reasons for retrieval are infection
(15% 1in the hip, 25% in the knee) and instability/dislocation (22% in the hip) (Bozic, Kurtz et
al., 2009b; Bozic, Kurtz, Lau, Ong, Vail et al., 2009). Infections and instability are relatively
short-term failures and are related to patient and surgical factors rather than mechanical failure.

Failures of total joint replacements are a growing problem facing the U.S. population and
healthcare system. In 2003, there were 604,600 primary total hip and knee replacements
performed in the United States, which had increased from 248,000 in 1990. In the same time
period, the percentage of revision procedures to replace one or more failed components stayed
approximately constant at 12% of all total joint surgeries performed (S. Kurtz et al., 2005; S.
Kurtz et al., 2007). Considering these rates, along with an aging baby boomer population, the
increasing incidence of obesity, and a more active elderly population, it has been estimated that
by 2030, the demand for total hip and knee replacements could reach 4 million procedures
annually in the United States alone. Unless the revision rate is reduced by advances in the field,
revision procedures are expected to number about 350,000 per year (S. Kurtz et al., 2007).

Based on these numbers, it has been estimated that a 1% reduction in the percentage of
revision procedures would result in approximately 96 to 211 million dollars in savings for the
U.S. healthcare system (S. Kurtz et al., 2007; S. M. Kurtz et al., 2007; Ong et al., 2006), not to
mention the reduction in the number of patients undergoing a second surgery and recovery.

1.2 Ultra-High Molecular Weight Polyethylene

Ultra-high molecular weight polyethylene (ultra-high) is utilized in about 90% of total
joint replacements (Bozic, Kurtz et al., 2009a). It is also the component that most commonly
fails and is replaced during revision surgery: approximately 53% of knee revisions and 80% of
hip revisions (Bozic, Kurtz et al., 2009b; Bozic, Kurtz, Lau, Ong, Vail et al., 2009). Therefore, it
is important to understand the underlying microstructure and performance of ultra-high as a
bearing material for orthopaedic applications.



Ultra-High Microstructure

Polyethylene is a long chain molecule made by the synthesis of the simple organic
compound ethylene through an addition reaction (Figure 1.3). The carbon atoms are covalently
bonded, while the long chains are held next to one another by secondary van der Waals bonds
(Lin & Argon, 1994). A polyethylene chain contains on average 250,000 to 500,000 carbon
atoms and can be 18 microns long (Lynch, 1982). Ultra-high specifically refers to a polyethylene
with a large number of long linear chains (the Ziegler-Natta catalyst maintains linearity
throughout the polymerization) and an extremely high molecular weight (about 2-6 million
grams/mole as opposed to 200,000 grams/mole for high density polyethytlene). The elevated
molecular weight contributes to relatively high wear resistance and toughness compared to other
polyethylenes (commonly used to make items such as plastic bags and milk jugs) (S. M. Kurtz,
2009d).

H\ /H H\C/H H\C/H H\ /H
—_— \_-w
P oy ts Wi T
H/ \H H/ \H
Ethylene
Polyethylene

Figure 1.3. Chemical structure of polyethylene (Lynch, 1982)

Ultra-high microstructure is semi-crystalline, composed of approximately 50%
crystallites (lamellae) with the remaining 50% taken up by amorphous polymer chains that
surround and weave amongst the lamellae (Figure 1.4). The crystalline lamellae consist of
tightly-packed polyethylene chains folded back on themselves to create a plate-like structure
with a thickness of 10 to 50 nanometers and a length and width of about 10 to 50 microns (S. M.
Kurtz, 2009d). The amorphous phase surrounding the lamellae consists of a random
entanglement of polyethylene chains. Some of these amorphous chains are incorporated into one
or more lamellae which serve to interconnect the crystalline phase. These incorporated chains are
called tie molecules, have a density of about 1 to 30 volume percent, and are thought to be
responsible for the high ductility of ultra-high (Lin & Argon, 1994).

folds Crystalline
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Figure 1.4. Semicrystalline microstructure of ultra-high (compiled from (S. M. Kurtz, 2009d) and
(Goldman, Gronsky, & Pruitt, 1998)).
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Ultra-High Properties

In its pure form, ultra-high for orthopaedic applications has exceptional mechanical
properties due to its semi-crystalline microstructure, high molecular weight, and moderate
crystallinity (L. A. Pruitt, 2005). The properties of untreated ultra-high are shown in Table 1.1.

Property

Untreated ultra-high

(GUR 1050)
Molecular Weight ~6 million g/mol
Crystallinity 45-50%
Density 0.93-0.935
Ultimate tensile strength (21°) 42-44 MPa
Ultimate tensile strength (37°) 36 MPa
Yield strength (21°) 20-23 MPa
Yield strength (37°) 21 MPa
Elastic modulus (21°) 1.0-1.39 GPa
Elastic modulus (37°) 0.67 GPa
Elongation at fracture (21°) 330%
Elongation at fracture (37°) 375%

Shore D hardness (21°) 60-65

Table 1.1. Physical properties of conventional untreated ultra-high.
Adapted from (L. A. Pruitt, 2005).

1.3 Historical Evolution of Orthopaedic Ultra-High Motivated by Clinical Failure

Ultra-high has evolved during its half century as an orthopaedic bearing material.
Changes in complicated processing methods have been primarily in response to clinical failures,
producing several generations of ultra-high: 1) gamma-in-air sterilized (zero-generation) which
oxidized and wore severely, 2) moderately and highly cross-linked re-melted materials (first-
generation) which have improved wear resistance and oxidative stability, but poor fatigue
resistance, and 3) current second-generation annealed materials. Furthermore, it must be noted
that the evolution of ultra-high has been motivated by addressing clinical failures rather than by
understanding the relationship amongst processing treatments, microstructure, and mechanical
performance.

Ultra-high for orthopaedic use starts in the form of powder, or resin. Currently there are
two primary resins (GUR 1020 and GUR 1050) which differ in their molecular weight (2-4 and
4-6 million grams/mole, respectively). Calcium stearate was historically included in the powder
(GUR 415, 412) to scavenge residual catalyst components during processing, but was
discontinued during the 1990s because the calcium stearate was associated with fusion defects
that nucleated cracks. These cracks were detrimental to the fatigue behavior of the ultra-high,
particularly in the rolling-sliding contact of knee replacements (S. M. Kurtz, Muratoglu, Evans,
& Edidin, 1999). In addition, processing improved so that calcium stearate was no longer needed
for polymerization (S. M. Kurtz, 2009a).

After polymerization from the resin, ultra-high must be formed into components for
orthopaedic purposes. Due to its high molecular weight, ultra-high does not flow like many

polymers and cannot be formed using common processes such as injection molding. The resin is
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usually either compression molded into a sheet and then machined, ram extruded into a bar or
rod and then machined, or direct compression molded into the shape of the component (S. M.
Kurtz, 2009a). After shaping, ultra-high for use in the body must be sterilized. Different
manufacturers have various methods including exposure to gas plasma, ethylene oxide (EtO), or
most commonly, gamma irradiation (L. A. Pruitt, 2005).

The first major historical failure of clinical ultra-high involved sterilization and oxidative
degradation of the material. In the 1980s and 1990s, many implants failed due to excessive wear
and delamination of the ultra-high component, leading to osteolysis and in some cases wear-
through (Figure 1.5). In the mid-1990s, it was determined that sterilization using gamma
radiation (up to 4 Mrad) in the presence of oxygen (“gamma in air’) accelerates the chemical and
mechanical degradation of ultra-high in a process known as oxidation. The gamma radiation
creates free radicals in the material which, in the presence of oxygen, leads to chain scission,
decreased molecular weight, and increased percent crystallinity. These changes in the
microstructure result in embrittlement and a loss of mechanical properties, which manifested as
severe wear, delamination, and ultimately failure of implants (Collier, Sperling et al., 1996;
Costa et al., 1998a, 1998b; L. A. Pruitt, 2005; Sutula et al., 1995).

- ———
T =#=  Gamma Sterilized
* =4= ETO Sterilized
—a— Never Sterilized

Oxidation

0 500 1000 1500 2000 2500
Depth (microns)

Figure 1.5. Severely worn and delaminated retrievals were found to be due to oxidative degradation caused by
gamma sterilization in the presence of oxygen. Modified from (Collier, Sperling et al., 1996).

Before it was determined that oxidation was causing the severe wear and delamination
seen in the 1980s, attempts to improve the properties of ultra-high were made by manufacturers.
One such attempt was marketed by DePuy in 1994 under the trade-name Hylamer. Hylamer was
processed using high pressure, high temperature, and controlled cooling, which produced a high
crystallinity microstructure (70% crystalline) with larger lamellae. This highly-crystalline
microstructure resulted in a material with higher modulus and yield strength, better fatigue and
creep resistance, and a lower wear rate than traditional ultra-high (Li & Burstein, 1994;
Rockwood & Wirth, 2002). Hylamer was implanted in hip liners, tibial trays, and glenoid
shoulder components.

The laboratory testing on Hylamer was performed on unsterilized material, but implanted
Hylamer was being sterilized with gamma radiation in air as was the industry standard. Hylamer
implants failed after extremely short times in vivo with reports of severe wear, cracking, pitting,



and delamination. It was discovered that Hylamer had a more substantial decrease in mechanical
properties upon oxidation (Collier et al., 1998). This decrease in mechanical properties combined
with the higher modulus was thought to lead to Hylamer’s poor in vivo performance. Use of
Hylamer was virtually discontinued, with the warning that implants in shelf storage were rapidly
oxidizing. After 1995, Hylamer was sterilized with gas plasma, but in 1998 Hylamer was
replaced with conventional ultra-high sterilized with gas plasma (Rockwood & Wirth, 2002).
The Hylamer episode showed the orthopaedic community that laboratory testing does not always
predict clinical success, and ultimately made the community wary of scientific improvements to
the conventional material.

Despite causing oxidation, in the late 1990s and early 2000s it was discovered that the
gamma sterilization process also had a positive side effect: increased wear resistance due to a
cross-linked network of the long chain molecules (Figure 1.6) (Muratoglu, Bragdon, O'Connor,
Jasty, & Harris, 2001). Chain cross-linking (recombining across side groups) is favored over
chain scission in the absence of oxygen. This cross-linking is thought to reduce the extent of
molecular orientation, which enhances the resistance to wear by increasing strength in the
transverse direction during cross-shear (Edidin et al., 1999; Wang et al., 1997). In order to take
advantage of cross-linking, manufacturers began to treat ultra-high with moderate to high doses
of gamma or electron-beam radiation (ranging from 5 to 10 Mrad) in an oxygen-free
environment. This cross-linking was followed by a thermal treatment of heating the polyethylene
above its melting temperature to subsequently neutralize residual free radicals from the gamma
radiation (McKellop, Shen, Lu, Campbell, & Salovey, 1999; Muratoglu et al., 2001). Then ultra-
high was cooled and machined, followed by a final sterilization procedure that often did not
involve gamma radiation (gas plasma or ethylene oxide) (Ries & Pruitt, 2005). This “first-
generation” of cross-linked re-melted ultra-high remains a popular choice for hip liners.

Wearrate (mg/million cycles)

0 5 10
Radiation (Cross-linking) Dose (Mrad)

Figure 1.6. Gamma radiation cross-links the long chain molecules, which results in a low wear rate attributed to the
inhibition of lamellar alignment. Modified from (left) (Muratoglu et al., 2001) and (right) (Edidin et al., 1999).

Since the late 1990s, gamma radiation to cross-link is performed in a vacuum or in an
inert gas, followed by barrier packaging to prevent oxidation ‘on the shelf’ after sterilization.
Barrier packaging varies by manufacturer, but consists of evacuating the air surrounding the
implant and backfilling with an inert gas such as nitrogen or argon (S. M. Kurtz, 2009a).
However, recent studies have shown that oxidation can occur in vivo despite radiation and
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storage in a vacuum or an inert gas. This evidence of in vivo oxidation suggests that many
patients are still at risk, particularly if a substantial number of residual free radicals remain in the
material (Costa, Bracco, Brach del Prever, Kurtz, & Gallinaro, 2006; Currier, Currier, Mayor,
Lyford, Van Citters et al., 2007; Medel et al., 2009).

By the early 2000s, it appeared that oxidative degradation had been resolved by
sterilizing with ethylene oxide or gas plasma. Furthermore, cross-linking by gamma radiation in
the absence of oxygen substantially reduced the wear of ultra-high (Muratoglu et al., 2001) while
subsequent re-melting neutralized residual free radicals that could lead to oxidation in vivo.
However, in the early to mid 2000s it was found that cross-linking followed by re-melting
decreases the ultimate properties and fatigue crack propagation resistance of ultra-high (Baker,
Bellare, & Pruitt, 2003). These results have delayed the use of highly cross-linked ultra-high in
the knee where high contact stresses and the uniaxial rolling-sliding motion lead to
predominantly fatigue wear processes such as delamination. Cross-linked re-melted ultra-high
remains in use in the hip, where low contact stresses and cross-shearing lead to predominantly
abrasive wear. However, recent reports of catastrophic fractures of the rims of highly cross-
linked re-melted hip liners have clinically verified the laboratory findings of decreased fatigue
crack propagation resistance (Figure 1.7) (J. Furmanski et al., 2009; Tower et al., 2007).
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Figure 1.7. As predicted in laboratory tests, cross-linking decreases fatigue crack propagation resistance, resulting
in catastrophic fracture in vivo. Modified from (left) (Baker et al., 2003) and (right) (J. Furmanski et al., 2009).

In the last few years, manufacturers have developed a second-generation of cross-linking
and processing treatments in an attempt to increase resistance to fatigue crack propagation while
maintaining wear resistance and oxidative stability. These second-generation treatments include:
annealing highly cross-linked ultra-high below the melting temperature, applying sequential
doses of cross-linking and annealing, and annealing a highly cross-linked ultra-high doped with a
known antioxidant (vitamin E). The success of such treatments with respect to fatigue crack
propagation, wear, and oxidation remains a subject of debate (Collier et al., 2003; Crowninshield
& Muratoglu, 2008; Currier, Currier, Mayor, Lyford, Collier et al., 2007; Dumbleton, D'Antonio,
Manley, Capello, & Wang, 2006; Gencur, Rimnac, & Kurtz, 2006; McKellop et al., 1999;
Morrison & Jani, 2009; Wang et al., 2008) due to the paucity of full-spectrum mechanical
characterization studies that provide controlled comparisons amongst multiple clinically-relevant
ultra-high materials. Before these new formulations are widely implanted in hips and knees, it



must be determined how these new materials perform with respect to fatigue crack propagation,
wear, and oxidation in comparison with conventional uncross-linked and cross-linked re-melted
materials. Furthermore, before additional improvements in ultra-high are attempted, the
relationship amongst processing treatments, microstructure, and mechanical performance must
be understood rather than simply responding to the latest clinical failures.

1.4 Dissertation Aims and Study Design

The purpose of this dissertation was to evaluate the performance and elucidate the trade-
offs in fatigue crack propagation resistance, wear resistance, and oxidative stability in clinically-
relevant cross-linked ultra-high. Additionally, the dissertation seeks to provide insight into
relationships amongst processing treatments, microstructure, and mechanical performance. For
this purpose, nine distinct ultra-high groups are evaluated, of which two represent untreated
controls, three represent highly cross-linked re-melted materials, two represent moderately cross-
linked re-melted materials, and two represent highly cross-linked annealed materials. On these
nine material groups the following tests were performed in parallel: 1) tensile tests to determine
yield strength, elastic modulus, and ultimate true tensile strength and strain, 2) fatigue tests using
a fracture mechanics approach to assess resistance to fatigue crack propagation, 3)
multidirectional pin on disk tests to evaluate wear rate, 4) artificial aging followed by absorbance
infared spectroscopy to measure susceptibility to oxidation, and 5) scanning electron
microscopy, digital image analysis, and differential scanning calorimetry to characterize the
lamellar microstructure and crystallinity. A statistical analysis was also performed on the results
of the mechanical tests and the microstructural characterization to determine relationships
between the mechanical performance and microstructure.
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Chapter 2

Materials and Methods
2.1 Materials

Materials for this study included nine distinct groups of medical-grade ultra-high
molecular weight polyethylene (ultra-high) that had undergone clinically-relevant processing
treatments (Table 2.1). Of the nine material groups, two are untreated polyethylene controls
made from different orthopaedic grade resins (GUR 1020 and GUR 1050). These control
materials differ in molecular weight and in consolidation method: the GUR 1020 material has a
molecular weight of 2 to 4 million grams/mol and is formed by compression molding, while the
GUR 1050 material has a molecular weight of 4 to 6 million grams/mol and is formed by ram
extrusion. The remaining ultra-high groups were gamma-irradiated in one or multiple doses
(with a dose totaling 5 to 10 Mrad), and then heat-treated either above or below ultra-high’s
melting temperature of 135°C (S. M. Kurtz, 2009d) (130°C for 8 hours or 147°C for 2 hours). All
cross-linked groups were also either compression-molded GUR 1020 or ram-extruded GUR
1050. The material groups are referred to throughout this work as RESIN — RADIATION DOSE
(Mrad) — HEAT TREATMENT (°C), for example 1020-9-130 represents a GUR 1020 resin
irradiated to a dose of 9 Mrad and subsequently annealed at 130°C.

Resin Radiation Dose Heat Treatment
Material Group Mrad °C
1020-0-0 1020 None None
1050-0-0 1050 None None
1020-3x3-130 1020 3x3 3 x 130 for 8 hours
1020-9-130 1020 9 130 for 8 hours
1020-5-147 1020 5 147 for 2 hours
1020-7.5-147 1020 7.5 147 for 2 hours
1020-9-147 1020 9 147 for 2 hours
1020-10-147 1020 10 147 for 2 hours
1050-10-147 1050 10 147 for 2 hours

Table 2.1. Ultra-high molecular weight polyethylene groups tested. Material groups are labeled
with the key: resin-radiation dose (Mrad)-heat treatment (°C).

The groups include combinations of base resin, radiation dose, and heat treatment that are
similar to clinical materials from major device manufacturers (Figure 2.1). Specifically, the
1050-10-147 material represents XLPE™ from Smith and Nephew, the 1020-5-147 material is
similar to XLK from DePuy (marketed in knee as well as hip replacements), and the 1020-3x3-
130 material is analogous to X3™ from Stryker. Additional materials in this study are
comparable to other marketed materials from Zimmer with slight variations; except for the initial
warming step and the fact that the radiation source is electron beam instead of gamma, the 1020-
9-147 and 1020-10-147 are similar to Durasul® and Longevity®. All of the materials in the
study were processed with clinically-relevant resins, radiation doses, and subsequent thermal
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treatments (Figure 2.1). None of the materials were sterilized after machining, and data on
cooling rates during thermal processing were not provided but were reported to be consistent
across groups.
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Figure 2.1. Ultra-high materials and processing treatments produced by device manufacturers (modified from (Ries
& Pruitt, 2005)).

2.2 Methods
2.2.1 Tensile testing

To evaluate the materials’ mechanical properties, tensile tests were performed on three
dog-bone specimens for each material group. The dog-bone specimens were machined to the
ASTM type V geometry with a thickness of 1.50 mm (Figure 2.2). Before testing, dimensions of
each specimen were measured using digital calipers ( + 0.01 mm). Tensile tests were run on an
Instron 8871 servohydraulic load frame (Norwood, MA) using displacement-control at a rate of 5
mm/min (Baker et al., 2003). The tests were performed at room temperature with air jet cooling
directed at the gage section of the specimen. The load and displacement data were converted into
engineering stress and strain using measured initial dimensions. The engineering stress and strain
data were used to determine the yield strength (where the stress decreased slightly with
increasing strain) and the elastic modulus (the secant modulus at 2% strain). A high-resolution
digital microscope consisting of a variable magnification optical system (Infinivar CFM-2/S,
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Boulder, Colorado, pixel size 5 um) and a digital CCD video camera (Sony XCD-SX910, Tokyo,
Japan) captured a sequence of images during the test with a resolution of 5 um, taken at a rate of
approximately one image per second. Using the specimen dimensions in the image captured just
before failure, the ultimate true tensile strength and ultimate true strain at failure were
determined.

h=31.80 mm
w =6.88 mm
t=150mm

Figure 2.2. Tensile testing setup on servohydraulic load frame with specimen dimensions.
2.2.2 Fatigue Crack Propagation Testing

To evaluate the materials’ resistance to fatigue crack propagation, fatigue tests were
performed using a fracture mechanics (defect tolerant) approach on four to six compact tension
specimens for each material group. The compact tension specimens (Baker et al., 2003) were
machined with a 1 mm deep, 40° side groove on both sides of the specimen in the crack plane to
allow for more accurate crack measurement and a more even distribution of stress through the
thickness of the specimen (Shih, Lorenzi, & Andrews, 1977). The tip of the notch was sharpened
with a razor blade before testing. The crack propagation direction corresponded to the ram
extrusion direction in the GUR 1050 materials. Fatigue tests were run on an Instron 8871
servohydraulic load frame (Norwood, MA) using a load-controlled sinusoidal wave function at a
frequency of 5 Hz. The fatigue tests were performed under ambient conditions with a room-
temperature air-jet directed at the crack tip to mitigate hysteretic specimen heating. The
sinusoidal load was applied at a constant load ratio of 0.1 (defined as the ratio of the minimum
load to the maximum load of the fatigue cycle). After 10,000 load cycles, the load was increased,
maintaining a load ratio of 0.1 (for example, 30 to 300N, then 40 to 400 N, etc) (Figure 2.3).
This process was repeated throughout the stable crack growth regime until the specimen
fractured. Crack advance was quantified after each 10,000 cycles by measuring the distance
between the crack tip and fiducial lines marked on the specimen surface using the high-
resolution digital microscope and camera system described above. This fatigue crack propagation
testing procedure has been validated and performed extensively in the Berkeley Medical
Polymers laboratory (Baker et al., 2003; Baker, Hastings, & Pruitt, 2000; Jevan Furmanski &
Pruitt, 2007; L. Pruitt & Bailey, 1998).
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With the crack advance data, the prescribed loading, known specimen geometry, and
measured number of cycles, the crack growth per cycle (da/dN in mm/cycle) can be related to the
range of stress intensity driving the crack propagation (AK in MPavm). The range of stress
intensity is defined as

AK = FAoc V(na) 2.1)

in which F' is a specimen-specific geometrical factor described previously (Baker et al., 2000),
Ao is the range of far-field applied stress (MPa), and a is the crack length (m). In the stable crack
growth regime, the Paris equation relates the stress intensity to the crack growth per cycle
according to:

da/dN = C(AK)™ 2.2)

in which C and m are parameters that depend on the material, environment, frequency,
temperature and stress ratio. On a log-log plot of crack velocity versus the stress intensity range,
m and C represent the slope and intercept, respectively.

Linear regression was used to relate the logarithm of crack growth per cycle (continuous
outcome variable) to the logarithm of stress intensity (continuous predictor variable), and to
statistically compare values of C and m (STATA v. 9, College Station, TX). A full linear
regression model was initially fit including indicators and cross-products to allow for statistical
differences in intercept and slope amongst the groups. Full versus restricted F-tests were
performed to determine whether various intercepts and slopes should be kept in the model. A
cutoff of p<0.05 was used to conclude that particular intercepts or slopes were statistically
different from others.

Load

l Ag, AK
aW=0.35 t=456mm

Time

Figure 2.3 Schematic showing fatigue crack propagation tests performed with a constant R-ratio (0.1) and
increasing sinusoidal loading (modified from (Jevan Furmanski & Pruitt, 2007)), and the compact tension specimen
and dimensions.
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2.2.3 Wear Testing

To evaluate the wear resistance of the materials, multidirectional sliding wear tests were
performed using a custom pin-on-disk tribotester (Figure 2.4) (Patten, 2008). The bearing couple
comprised a spherically-tipped ultra-high pin (3.28 mm radius) against a flat CoCr disk (127 mm
diameter). The tribotester consisted of a retrofitted vertical-knee milling machine with the
drilling head replaced with a vertical mounting table. The pins and loading system were attached
to the vertical table, while the disks and load cells were attached to the horizontal table below.
The pins were held in collets on vertical rails and the load was adjusted using individually-
controlled pneumatic actuators. The ultra-high pins were held stationary throughout the test
while the horizontal table on which the CoCr disks were mounted moved in a defined x-y motion
using computer numerical control (National Instruments LabVIEW v8.5 and Motion Assistant
v2.2, Austin, TX). The CoCr disks translated along a circular path (§ mm diameter) without
rotation, achieving multidirectional sliding with cross-shear on the ultra-high bearing surface.

The CoCr disks were polished to an arithmetic average roughness of less than 0.03
microns as measured at multiple locations using a stylus profilometer (Dektak IID, Sloan
Technology Co., Santa Barbara, CA). Before testing, the ultra-high pins and CoCr disk were
ultrasonically cleaned in acetone, isopropyl alcohol, and deionized water. Two pins were tested
for each material group.

The wear test conditions were chosen to be clinically relevant (Table 2.2) (Klapperich,
Komvopoulos, & Pruitt, 1999; Zhou & Komvopoulos, 2005). The normal load of 12 + 2.5 N
results in a mean contact pressure of 25 + 5 MPa, which is similar to conditions found in total
joint replacements (Bartel et al., 1986). The linear speed of 35 mm/s simulates speeds found in
joint replacements during normal activity such as walking and running (J. Fisher, Dowson,
Hamdzah, & Lee, 1994). The lubricant was bovine serum diluted 1:1 with deionized water and
preserved with 0.1 wt% sodium azide. All tests were performed in an ambient laboratory
environment. Air and serum temperatures were monitored throughout the test; serum temperature
was consistently 1-2 degrees warmer from frictional heating. Tests were run for 500,000 cycles
to establish a steady-state wear rate after the run-in period.

Wear Test Parameters

Wear path Circularly translating, 8 mm diameter
Normal load 10-15N

Mean contact pressure 20-30 MPa

Linear speed 35 mm/s

Sliding distance 12.5 km

Number of cycles 500,000

Lubricant Bovine serum®

Environment ~ 25°C, Ambient

* diluted 1:1 with deionized water, preserved with 0.1 wt% sodium azide

Table 2.2. Wear test parameters for multidirectional pin-on-disk testing.
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Figure 2.4. Custom pin-on-disk tribotester: the vertical table on top holds the ultra-high pins and is kept stationary
while the horizontal table below holds the CoCr disk and moves with X-Y motion control from a retrofitted CNC
milling machine. Loading is controlled using independent pneumatic actuators and is monitored by load cells
mounted below the disk holders.

The diameter of the wear scar on the pin was measured every 50,000 cycles using the
high-resolution digital microscope described above. An image analysis program (National
Instruments LabVIEW v. 8.5) was used to fit a circle to the wear scar and report the diameter.
The wear was calculated volumetrically as the volume (in mm’®) of material lost, ¥, from the
spherically-ended ultra-high pin according to the equation

V= "(3a2 +h?) 2.3)

where a is the measured radius of the worn circular area, and / is the thickness of the worn layer
given as

h= R— VRZ — a2 (2.4)

where R is the radius of the hemispherical end of the pins (Figure 2.5).
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Figure 2.5. Geometry of hemispherical ended pin for wear volume calculation

The wear rate was then calculated as the wear volume divided by the number of cycles.
Wear resistance was based on the steady-state wear rate achieved by the materials beyond
300,000 cycles. The steady-state wear data taken after 300,000 cycles (roughly 72 hours) is
substantially beyond ultra-high’s transient creep period of about 24 hours (Klapperich et al.,
1999).

Investigations were performed to determine the accuracy and the effect of creep on the
wear measurement. To determine wear volume measurement accuracy, the wear scars on the
pins were measured using the image analysis system multiple times, producing an estimate of the
largest and smallest circles that could be fit to the image. These ranges were then used to
calculate the variation in the wear volume and wear rate measurement. This was done for all
material groups to ensure that the variation in measurement was consistent.

To determine the effect of creep on the wear measurement, images of selected wear pins
were taken approximately two months after testing to determine changes in geometry resulting
from creep recovery. The analysis presented above assumes that the worn surface of the pin is
flat when viewed in cross-section. However, creep would affect the worn surface by pressing the
hemispherical end of the pin into a flat shape (attributed to wear), when in fact over time the pin
bulges out again (resulting in an overestimation of the wear volume) (Figure 2.6).

A subset of wear pins were imaged in cross-section using the image analysis technique
and equations presented above to determine the radius and height of the recovered bulge. This
recovered volume was then subtracted from the original wear volume assuming no creep
contribution. The materials were chosen for this investigation based on material availability and
the order in which wear tests were run.
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Figure 2.6 Cross-section view of the wear pin showing (left) original wear volume measurement
assuming surface to be flat and (right) changes in wear volume measurement due to creep recovery

Analysis of variance (ANOVA) was used to determine statistically significant differences
amongst the steady-state wear rates of the material groups beyond 300,000 cycles (STATA v. 9).
Multiple post-hoc comparisons were taken into consideration using the Student-Newman-Keuls
(SNK) procedure. The Student-Newman-Keuls procedure increases the power of detecting a
difference by arranging the means in increasing order and performing one-tailed t-tests, while
still controlling the overall false-positive error (o = 0.05) for the family of comparisons spanning
a given number of means (Glantz, 2005). The g-statistic for the test is defined as

q= === 25)

where X, and Xj are the two means being compared, sp2 is the pooled variance, and ns and np are
the sample sizes of the two groups being compared (Glantz, 2005). The cutoff values to which
the g-statistic is compared were interpolated from tabulated values (Glantz, 2005). The minimum
power to detect a 0.6 x 10”7 mm®/cycle difference (about twice the typical standard deviation) in
wear rate is about 0.85, given 9 material groups, 6-8 data points per group, and an overall a =
0.05 (Glantz, 2005; Lenth, 2006-2009).

2.2.4 Oxidation following Artificial Aging

To assess the oxidative stability of the materials, artificial aging and absorbance
spectroscopy were performed with colleagues at the Dartmouth Biomedical Engineering Center.
To artificially age the materials, one sample for each group (10mm x 10mm x 10mm) was placed
in a pressure vessel with 3 atm O, at 63° C for 28 days (an environment less aggressive than
ASTM-2003 Method A). Subsequently, oxidation in the material was measured by Fourier
transform infrared spectroscopy on 200 micron-thick cross-sections of each sample (Jung
microtome, Heidelberg, Germany). Incorporation of oxygen into the material was measured
using a Perkin Elmer Autolmage Infared Microscope (Waltham, MA) with 32 scans per 100 um
depth interval, wavelength 2 cm™, and aperture 100 pm®. The oxidation index was defined as the
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measured 1715 cm™ (ketone) peak height normalized to the 1368 cm™ peak height (Currier,
Currier, Mayor, Lyford, Van Citters et al., 2007). This artificial aging and absorbance
spectroscopy protocol has been validated and extensively studied at the Dartmouth Biomedical
Engineering Center (Collier, Sperling et al., 1996; Currier, Currier, Collier, Mayor, & Scott,
1997; Currier, Currier, Mayor, Lyford, Van Citters et al., 2007; S. M. Kurtz et al., 2001).

It is important to note the peaks used in the definition of the oxidation index (Figure 2.7).
The area of interest is the carbonyl region between 1800 and 1660 cm™, which measures the
carbon-oxygen double bonds indicating the presence of ketone, ester, aldehyde, and carboxylic
acid (S. M. Kurtz et al., 2001). However, it has been found that retrieved implants and ultra-high
exposed to bovine serum during testing may absorb esters (1738 cm™) on the surface (Costa,
Bracco, del Prever, Luda, & Trossarelli, 2001). This absorption results in overestimation of the
oxidation index if the entire carbonyl peak is considered (recommended in the ASTM standard
F2102 (ASTM, 2001)). Therefore, the oxidation index definition in this study employs a
narrower keytone peak height from 1713 to 1717 cm™ to exclude the ester peak. Although the
materials in this study are not exposed to absorbed species, this protocol makes the results
comparable to other studies from the Dartmouth Biomedical Engineering Center and to future
studies of retrieved implants that use these particular formulations of ultra-high. In addition,
ongoing work at Dartmouth indicates that the Dartmouth oxidation index scales linearly with the
ASTM standard (D. W. Van Citters, 2006).
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Figure 2.7. Typical Fourier transform infrared spectroscopy scan of oxidized ultra-high showing the carbonyl
region and the definition of the keytone peak height used in the oxidation index (modified from (Currier, Currier,
Mayor, Lyford, Van Citters et al., 2007; S. M. Kurtz et al., 2001)).

2.2.5 Microstructure

To elucidate the relationship amongst microstructure, processing treatments, and
performance, the materials’ lamellar structure and crystallinity was assessed qualitatively using
scanning electron microscopy and quantitatively using differential scanning calorimetry and
image analysis. The microstructural parameters in this study are limited to lamellar properties
and do not include amorphous properties such as cross-link density.
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Etching and Scanning Electron Microscopy

To obtain images of the crystalline lamellae, two samples from each material group were
etched to preferentially remove the amorphous phase, and then imaged with a scanning electron
microscope. Before etching, each sample (2 mm x 2 mm x 6 mm) was microtomed using a glass
knife (Reichert Ultracut E, Depew, NY) to obtain a smooth surface. The sample was then
subjected to a potassium permanganate etching procedure developed by Olley (Olley & Bassett,
1977) that preferentially removes the amorphous phase occupying the space between the
lamellae. The samples were then sputter-coated with gold-palladium (Tousimis Sputter Coater,
Rockville, MD) and imaged using a field-emission scanning electron microscope (Hitachi S-
5000, Pleasanton, CA) at the Berkeley Electron Microscope Facility. Digital images of the
lamellae were taken at a magnification of 20,000 times with an accelerating voltage of 30 kV,
resulting in a resolution of 4 nanometers.

Differential Scanning Calorimetry

To assess the percent crystallinity, differential scanning calorimetry was performed on
three samples of each material group. Samples of approximately 10 milligrams were subjected to
a thermal scan from 50 to 180°C at a rate of 10°C per minute (Perkin Elmer, Waltham, MA). The
thermal rate and sample size are within validated ranges (Meng & Kathryn, 1998; Pascaud,
Evans, McCullagh, & FitzPatrick, 1996). The specific sample size was chosen because larger
samples exhibited a lack of thermal conductivity, while smaller samples had more substantial
error associated with sample weight.

The thermal scan produced an endothermic graph of heat flow as a function of
temperature, normalized to the sample mass (Figure 2.8). The enthalpy of melting was
determined by integrating the entire melting endotherm from 80 to 160°C and normalizing to the
sample mass (TA Instruments Universal Analysis v. 3.1E, New Castle, DE). Wide bounds on the
melting endotherm were chosen to reduce the effect of shifting melting temperatures amongst the
material groups. Percent crystallinity was calculated by normalizing the enthalpy of melting for a
particular sample to that for a pure ultra-high crystal (293 J/g) (S. M. Kurtz, 2009d).
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Figure 2.8. Typical differential scanning calorimetry graph showing the enthalpy of melting (the area under the
melting peak), which is normalized to that of a pure ultra-high crystal to determine percent crystallinity.
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Image Analysis

To quantify the lamellar dimensions observed in the scanning electron micrographs,
image analysis was performed on one representative image (5 x 5 microns) for each material
group (National Instruments LabVIEW v. 8.5). The image analysis consisted of a user-defined
threshold of the image and a series of standard filters that separated or eliminated large tangled
clumps of lamellae, small round corners of lamellae, and lamellae touching the edge of the image
(Figure 2.9).

(filtered image)

Figure 2.9. Image analysis software was used to digitally threshold and filter original scanning electron micrographs
to visualize cross-sections of representative lamellae. On each processed image, pixels were counted and scaled
dimensionally to obtain distributions of lamellar cross-sectional area, thickness, and length

First, the image was converted into a binary image and the user prescribed a brightness
level to delineate the lamellae from their surroundings. This thresholding process is user-defined,
but target brightness levels to indicate light cross-sections of lamellae were around 128 (0 is
black, 255 is white). An upper threshold was also set around 250 to eliminate noise pixels. Next,
a series of filters was applied to the binary image: proper open, Heywood circularity, and percent
area. The proper open function smoothes the boundaries of the lamellae and removes small noise
particles without changing the area of the lamellae. The Heywood circularity function identifies
nearly circular objects (corners of lamellae, large tangled clumps of lamellae, v-shaped lamellae)
by calculating the ratio of the contour perimeter of the object to the perimeter of a circle with the
same area. Objects with Heywood circularity greater than 1.3 were determined to be
representative lamellae and were kept in the image. The percent area function compares the area
of the object with the area of the entire image. Small noise particles were determined to be those
below 1%. This effectively eliminated any pixels on the sides of lamellae remaining after the
threshold. Lamellae touching the edge of the image were also removed as these were likely only
portions of full lamellae and were therefore not representative.

After the thresholding and filtering, a best-fit rectangle was fit to each remaining lamellar
object and the pixel dimensions of the rectangle were converted to nanometers using spatial
calibration of the scale bar on the image (resolution of 4 nanometers). The individual objects
were two-dimensional cross-sections of plate-like lamellae that were characterized by a thickness
(short dimension of best-fit rectangle), a length (long dimension of best-fit rectangle), and an
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area (number of pixels of the object). Each image contained about 200 lamellar objects upon
which relative magnitudes and distributions for lamellar thickness, length, and area were based.

This image analysis technique (Medical Polymers Group, or MPG, technique) was
compared to other methods for determining lamellar dimensions, including differential scanning
calorimetry, a thermodynamic theory-based image analysis technique developed independently
by Van Citters (D. W. Van Citters, 2006), and ultra small angle x-ray scattering.

Differential scanning calorimetry determinations of melting temperature and the enthalpy
of melting can be combined with the Hoffman-Weeks relation to determine an average crystal
(lamellae) thickness:

20:.TS

"~ AHv (TS,—T) (2.6)

where o, is the surface energy (9 x 10 J/cm?), Ty’ is the pure crystal melting temperature, AH,
is the change in enthalpy with melting, and T is the measured melting temperature (Hoffman &
Miller, 1997; Hoffman & Weeks, 1962). However, this equation was developed for uncross-
linked ultra-high and does not hold for cross-linked ultra-high due to the larger distribution of
lamellar thicknesses. This method was still used to validate the MPG image analysis
approximation of the thickness of the two untreated control materials.

Lamellar parameters were also determined using an independent image analysis
technique developed by Van Citters based on the Hoffman-Weeks relation (D. W. Van Citters,
2006). The Van Citters (DVC) technique uses the object count from image analysis in
combination with results from differential scanning calorimetry. The details are provided
elsewhere (D. W. Van Citters, 2006). Ultimately, an equivalent lamellar thickness and an
equivalent lamellar diameter are determined based on the assumption that the thickness grows
linearly with the diameter. Equivalent lamellar size was calculated as the equivalent thickness
times the equivalent diameter, giving a two-dimensional cross-sectional area through the largest
section of the disc-shaped lamellae. These measures are related to the MPG lamellar thickness,
lamellar length, and lamellar area, respectively.

Finally, the MPG image analysis technique was performed on scanning electron
micrographs of ultra-high materials from another study that were also subjected to ultra-small
angle x-ray scattering (Simis, Bistolfi, Bellare, & Pruitt, 2006). X-ray scattering is commonly
used for reporting lamellar thickness (Bistolfi, Turell, Lee, & Bellare, 2009; Turell & Bellare,
2004). The x-ray scattering method applied to ultra-high is based on the theory of using
diffraction to determine interatomic distances of crystalline materials with simple cubic long-
range order, such as metals. The resolvable limit of the structure of interest is dependent on the
scattering vector q (nm™') through

= — sinf (2.7)

where A is the x-ray wavelength (nm), dpy is the distance between adjacent planes (nm), and 6 is
one-half the Bragg angle, defined by Bragg’s law
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nA=2 dhkl Sil’le (28)

where n is an integer. Therefore, the smaller the scattering vector, the larger the resolvable
structural feature. Ultra-small angle x-ray scattering is necessary for determining ultra-high
lamellar parameters because it can detect features from about 1 nanometer up to hundreds of
microns, while small angle x-ray scattering cannot measure structure in the micrometer scale
characteristic of the crystalline lamellae (Baker, Pruitt, & Bellare, 2001; Bellare, Schnablegger,
& Cohen, 1995; Turell & Bellare, 2004).

With a semi-crystalline polymer such as ultra-high, the plate-like crystalline lamellae are
analogous to planes of ordered atoms from which diffraction occurs, but at a much larger size
scale because the diffraction angles are near zero. Similarly, the distance between adjacent
planes for a certain <hkl> orientation in a traditional crystal (dn) is replaced in this application
with the long period L, or distance between adjacent lamellae separated by the amorphous phase
in between (Figure 2.10).
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Figure 2.10. Ultra-high lamellae can be considered analogous to scattering planes of atoms to determine inter-
lamellar spacing using x-ray scattering.

To calculate the lamellar thickness, the inter-lamellar spacing obtained from x-ray
scattering is multiplied by the percent crystallinity obtained by differential scanning calorimetry
(Figure 2.11).

Inter-lamellar 50%
spacing crystallinity

Lamellar thickness

Figure 2.11. After x-ray scattering, determination of lamellar thickness depends on percent crystallinity obtained
from differential scanning calorimetry.
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2.2.6 Statistical Analysis of Pair-wise Correlations

Finally, to determine relationships amongst microstructural properties and mechanical
performance, a statistical analysis was performed using the non-parametric Spearman rank
correlation coefficient (STATA v. 9). The non-parametric analysis accounts for small sample
sizes and non-normal distributions observed for some outcomes. For the estimates, 75t
percentile values of mechanical and microstructural properties were used because the image
analysis procedure eliminates lamellae below a given size and skews the distribution. Fatigue
crack propagation resistance was quantified as the value for the range of stress intensity
corresponding to a da/dN of 10-5 mm/cycle (this captures the left-to-right shift of the fatigue
curves in the Paris regime and is related to the stress intensity required for the inception of crack
propagation (Baker et al., 2003)).
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Chapter 3

Results

3.1 Tensile Behavior

The mechanical properties (yield strength, elastic modulus, and ultimate true stress and
strain, Figure 3.1) of the cross-linked materials depended on the type of heat treatment, the
radiation dose, and the resin and consolidation method. Elastic modulus and yield strength were
higher for annealed materials and lower for re-melted materials, with secondary dependence on
radiation dose. Alternately, the ultimate properties generally decreased with increased radiation
dose, regardless of heat treatment. Mechanical properties also depended on the resin and
consolidation method. The GUR 1050 materials had lower yield strength and elastic modulus
compared to GUR 1020 materials with the same heat treatment and radiation dose, but ultimate
properties were about the same (Figure 3.2).

Ultimate Tensile Strength
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Figure 3.1. Typical stress-strain curve for the ultra-high materials showing tensile properties
determined from the experimental curves.
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Figure 3.2. Tensile properties for all materials. Yield strength and modulus of cross-linked annealed materials are
higher than untreated controls, while cross-linked re-melted materials are lower. Ultimate properties decrease with
increasing radiation dose. Each sample is represented by an 0. The median is represented by — (n = 3 samples).
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3.2 Fatigue Crack Propagation

Fatigue crack propagation resistance of the moderately cross-linked re-melted materials
and the highly cross-linked annealed materials was greater than that of highly cross-linked re-
melted materials, but was worse than that of untreated controls (Figure 3.3). Statistically, the
slopes of all the fatigue resistance lines were the same (p > 0.10, 95% confidence interval: 7.3 to
8.4), but the intercepts were not. The fitted intercepts represent the left-to-right shift in the
fatigue curve and are related to the inception stress intensity. The intercepts of the 5 Mrad cross-
linked re-melted and highly cross-linked annealed materials were not different from one another
(p > 0.20, 95% CI: 1.02 to 4.07 x 10°°), but were significantly different from highly cross-linked
re-melted materials (p < 0.001, 95% CI: 4.10 to 17.9 x 10°®), and from untreated controls (p <
0.001, 95% CI: 0.078 to 0.153 x 10°). This means that, in an idealized large laboratory
specimen, at a stress intensity range of 1.3 MPavm for 100,000 cycles (roughly one month of
service for a joint replacement), a crack in an untreated material would grow about 0.1 mm, a
crack in a moderately cross-linked or annealed material would grow about 1 mm, and a crack in
highly cross-linked re-melted material would grow about 10 mm.

Moderately cross-linked
and re-melted
Highly cross-linked Highly cross-linked
and re-melted and annealed

Untreated controls

da/dN (mm/cycle)

AK (MPa\m)

+ 1020-0-0 m 1020-9-130 ©  1020-9-147 ¢ 1050 - 10 - 147
X 10 { { 8 1020 -7.5- 147 A 1020-10-147 Key: resin - Mrad - °C

Figure 3.3. Fatigue crack propagation data showing fatigue resistance of moderately cross-linked re-melted and
highly cross-linked annealed materials is increased compared to highly cross-linked re-melted materials, but
decreased compared to untreated controls. Key: resin —radiation dose (Mrad) — subsequent thermal treatment (°C).
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Within the cross-linked re-melted materials, the fatigue resistance decreased with
increasing radiation dose (Figure 3.4) (the intercept, C, is significantly different for each cross-
linked re-melted group, p <0.001 from an F-test). For example, at a stress intensity range of 1.0
MPaVm for 100,000 cycles, a crack in a GUR 1020 7.5 Mrad material would grow about 0.4
mm, while a crack in a GUR 1020 10 Mrad material would grow about 3 mm.

1050-10-147
1020-10-147
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Figure 3.4. Fatigue crack propagation data showing within re-melted materials, fatigue resistance decreased with
increasing radiation dose. Key: resin —radiation dose (Mrad) — subsequent thermal treatment (°C).

Linear Regression Model

For the linear regression model, functional form assumption checks verified that the data
is described by the bilogarithmic relationship assumed by the Paris equation. A series of full
versus restricted F-tests resulted in a simplified model (Table 3.1) with the same slope for all
groups (p>0.10), one coefficient for the control materials (not different from one another,
p>0.15), one coefficient for the 5 Mrad cross-linked re-melted and highly cross-linked annealed
materials (not different from one another, p>0.20), and one coefficient for the highly cross-linked
re-melted materials plus the 7.5 Mrad re-melted material (statistically different from one another,
p<0.001, but pooled for a simplified model). The p-values for the remaining estimated
population coefficients were less than 0.001. The R? value for the model was 0.8250, indicating
that about 83% of the variation in crack growth rate is explained by this simplified model (Table
3.2).
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95% CI on intercept, 95% CI on slope,
or C(x10° orm
1050-0-0 0.078 to0 0.153 7.258 to 8.350
1020-0-0 cons 0.078 t0 0.153 7.258 to 8.350
1020-3x3-130 1.023 to 4.072 7.258 to 8.350
1020-9-130 secgen 1.023 to 4.072 7.258 to 8.350
1020-5-147 1.023 to 4.072 7.258 to 8.350
1020-7.5-147 4.101 to 17.91 7.258 to 8.350
1020-9-147 hxl 4.101 to 17.91 7.258 to 8.350
1020-10-147 4.101 to 17.91 7.258 to 8.350
1050-10-147 4.101 to 17.91 7.258 to 8.350

Table 3.1. Estimated population coefficients on m (slope) and C (intercept) determined from linear regression in
combination with full versus restricted F tests. The three groups are all statistically different from one another
(p<0.001 from F test).

. regr logdadn logdeltak secgen hxl

Source | Ss af MS Number of obs = 177
————————————— T F( 3, 173) = 271.94
Model | 41.1857577 3 13.7285859 Prob > F = 0.0000
Residual | 8.7338283 173 .050484557 R-squared = 0.8250
————————————— e e i Adj R-squared = 0.8220
Total | 49.919586 176 .283634011 Root MSE = .22469
logdadn | Coef std. Err t P>|t] [95% Conf. Intervall
_____________ N

logdeltak | 7.80425 .275485 27.23 0.000 7.25819 8.35031

secgen | 1.28808 .068796 18.72 0.000 1.15171 1.42445

hx1 | 2.03167 .140895 23.31 0.000 1.74454 2.31881

_cons | -6.97898 .082692 -84.40 0.000 -7.14289 -6.81508

Table 3.2. Regression analysis from STATA showing the point estimates and 95% confidence intervals for slope m

(logdeltaK) and for the intercepts C (cons is for the controls (baseline), secgen and hxl values modify the cons value

for the 5 MRad cross-linked and annealed groups, and the highly cross-linked groups, respectively). The values for
the intercept must be converted by raising 10 to that power to obtain the values reported for C.

Following the same procedure, a second model was fit including only the re-melted
materials to determine if the different levels of cross-linking result in statistically different
fatigue performance. The slopes were the same (p>0.20, 95% CI: 7.32 to 8.21) but the intercepts
were all statistically different (p<0.001) (Table 3.3). The p-values for the remaining estimated
population coefficients were less than 0.001. The R* value for the model was 0.9411, indicating
that about 94% of the variation in crack growth rate in cross-linked re-melted materials is
explained by this model with different values of C (Table 3.4).
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95% CI on intercept,
or C(x10%

95% CI on slope,
or m

1020-5-147 2.033t03.114 7.322t0 8.218
1020-7.5-147 3.753 t0 8.876 7.322t0 8.218
1020-9-147 5.420 to 13.51 7.322 t0 8.218
1020-10-147 9.380 to 23.05 7.322 t0 8.218
1050-10-147 21.85 to 60.49 7.322 t0 8.218

Table 3.3. Estimated population coefficients on m (slope) and C (intercept) determined from linear regression in
combination with full versus restricted F tests. The cross-linked re-melted groups are all statistically different from
one another (p<0.001 from F test).

. regr logdadn logdeltak 102075 10209 102010 105010 if 10205== | 102075==
| 10209==1]102010==1|105010==1
Source | Ss daf MS Number of obs = 68
————————————— e it F( 5, 62) = 198.27
Model | 13.0339632 5 2.60679265 Prob > F = 0.0000
Residual | .81516005 62 .013147743 R-squared = 0.9411
————————————— B e Adj R-squared = 0.9364
Total | 13.8491233 67 .206703333 Root MSE = .11466
logdadn | Coef Std. Err t P>|t] [95% Conf. Intervall]
_____________ N
logdeltak | 7.720493 .2493394 30.96 0.000 7.322071 8.218916
102075 | .3605077 .0472271 7.63 0.000 .2661021 .4549134
10209 | .5314766 .0529186 10.04 0.000 .4256939 .6372593
102010 | .7666593 .0514061 14 .91 0.000 .6639001 .8694186
105010 | 1.1597 .0643572 18.02 0.000 1.031051 1.288348
_cons | -5.59918 .0462719 -121.01 0.000 -5.691676 -5.506684

Table 3.4. Regression analysis from STATA showing the point estimates and 95% confidence intervals for slope m

(logdeltaK) and for the intercepts C for the cross-linked re-melted materials (cons is for 1020-5-147 (baseline), other

listed values modify the cons value for the specified cross-linked re-melted group). The values for the intercept must
be converted by raising 10 to that power to obtain the values for C.

An additional regression analysis was performed on the re-melted materials using resin,
radiation dose, and interaction between resin and dose as factors in the model. This analysis
evaluates the fundamental effect of resin and radiation dose on the fatigue behavior of the
materials rather than determining statistical differences in performance amongst individual
materials or groups. The indicator on resin was insignificant and was dropped from the model.

The results are consistent with the other regressions performed (Table 3.5). The R? value is
comparable at 0.9377. The slope is the same for all materials and is similar in magnitude, and the
values of C calculated for each material fall within the 95% confidence intervals from the other
two regressions (Tables 3.1 —3.4).
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. regr logdadn logdeltak resl050 dose dosex1050 (1020 resin is baseline)

Source | Ss af MS Number of obs = 68
————————————— o m e m e mm e m - F( 3, 64) = 321.23
Model | 12.9866624 3 4.32888748 Prob > F = 0.0000
Residual | .862460853 64 .013475951 R-squared = 0.9377
————————————— e i Adj R-squared = 0.9348
Total | 13.8491233 67 .206703333 Root MSE = .11609
logdadn | Coef. Std. Err. t P>|t]| [95% Conf. Intervall
_____________ o o il
logdeltak | 7.683727 .2497481 30.77 0.000 7.184798 8.182656
dose | .1494743 .0098904 15.11 0.000 .129716 .1692327
dosex1050 | .0418407 .0043662 9.58 0.000 .0331181 .0505633
_cons | -6.354582 .089067 -71.35 0.000 -6.532514 -6.17665

Table 3.5. Regression analysis from STATA showing that radiation dose is an important factor in predicting the
intercept. For each additional 1 Mrad of radiation, the intercept (cons) is increased by 0.149 in 1020 resin materials,
and by 0.191 in 1050 resin materials. The values C must be obtained by taking the log of the intercept values.

For a 1020 resin re-melted material the model predicts log da/dn as follows:

log da/dn = log AK [MPa Vm] (7.68) + -63545 +0.149 (dose [Mrad])J.
~

slope (m) intercept (log C)

For a 1050 resin re-melted material the model predicts log da/dn as follows:

log da/dn = log AK [MPa Vm] (7.68) + -6.3545 + 0.191 (dose [Mrad)).
N _

~—

slope (m) intercept (log C)

This regression indicates that while all the re-melted materials have the same slope, the
radiation dose is a significant factor in predicting the intercept. In addition, there is a significant
interaction between radiation dose and resin. This means that in a 1020 resin re-melted material,
each additional 1 Mrad of radiation will increase the intercept by 0.149 log mm/cycle, or will
increase the crack growth rate by 41%. In contrast, in a 1050 resin re-melted material, each
additional 1 Mrad of radiation will increase the intercept by 0.191 log mm/cycle, or will increase
the crack growth rate by 55%. In both resins the crack growth rate increases with increasing
dose, but in the 1050 resin the crack growth rate is more sensitive to changes in radiation dose.

3.3 Wear Rate

All the cross-linked ultra-high groups had significantly lower wear rates than untreated
control materials (Table 3.6). All materials reached a steady-state wear rate after approximately
300,000 cycles (Figure 3.5). The moderately cross-linked re-melted 5 Mrad material had a
significantly higher wear rate than materials with higher radiation doses. There was no
significant difference in wear rate for 9 Mrad materials subjected to re-melting versus annealing.
However, the sequentially-dosed ultra-high demonstrated the lowest wear rate of all the materials
— significantly lower than the single dose 9 Mrad annealed material (Figure 3.5). The GUR 1050
and GUR 1020 materials were not statistically different; nor were any the highly cross-linked re-
melted materials.
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Figure 3.5. Wear data showing (top) wear rates were significantly lower for all cross-linked ultra-high compared to
untreated (n=2 tests) and (bottom) steady-state wear rate depends primarily on radiation dose (beyond 300,000
cycles, n = 6-8 wear rate measurements). Key: resin —radiation dose (Mrad) — subsequent thermal treatment (°C).
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Analysis of Variance and Student-Newman-Keuls Multiple Comparisons

Analysis of variance on the steady-state wear rates of the nine material groups resulted in
a p-value of p<0.0001 indicating statistically significant differences in wear rates amongst the
material groups. The Student-Newman-Keuls multiple comparisons procedure then determined
which wear rates were significantly different from one another (Table 3.6). The standard
deviation of the wear rates and the number of observations were not the same across all material
groups (Table 3.7). However, by explicitly calculating the Student-Newman-Keuls g-statistic for
each comparison of interest (33 comparisons total), the different standard deviations and
numbers of observations were taken into account (Table 3.8) (Glantz, 2005).

Significant Not Significant

Comparison p-value comparison p-value
1020-0-0 vs all cross-linked <0.0001 1020-0-0 vs 1050-0-0 0.1005
1050-0-0 vs all cross-linked <0.0001 1020-10-147 vs 1050-10-147 0.3883
1020-5-147 vs 1020-7.5-147 0.0023 1020-9-130 vs 1020-9-147 0.0737
1020-5-147 vs 1020-3x3-130 0.0006

1020-5-147 vs 1020-9-130 0.0010 All other comparisons

1020-5-147 vs 1020-9-147 0.0133 between cross-linked >0.05
1020-5-147 vs 1020-10-147 0.0358 materials

1020-5-147 vs 1050-10-147 <0.0001

1020-3x3-130 vs 1020-9-130 0.0018

1020-3x3-130 vs 1020-7.5-130 0.0003

The p-value from the initial analysis of variance F-test is < 0.0001. Post-hoc multiple comparisons were
performed using the Student-Newman-Keuls test, with one-way p-values reported above.

Table 3.6. Summary of statistical comparisons between wear rates show that all cross-linked materials had
significantly lower wear rates than the untreated control materials, while the 5 Mrad re-melted material had a
significantly higher wear rate than materials with higher radiation doses.

Standard Number of

Material Group Mean Deviation Observations
1020-3x3-130 1.20E-07 1.21E-08 6
1020-9-147 1.27E-07 5.02E-08 8
1020-10-147 1.34E-07 4.05E-08 6
1050-10-147 1.36E-07 3.33E-08 6
1020-7.5-147 1.53E-07 2.52E-08 7
1020-9-130 1.63E-07 1.79E-08 7
1020-5-147 1.98E-07 2.55E-08 7
1020-0-0 6.12E-07 1.41E-07 8
1050-0-0 7.10E-07 1.43E-07 7

Table 3.7. Mean and standard deviation of steady-state wear rates. The standard deviation and
number of observations differs amongst the material groups, which is taken into account using the
Student-Newman-Keuls multiple comparison procedure.
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Comparisons g-statistic Cutoff Significant?

1050-0-0 vs 1020-3x3-130 36.054483 4.5925 S
1020-9-147 18.802347 44805 S
1020-10-147 18.280386 43495 S
1050-10-147 21.144125 4.1975 S
1020-7.5-147 24.549120 4.0080 S
1020-9-130 28.604991 3.7640 S
1020-5-147 22.432665 3.4205 S
1020 -0-0 1.8858706 2.8435 NS
1020-0-0 vs 1020-3x3-130 31.191371 4.4805 S
1020-9-147 16.305169 4.3495 S
1020-10-147 15.691489 4.1975 S
1050--10-147 18.190594 4.0080 S
1020-7.5-147 21.040993 3.7640 S
1020-9-130 24.421574 3.4205 S
1020-5-147 18.866184 2.8435 S
10205147 v 090353-130 1287553 VT E—
1020-9-147 5.4225028 4.1975 S
1020-10-147 4.8099523 4.0080 S
1050-10-147 5.4083831 3.7640 S
1020-7.5-147 4.6966822 3.4205 S
1020-9-130 4.3343149 2.8435 S
1020-9-130 vs 1020-3x3-120 7.4270649 41975 S
1020-9-147 3.2816141 4.0080 NS
1020-10-147 2.6013714 3.7640 NS
1050-10-147 2.8111440 34205 NS
1020-7.5-147 1.2457252 2.8435 NS
1020-7.5-147 vs 1020-3x3-130 4.8038446 4.0080 S
1020-9-147 1.9974899 3.7640 NS
1020-10-147 1.4364292 3.4205 NS
1050-10-147 1.4917447 2.8435 NS
1050-10-147 vs 1020-3x3-130 1.9524540 3.7640 NS
1020-9-147 0.5764214 34205 NS
1020-10-147 0.1271920 2.8435 NS

S = significant, NS = not significant

Table 3.8. For each pairwise comparison of interest, Student-Newman-Keuls g-statistic was calculated, arranged in
decreasing order, and compared to decreasing tabulated values to determine statistical significance (Glantz, 2005).
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Wear Rate Measurement Accuracy and Effect of Creep

The accuracy of the wear rate measurement was + 6% based on the largest and smallest
circles that could be fit to the image of the wear scar. The group with the lowest variation in
measurement was the 1050-0-0 untreated control (2.2%), while the group with the highest
variation was the highly cross-linked and re-melted material 1020-10-147 (10.4%). The rest of
the material groups had variation from 3.5 to 8.0%, with no dependence on material treatment.

The effect of creep on the wear measurement was more substantial. Allowing the material
to recover and simply re-measuring the wear scar assuming it is still flat resulted in about a 14%
overestimation of the wear volume using the original measurement. Also taking the recovered
bulge into account resulted in an additional 62% overestimation. The exact measurement of the
machined pin radius resulted in less than 1% difference in the total wear volume. The trends
demonstrated by the materials investigated were the same when using the flat wear scar
assumption, but were slightly altered taking the bulge into account (Figure 3.6). However, the
accuracy of the measurement on the bulge volume method was about + 17%, which is larger than
the differences amongst three of the four groups.

0.1
0.08
0.06

0.04

Wear Volume (mm?)

0.02

1
N
ul
i
[
[e)]

1020-9-130 1020-7.5-147 1020-5-147 1020-3x3-130
W original M recovered flat @ recovered minus bulge

Figure 3.6. Wear volume measurements considering creep recovery show an overestimation of the wear by 14%
when assuming a flat wear scar and by 62% when taking the recovered bulge into account. The error bars represent
+ 6% accuracy on the original and recovered flat, and + 17% accuracy on the bulge measurement. Given these
accuracies, the trends are consistent (n=3 measurements on 1 wear scar for each of 4 material groups).

3.4 Oxidation

Oxidative stability was achieved by re-melted materials but not by annealed materials
(Figure 3.7). The cross-linked re-melted materials were chemically stable after artificial aging
(oxidation index less than 0.1), along with the untreated materials. The cross-linked annealed
materials were susceptible to oxidation with an oxidation index greater than 0.5 after artificial
aging. As expected, crystallinity increased by about 10-15% in the oxidized materials (Table
3.9).
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Figure 3.7. Artificial aging data showing that annealed materials have an oxidation index greater than 0.5 while re-
melted and untreated materials remain chemically unchanged with an oxidation index less than 0.1. Aging was
performed in 3 atm O, at 63°C for 28 days (Currier, Currier, Mayor, Lyford, Van Citters et al., 2007). Oxidation
index is defined as the measured 1715 cm™ peak height (ketone) normalized to the 1368 cm™ peak height.

Crystallinity  Stdev

1020-3x3-130 59.2 3.0
1020-3x3-130 Aged 67.8 5.1
1020-9-130 58.6 1.5
1020-9-130 Aged 65.3 23

n = 6 samples tested

Table 3.9. Crystallinity increased after aging in the oxidized materials.

3.5 Microstructure

Microstructural parameters such as lamellar size and percent crystallinity also depended
on the heat treatment, the radiation dose, and the resin. Annealing produced large lamellae
similar in size to those of the untreated controls with respect to the magnitude and distribution of
lamellar thickness, length, and cross-sectional area. Annealed materials showed increased
percent crystallinity by 10% compared to the untreated controls. Alternately, re-melted materials
demonstrated lamellae smaller than those of the untreated controls (Figure 3.8) with decreased
percent crystallinity by about 5%. Furthermore, in the re-melted materials, the percent
crystallinity decreased with increasing radiation dose. With respect to resin, the GUR 1020
materials had slightly smaller lamellae but higher crystallinity than the GUR 1050 materials with
the same heat treatment and radiation dose (Figure 3.9).
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Figure 3.8. Microstructural characterization of four representative material groups: a) untreated control, b) highly
cross-linked annealed material, ¢) moderately cross-linked re-melted material, d) highly cross-linked re-melted
material. Note the lamellar structure of the annealed material is similar to that of the untreated control, while that of
the re-melted materials is generally smaller. Scanning electron micrographs were obtained after amorphous regions
were removed by etching. Scale bar in the lower right corner represents 1 micron for all images. Histograms of the
lamellar microstructural properties are shown for each group.
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Figure 3.9. Microstructural properties for all material groups. Crystallinity is higher for annealed materials and
lower for re-melted materials compared to untreated controls. Lamellar thickness, length, and size show a trend of
smaller median lamellae with narrower distributions in re-melted materials. For crystallinity each sample is
represented by an O with the median represented by — (n = 3 samples). For lamellar properties the box represents
the middle two quartiles separated by a median line. The whiskers represent the upper and lower quartiles and
outliers are represented by O (from image analysis performed on one representative scanning electron micrograph
per material).
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Comparison to Other Techniques

The lamellar thickness measured by the image analysis technique developed in this
dissertation (MPG) was very similar to the lamellar thickness measured by the established
differential scanning calorimetry technique (DSC) for the untreated control materials (Table
3.10). This method is only valid for uncross-linked ultra-high.

With respect to the thermodynamic-based image analysis technique developed by Van
Citters (D. W. Van Citters, 2006), the MPG lamellar area measurement correlated well with the
Van Citters (DVC) calculation of lamellar area (R*=0.82) (Figure 3.12). Lamellar thickness and
length (or equivalent diameter) did not correlate well (R*=0.46 and R*=0.52, respectively)
(Figures 3.10 and 3.11). In general, the Van Citters thickness was larger in magnitude with a
larger range than the MPG measure, while the Van Citters length was smaller in magnitude with
a smaller range. The MPG thickness measure was considerably more similar to the established
differential scanning calorimetry technique (DSC) for the untreated control materials (Figure
3.10).

When applied to images of materials from another study that had also undergone x-ray
scattering (Simis et al., 2006), the MPG thickness measurement was moderately correlated to the
thickness measured by x-ray scattering (R*=0.58) with only four material groups (Figure 3.13).
The thickness measurement on one material was substantially different (131 nm versus 62 nm)
(Table 3.11).

1020 1050 1020 1020 1020 1020 1020 1020 1050

0 0 3x3 9 5 7.5 9 10 10

0 0 130 130 147 147 147 147 147
n images 2 1 2 5 2 2 1 1 3
Thickness (nm)
MPG 35.52 34.60 33.78 33.53 33.41 34.48 34.11 30.91 33.31
DVC 67.28 90.48 48.90 27.40 65.90 49.34 34.54 14.72 53.16
DSC 34.80%* 40.00* -- -- -- -- -- -- --
Length (nm)
MPG 279.24 320.06 281.23 257.88 260.34 246.43 237.10 219.97 247.87
DVC 22547 229.58 232.33 230.48 217.67 197.09 202.56 205.25 194.70
Area (nm?)
MPG 9919.4 11075.0  9500.9 8647.4 8697.8 8497.1 8086.5 6799.8 8257.5
DVC 15169.0 207724 11361.1 6314.8 14343.6 97243 6996.5 3021.2 10351.2

* Differential scanning calorimetry performed on n = 3 samples.

Table 3.10. Summary of lamellar parameter estimates using three measurement techniques.
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Figure 3.10. Comparison of average lamellar thickness measurements shows that the MPG measure is generally
smaller with a smaller range than the Van Citters (DVC) method, but is much closer to the established differential
scanning calorimetry (DSC) technique for uncross-linked materials. The MPG thickness measure was not well-
correlated with the Van Citters thickness measure.
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Figure 3.11. Comparison of average lamellar length (diameter) measurements shows that the MPG measure is
generally larger with a larger range than the Van Citters (DVC) method. The MPG length (diameter) measure was
not well-correlated with the Van Citters measure.
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Figure 3.12. Comparison of average lamellar size (area) measurements shows that the MPG measure is generally
consistent with the Van Citters (DVC) method. The MPG size (area) measure was well-correlated with the Van
Citters size (area) measure.

42



150 -~

E P ® x-ray scattering & MPG
£ 120 -
a
e
£ 90 -
B
=
i *

TEJ *

30
s ¢ o

0 T T T 1

0 Mrad 0 Mrad HP 5 Mrad 5 Mrad HP
Material Treatment
140 -
o

— 120 - R?=0.5814

€

£ 100

a

g2 80 -

=<

2

= 60 -

2 ®

2 40 -

x o

20 - ®
O T T T T T T 1
30 35 40 45 50 55 60 65

MPG Thickness measurement (nm)

Figure 3.13. Comparison of average lamellar thickness measurements on materials from another study (Simis et al.,
2006) shows that the MPG measure is generally consistent with the x-ray scattering method. The MPG thickness
measure was moderately well-correlated with x-ray scattering measure, with only four material groups.

Thickness 0 Mrad 0 Mrad HP 5 Mrad 5 Mrad HP
X-ray scattering (nm) 28.1 131.2 23.1 50.6
MPG (nm) 41.2 62.3 52.1 57.3

MPG based on n = 1 image, x-ray scattering based on n = 3 diffraction scans.

Table 3.11. Summary of lamellar thickness measurements on materials from another study (Simis et al., 2006)
using the MPG image analysis technique and the x-ray scattering technique.
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3.6 Statistical Correlations

Non-parametric statistical analysis showed that the elastic modulus and yield strength
were highly-correlated with crystallinity, while ultimate true stress and strain were highly-
correlated with lamellar area (Tables 3.12 and 3.13). Resistance to fatigue crack propagation was
correlated with both crystallinity and with lamellar are and length. Wear rate was not
significantly correlated with any of the microstructural parameters. Lamellar thickness was not
correlated with any mechanical properties, likely due to the small range and wide distributions of

the lamellar thickness measurements.

Ultimate

Resistance Yield Elastic Ultimate

. to fatigue stress modulus true true strain Wear rate
Microstructural strength
Property p p p p p p
Crystallinity 0.85° 0.93° 0.98° 0.60 0.53 0.18
Lamellar thickness 0.71 0.23 0.33 0.70 0.85 0.48
Lamellar length 0.85° 0.55 0.72 0.72 0.73 0.48
Lamellar area 0.93° 0.62 0.77 0.85" 0.85" 0.61
* p<0.01
® p<0.001

Table 3.12. Spearman rank correlation coefficients for microstructural properties and mechanical performance
measures. Note the elastic properties are correlated with percent crystallinity, the ultimate properties with lamellar

size, resistance to fatigue with both, and wear rate with none.
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117

fcp yield modulus uts ustrain wear cryst thick75 length75 area’75

0.0002 0.0769 0.0159 0.0037 0.0037 0.0769 0.0125 0.0096 0.0000

fcp | 1.0000
|
|
yield | 0.7167 1.0000

| 0.0298

modulus 0.8333* 0.9500* 1.0000
| 0.0053  0.0001

uts 0.8667* 0.5667 0.6333  1.0000

| 0.0025 0.1116 0.0671

ustrain 0.8167* 0.4667 0.5167  0.9333* 1.0000
| 0.0072 0.2054 0.1544 0.0002

wear 0.5500 0.1667 0.2667 0.8333* 0.7667 1.0000
| 0.1250 0.6682 0.4879  0.0053  0.0159
cryst 0.8500* 0.9333* 0.9833* 0.6000 0.5333  0.1833  1.0000

| 0.0037 0.0002 0.0000 0.0876 0.1392 0.6368
|

thick75 | 0.7167  0.2333  0.3333 0.7000 0.8500 0.4833 0.4167 1.0000
| 0.0298 0.5457 0.3807 0.0358 0.0372 0.1875  0.2646
|

length7s | 0.8500* 0.5500 0.7167 0.7167 0.7333  0.4833  0.7500 0.7833  1.0000
| 0.0037 0.1250 0.0298 0.0298 0.0246 0.1875 0.0199 0.0125
|

area75 | 0.9333* 0.6167 0.7667 0.8500* 0.8500* 0.6167 0.7833  0.8000* 0.9667* 1.0000

|
|

Table 3.13. Detailed results from STATA Spearman rank correlation for microstructural properties and mechanical performance measures.



Chapter 4

Discussion and Conclusions

4.1 Trade-offs in Material Behavior

There is a trade-off amongst fatigue crack propagation resistance, wear resistance, and
oxidative stability in clinically-relevant cross-linked ultra-high (Figure 4.1). High cross-linking
combined with re-melting produces good wear resistance and oxidative stability but relatively
poor resistance to fatigue crack propagation. High cross-linking combined with annealing
produces good resistance to wear and fatigue crack propagation but can leave the material
susceptible to oxidation. Moderate cross-linking combined with re-melting produces good
oxidative stability but moderate resistance to fatigue crack propagation and wear.

[y

Fatigue Crack Propagation
Resistance

Oxidation Highly cross-linked Wear
Resistance and re-melted Resistance

_\

Figure 4.1. Schematic showing the trade-offs in fatigue crack propagation resistance, wear resistance, and oxidation
resistance. The vertices of the colored triangles on each axis represent the relative performance in that category.
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4.2 Material Behavior and Processing Treatments

Material behavior was dependent on both total radiation dose and heat treatment.
Increasing radiation dose decreased fatigue resistance and ultimate properties, but increased wear
resistance. Annealing, as opposed to re-melting, reduced fatigue resistance and elastic properties
less than re-melting, but left materials susceptible to oxidation.

Within the highly cross-linked annealed materials, sequential doses of radiation and
annealing did not significantly change resistance to fatigue or oxidation beyond that of an
equivalent total single dose. However, sequential doses of radiation and annealing did appear to
improve the wear resistance compared to the equivalent single dose. It is well known that
increased thermal energy increases cross-link density (Muratoglu et al., 1999), and that increased
cross-link density increases multidirectional sliding wear resistance (Muratoglu et al., 1999;
Wang, 2001). The sequential dose annealed material is subjected to more thermal energy during
processing, which would affect both cross-link density and wear behavior.

Resin and consolidation method also affected material behavior. The two GUR 1020
materials had higher crystallinity, yield strength, modulus, and fatigue crack propagation
resistance than GUR 1050 materials with the same heat treatment and radiation dose. No
statistical difference was found in the wear behavior of GUR 1020 versus GUR 1050 materials.
The differences in elastic and fatigue behavior may be due to the lower molecular weight of the
GUR 1020 (2-4 million grams/mol) compared to GUR 1050 (3-6 million grams/mol). With a
lower molecular weight, the long-chain molecules are more mobile and may be more easily
incorporated into lamellae. This results in higher percent crystallinity, which is correlated with
higher yield strength, modulus and fatigue resistance. The differences in resin are also
confounded by differences in consolidation method, which has been shown to impart
directionality and to affect fatigue crack propagation resistance and tensile properties (L. Pruitt &
Bailey, 1998). This directionality explains the lower fatigue crack propagation resistance of the
highly cross-linked GUR 1050 material, which was tested in the weak orientation in which crack
propagation direction is aligned with the ram extrusion direction.

4.3 Effect of Microstructure

The effects of the processing treatments on the material behavior can be elucidated by
examining the microstructure. Cross-linking the ultra-high forms covalent bonds between the
long-chain molecules; this results in a networked structure in the amorphous phase. Irradiation
for cross-linking also produces residual free radicals, which can lead to in vivo oxidative
degradation if the free radicals are not eliminated by heat treatment (Collier et al., 2003; Currier,
Currier, Mayor, Lyford, Van Citters et al., 2007). These results show that applying thermal
energy below the melting temperature after cross-linking (annealing) increased the volume
fraction of lamellae, likely due to a combination of chain scission from radiation and increased
mobility of amorphous chains from annealing (Viano et al., 2007). However, this annealing
process failed to neutralize all free radicals. Alternatively, re-melting the materials appeared to
eliminate free radicals, but, restricted by the network of cross-links, the re-formed lamellae were
fewer and smaller in size. The fewer, smaller lamellae coupled with the networked amorphous
phase were associated with decreased fatigue resistance and tensile properties.
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The statistical relationships between fatigue resistance, tensile properties, and lamellar
properties also add to an understanding of micromechanisms of damage in ultra-high. The non-
parametric statistical analysis suggests that elastic parameters are strongly correlated with
percent crystallinity while ultimate parameters are strongly correlated with lamellar size, in
agreement with the literature (Medel, Pena, Cegonino, Gomez-Barrena, & Puertolas, 2007; Ries
& Pruitt, 2005; Simis et al., 2006). Resistance to fatigue crack propagation is correlated with
both percent crystallinity and lamellar size. By extension then, superior fatigue crack propagation
resistance is associated with both high elastic and high ultimate properties. A high elastic
modulus and high yield stress may contribute to limiting the strains at the crack tip while
dissipating more energy before yielding. Higher ultimate true stresses and strains may contribute
to more energy dissipation before ultimately failing on the microscale at the crack tip. Resistance
to fatigue crack propagation was also highly-correlated with a large lamellar cross-sectional area
and with percent crystallinity, suggesting that more lamellae, large in both dimensions, may
require more energy for cracks to travel through or around.

Wear rate was not significantly correlated to any of the microstructural parameters in this
study and was dominated by radiation dose. In a similar study on the relationship of
microstructural parameters to rolling-sliding wear rate, Van Citters et al (Douglas W. Van
Citters, Kennedy, & Collier, 2007) found a correlation between wear rate and lamellar size
normalized by yield strength. The data in this dissertation did not exhibit the same trend.
However, the Van Citters study is based on delamination wear which is ultimately a crack
nucleation and propagation mechanism. The results are consistent in demonstrating a correlation
between fatigue processes and lamellar size. The primary wear mechanism in this dissertation
was multidirectional sliding wear. It has long been thought that multidirectional sliding wear is
due to the alignment of lamellae in the sliding direction, resulting in a weakened material under
cross-shear (Edidin et al., 1999; Wang, 2001). Cross-linking has been shown to inhibit the ability
of the lamellae to align (Klapperich et al., 1999; Zhou & Komvopoulos, 2005), which is in
agreement with the observation that sliding wear rate decreased with increased radiation dose.
These results suggest that the number, size, and thickness of the lamellae are not as important for
inhibiting sliding wear as is cross-linking the amorphous phase.

4.4 Limitations
Experimental Characterization

With respect to the experimental data, one major limitation is the fact that despite the
large number of material groups, the volume of material in each group was restricted, which
resulted in a small number of samples for the tensile and microstructure data. However, the data
based on three samples resulted in relatively small scatter and large differences amongst groups
for yield strength, ultimate properties, and crystallinity. In addition, the limited volume of
material did not affect the number of samples used to obtain the fatigue, wear, or oxidation data,
which was the primary focus of the study.

Another limitation due to the small volume of material is that a parallel set of fatigue,
wear, and tensile tests could not be performed on aged specimens. However, the degradation of
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mechanical properties due to oxidation of ultra-high has been established in the literature (Baker
et al., 2000; Collier, Sperling et al., 1996; Costa et al., 2006; Costa et al., 1998a; Currier et al.,
1997; Currier, Currier, Mayor, Lyford, Van Citters et al., 2007). Specifically, Baker et al. (Baker
et al., 2000) found that polyethylene highly oxidized by artificial aging demonstrated decreased
ultimate properties and decreased resistance to fatigue crack propagation, shifting fatigue crack
propagation curves (such as those in this study) to the left. This suggests that while annealed
materials had better initial fatigue resistance, they may worsen over time, shifting the fatigue
crack propagation curves left towards those of highly cross-linked and re-melted materials.

Finally, the wear measurement technique had not been fully established in this laboratory
prior to this study. However, the technique is well-established in the literature (Burris & Sawyer,
2009; Saikko, 2006; Zhou & Komvopoulos, 2005). Additional investigations were performed on
the accuracy of the wear measurement and the effect of creep. The accuracy of the wear rate
measurement using the image analysis protocol was found to be about + 6%, which is less than
the standard deviations measured in the range of + 10%. Statistically significant differences were
established with a power of about 85% given these standard deviations, so the accuracy of the
wear measurement was found to be acceptable.

The effect of creep was more substantial. Creep recovery is occurring after several
weeks, manifesting itself both as a reduction in the diameter of the circular wear scar, and as the
presence of a bulge unaccounted for in assuming the wear scar is flat. These changes in geometry
resulted in an overestimation of the wear volume by 14% (due to the change in wear scar
diameter), and by 62% (due to the additional presence of the bulge). However, the trends
amongst the materials are the same considering the change in wear scar diameter, and similar
accounting for the bulge recovery.

The investigation into creep recovery also had limitations. The difficulty in accurately
measuring the radius of the recovered bulge, along with the fact that measurements accounting
for creep could only be performed on the final data point for just four materials suggests that a
more thorough investigation should be carried out before drawing conclusions. One issue with
considering creep in the future is that the wear pins need at least one week to recover; this is not
feasible when the pins are measured every 50,000 cycles during an ongoing test. Important
information would be lost, such as the wear rate behavior throughout the test, and the basis of
steady-state wear rate on more than one data point. Considering the consistent trends and the
limitations of the investigation, creep recovery has not been taken into account in comparing the
materials’ wear behavior.

Microstructural Evaluation

While the tensile, fatigue, wear, and oxidation data provide robust experimental
comparisons amongst the groups, the microstructure results of this study should be considered
with the caveat that image analysis is not an exact method to determine microstructural
parameters. However, alternate methods also have limitations. Differential scanning calorimetry
combined with the Hoffman-Weeks relation is only applicable for uncross-linked materials. This
is also a limitation in the method developed by Van Citters, although a scale factor is introduced
to empirically account for thermodynamic effects in cross-linked materials. X-ray scattering
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estimates lamellar size using an analysis based on Bragg’s law, but assumes a stack of infinitely
long and wide lamellae, and introduces error from its dependence on average crystallinity
measurements (Fruhwirth, Fritz, Freiberger, & Glatter, 2004; Turell & Bellare, 2004).

In comparing the image analysis technique developed in this dissertation to other
techniques discussed above, the parameter estimates were well-correlated with 1) differential
scanning calorimetry estimates of thickness for uncross-linked materials, 2) the Van Citters
estimate of lamellar size (cross-sectional area), and 3) x-ray scattering estimates of thickness on
materials from another study (Simis et al., 2006). However, lamellar thickness and length were
not well-correlated with the Van Citters estimates. This may be explained by the assumption
made in the Van Citters method that the lamellae grow in both dimensions at the same rate, in
combination with error introduced in the MPG technique by using the best-fit rectangle to
approximate those dimensions. On the other hand, the area estimate does not make a
thermodynamic assumption about relative rate of growth in the two dimensions, and is based
solely on the number of pixels in each object rather than on a best-fit rectangle. With respect to
the x-ray scattering comparison, there were only four material groups from another study for
which images were available and x-ray scattering had been performed. Not enough information
was reported to calculate the calorimetry or Van Citters estimates, and it is difficult to establish
correlation with only four data points. One material group in particular was poorly measured by
the MPG image analysis technique and likely reduced the correlation between the two methods.
The lamellae in that particular material were extremely large (about 130 nm compared to 20-50
nm for most ultra-high materials), and well outside the range of lamellar sizes for which the
MPG technique was developed.

It is important to note that with the procedure developed here, it is possible to acquire the
distributions of lamellar dimensions while the other measures report simply a single value. It is
also likely that the filtering process results in lamellae that are skewed small, but this bias is the
same for all groups and so does not affect comparisons or statistical methods based on ranks.
While absolute measurements of lamellar microstructure are challenging to obtain, this image
analysis approach compares favorably to other methods and is appropriate for characterizing
relative differences in microstructures amongst the materials.

With respect to amorphous phase microstructure, cross-link density and free radical
concentration were not directly measured. However, it is well-known that cross-link density is
directly related to the radiation dose (Muratoglu et al., 1999). It has also been established that
artificial aging is an appropriate method to evaluate the oxidative stability of materials and that
aging results are in agreement with free radical concentration measured by electron spin
resonance (Collier et al., 2003; Collier, Sutula et al., 1996; Costa et al., 1998b; Edidin et al.,
2000; Jahan, Wang, Schwartz, & Davidson, 1991). The artificial aging results are consistent with
a recent study by Morrison and Jani (Morrison & Jani, 2009) which reported free radical
concentration for similar annealed materials above 1.0 x 10" spins/gram compared to
concentrations below the level of detection for a re-melted material.

A final microstructural caveat is the relatively small range of microstructures found in the

materials in this study, which limits the ability to quantitatively determine relationships amongst
the treatments, mechanical performance, and microstructures. However, results are consistent
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with other studies investigating ultra-high microstructure and mechanical properties. It has been
similarly reported that crystallinity is highly correlated with elastic modulus (Medel et al., 2007,
Simis et al., 2006) and that fatigue threshold scales better with lamellar size than with
crystallinity (Simis et al., 2006). Dependence of fatigue resistance on crystallinity has also been
reported in other studies that did not evaluate other lamellar size parameters (Baker et al., 2000).
The results in this dissertation suggest that fatigue resistance is correlated with both lamellar size
and with crystallinity, although experimentally these parameters are not independent because a
cross-linked amorphous phase appears to limit both the number and size of re-formed lamellae.
Lamellar thickness in this study was not correlated with fatigue resistance or with any other
parameter, likely due to the small range of lamellar thickness present in these materials
(interquartile ranges from 25 to 40 nm). These results taken together with the literature suggest
that treatments such as re-melting that decrease lamellar size and crystallinity are detrimental to
fatigue crack propagation resistance, and that sliding wear resistance is more dependent on
amorphous phase parameters governed by cross-linking than by lamellar parameters.

4.5 Strength of Study

The principal strength of this study was the large number of distinct clinically-relevant
processing treatments included and the full spectrum of mechanical characterization performed.
For the same group of materials, fatigue crack propagation, wear, oxidation, tensile properties,
and microstructure were evaluated. Materials included two untreated control materials, two
highly cross-linked annealed materials, two moderately cross-linked re-melted materials, and
three highly cross-linked re-melted materials. Comparisons were made amongst materials with
the same total radiation dose (9 Mrad) but subjected to single and sequential annealing, as well
as re-melting. Comparisons were also made amongst materials that had all been re-melted, but
were subjected to various total radiation doses. A further strength of this study is that by
evaluating microstructure along with fatigue resistance, wear resistance, oxidative stability, and
tensile properties, relationships between the treatments, microstructure, and the resulting
mechanical performance were elucidated.
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Chapter 5

Implications and Future Work

5.1 Clinical Implications

This study has important clinical implications. Primarily, none of the clinically-relevant
materials was able to excel in all three areas: fatigue crack propagation resistance, wear
resistance, and oxidative stability. The moderately cross-linked re-melted material did equally
well in all areas, but did not excel in any.

Another implication of this study is for tailoring ultra-high treatments, microstructures,
and designs for better fatigue, wear, and oxidation performance. First, the untreated materials
need improved wear resistance. This might be accomplished by exploring surface treatments
such as polyethylene-glycol (Kane, Ashby, & Pruitt, 2009) or heterogeneous properties graded
through the depth of the material (a cross-linked surface with a non-cross-linked bulk). Second,
the annealed materials lack oxidative stability. This is being addressed using a chemical
antioxidant (vitamin E), which is thought to scavenge more free radicals and inhibit long-term
oxidation (Oral, Godleski Beckos, Malhi, & Muratoglu, 2008; Oral, Rowell, & Muratoglu, 2006;
Oral, Wannomae, Rowell, & Muratoglu, 2007). Previous work on antioxidants shows that
including the antioxidant in the initial resin may inhibit some of the cross-linking, but does not
disrupt the formation of the lamellar microstructure (J. Furmanski et al., 2007). Third, the cross-
linked re-melted materials are deficient in fatigue crack propagation resistance. Improvement
may be achieved by increasing the lamellar volume fraction and lamellar size of re-melted
materials, perhaps by combining cross-linking and re-melting with a secondary high pressure or
thermal treatment (Bistolfi et al., 2009). The poor fatigue resistance of cross-linked re-melted
materials may also be mitigated by designing ultra-high components with fewer design features
such as notches and sharp corners that act as stress concentrators and crack initiation sites.

Understanding the shortcomings of the current marketed materials, as well as the
relationship of mechanical performance to treatment and microstructure, allows for targeted
improvements necessary to produce materials and designs that can withstand rigorous in vivo
mechanical demands and improve the longevity of total joint arthroplasty.

5.2 Future Work: Computational Modeling of Microstructure

Although this dissertation begins to elucidate the relationship between microstructure
and mechanical behavior, that understanding is limited because many of the microstructural
parameters are confounded. For example, materials with larger lamellae tend to have a higher
percent crystallinity. Also, a cross-linked amorphous phase tends to restrict the growth of large
lamellae. The experimental materials in this study were processed to be clinically relevant rather
than to provide a controlled range of microstructures. However, the mechanical effect of specific
microstructural parameters can be investigated using computational modeling of the
microstructure (Figures 5.1 and 5.2).
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Preliminary finite element models have been developed to prove the feasibility of this
computational approach. Two scanning electron microscope images of actual materials from this
dissertation were converted into two-dimensional models in Abaqus (v. 6.6, Rhode Island). The
resolution of the images is approximately 4.4 nanometers per pixel, which is about 5-6 pixels
across the smallest dimension (thickness) of the lamellae. Each pixel is converted into an
element in the model, with thresholding performed to assign a material (amorphous or lamellae)
to each element. The two materials are assumed to be well-bonded to one another as in a typical
composite analysis. This results in a 2D model with two materials, approximately 230,000
elements, and approximately 350,000 nodes representing a 2 micron by 2 micron section of the
ultra-high containing over 100 lamellae.

The two materials chosen for this preliminary analysis had the same 1020 resin and the
same total radiation dose of 9 Mrad, but different heat treatments (1020-9-147 and 1020-3x3-
130). Since the amount of cross-linking is approximately equal for the two materials, the
properties of the amorphous phase are assumed to be equivalent. The properties of the lamella
themselves are also assumed to be the same, but due to the different heat treatments the materials
have different lamellar microstructures (size, crystallinity, and geometry). These two materials
were used to fit material properties to the amorphous and lamellar phases, attributing the 23%
difference in modulus (found in this dissertation) to the known differences in lamellar
microstructure (size, crystallinity, geometry).

To fit the unknown material properties of the amorphous and lamellar phases, an initial
approximation was obtained using optimization analysis based on the rule of mixtures (Matlab v.
7, Natick, Massachusetts). Optimization provided initial approximations of E = 980 MPa and v =
0.48 for the lamellar phase, and E = 68 MPa and v = 0.44 for the amorphous phase. Finite
element models run with these initial properties resulted in a 17.5% difference in bulk stiffness.
(Percent difference of 2D stiffness is analogous to percent difference of experimentally-
determined 3D modulus; stiffness is defined as the total reaction force at the constrained bottom
surface divided by the imposed displacement at the top surface (10% strain)) To further refine
the material properties, finite element analyses were run varying both the modulus and Poisson’s
ratio with the goal of a 23% difference in stiffness. Results fit E = 1150 MPa and v = 0.48 for the
lamellar phase, and E = 50 MPa and v = 0.44 for the amorphous phase. A subsequent sensitivity
analysis showed that the model stiffness was more sensitive to changes in the amorphous
modulus than in the lamellar modulus (by an order of magnitude). The model stiffness was
equally sensitive to changing the Poisson’s ratio in the amorphous and in the lamellar phase.
Overall, model stiffness was more sensitive to changes in modulus than in Poisson’s ratio.

This preliminary exploration demonstrates that using the scanning electron microscope
images of actual experimentally-characterized materials can be used to build computational
models of the microstructure. The next steps of this study are to use the fitted material properties
to predict the percent difference in stiffness (modulus) of the 1020-9-130 material, which has the
same amorphous and lamellar properties but a slightly different lamellar microstructure. After
this validation is complete, a verification of the model can be performed by increasing the
number of elements and making sure the results are consistent.
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After the models and the material properties have been fully validated and verified, an
untreated material (1020-0-0) with a known lamellar geometry, known lamellar properties, and a
known modulus can be used to determine the amorphous properties for an uncross-linked
material. Then idealized microstructures can be developed to test the effect on stiffness (for both
cross-linked and uncross-linked ultra-high) when varying one microstructural parameter (percent
crystallinity, lamellar thickness, lamellar length, amorphous properties representing cross-
linkning) while holding all others constant. These results can be verified in part with the
experimental correlations found in this dissertation.

Another application of computational modeling of the microstructure of ultra-high is to
explore the effect of lamellar orientation and plastically-deformed states (discussed more in
Appendix B) on the local mechanical behavior. This can be related to the oriented damage layer
that is a precursor to wear, and to the theory of energy dissipation at the crack tip presented in
this dissertation. From previous experimental work, the stress-strain relationship for the
individual materials is known at each point of the stress-strain curve, and so could be
approximated as locally linear for use in the models.

It is important to note the limitations of this proposed computational analysis. The models
are two-dimensional and linear elastic and so results are somewhat restricted to the stiffness
behavior at small strains, or to behavior at a specific linearly-approximated part of the stress-
strain curve. A non-linear analysis would be required to probe yielding or failure behavior.
However, with the experimental characterization performed in the dissertation, it would be
possible to refine the model to incorporate a non-linear viscoelastic material model. Another
limitation is that the two phases are considered well-bonded and so interactions and tie molecules
are not taken into account. This assumption is violated at high strains near failure where tie
molecules become important. For immediate future work, small strain behavior can still provide
important insight on relationships between microstructural properties and mechanical behavior,
as well as orientation effects, which will provide a deeper understanding of the
micromechanisms of wear and crack propagation resistance.
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Figure 5.1. Representative finite element model with boundary conditions and displacement applied to
obtain the stiffness. Dimensions of the unstrained model (/eff) are 2 x 2 microns.
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5.3 Closing Thoughts

This dissertation is the first study to simultaneously evaluate fatigue crack propagation,
wear, and oxidation in a wide variety of clinically-relevant ultra-high. The results have important
clinical implications. Primarily, none of the clinically-relevant materials was able to excel in all
three areas - fatigue crack propagation resistance, wear resistance, and oxidative stability. The
trade-off demonstrated is critical to the material’s long-term success in total joint replacements:
1) excessive wear is a historical problem that results in large numbers of failures; 2) poor
resistance to fatigue crack propagation and fracture has been implicated in recent reports of
cross-linked re-melted hip liners fracturing in vivo; and 3) highly oxidized ultra-high cannot
adequately withstand in vivo demands. Although this dissertation begins to elucidate the
relationship between processing treatments, microstructure, and mechanical behavior, our
understanding is limited because many of the microstructural parameters are confounded. The
mechanical impact of specific microstructural parameters can be investigated further using
computational modeling. Understanding the shortcomings of the current marketed materials, as
well as the relationship of mechanical performance to treatment and microstructure through
experimental and computational investigation, allows for targeted improvements needed to
produce materials and designs that can withstand rigorous in vivo mechanical demands and
improve the longevity of total joint arthroplasty.
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Appendix A

Clinical Case of Fracture in an Orthopaedic Implant

A.1 Introduction

This dissertation has discussed the potential for failure of orthopaedic implants by fatigue
crack propagation (and ultimately fracture) of the ultra-high component. Orthopaedic implants
can also fail by fracture of the metal components. This clinical case illustrates the factors
contributing to fracture of the metal stem of a hip implant, including modular design, fretting and
corrosion.

Modularity is an important aspect of total hip replacement design. A modular Morse taper
is commonly used to attach the femoral head to the titanium alloy stem. Newer double-modular
designs incorporate a second interface at the neck-stem junction. Increased modularity allows the
surgeon to restore patient anatomy such as leg length, lateral offset, and femoral anteversion, and
to better balance the soft tissue for optimal biomechanics. However, modularity also increases
the number of mechanical junctions which may lead to fretting (micromotion) (Viceconti,
Baleani, Squarzoni, & Toni, 1997), corrosion (Collier, Surprenant, Jensen, Mayor, & Surprenant,
1992; Jacobs, Gilbert, & Urban, 1998), and ultimately fracture of the device.

A catastrophically-failed double-modular Profemur® Z (Wright Medical, Arlington, TN)
stem with a fractured neck component at the neck-stem junction was evaluated. This retrieval is
an opportunity to analyze the mechanical failure mechanisms associated with a double-modular
design. It was hypothesized that modularity at this junction resulted in fretting and crevice-

corrosion, which led to crack initiation and, upon the application an overload event, to fracture
(Figure A.1).

Overload

Event
sharp crack on

o tensile side of

site for corrosion bending C

micromotion

Crack

Initiation Fracture

Figure A.1. Schematic illustration of the fracture process (not to scale): fretting due to micromotion between the

neck and stem results in breaking down the passive oxide layer on the titanium; crevice corrosion is caused by the

constant loss and repassivation of the oxide layer; crack initiation results from the exacerbated local environment;
and finally fracture upon the application of an isolated overload.
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A.2 Case Report

In June, 2006, a 30 year old man with Rheumatoid Arthritis who was 6'6", 242 Ibs (BMI:
29) underwent an uncomplicated right total hip arthroplasty with a cementless ProFemur® Z hip
stem with a long neutral neck and ceramic-on-ceramic articulation. His hip functioned well until
April, 2008, when he suffered a fall on his right hip, and was taken to the emergency room,
where radiographs revealed a fractured femoral stem. Subsequent revision surgery revealed a
fracture of the modular neck component approximately 2 mm below the edge of the stem. The
portion of the fractured neck press-fit down inside the stem could not be removed from the stem
(Figure A.2).

Figure A.2. (Left) Anterior-posterior radiograph showing fracture of the modular neck. (Right) The Profemur Z®
retrieval with fracture of the modular neck component about 2 mm below the edge of the stem. The fractured region
of interest (boxed) is shown in cross-section in Figure A.3 and in detailed side-view in Figure A.4.

The Profemur® Z design is based on double-modular devices used extensively in Europe,
and was first introduced to the U.S. in 2002 after approval by the FDA. The stem and neck are
both manufactured from an orthopaedic titanium alloy, and are offered in 9 stem sizes and 12
neck sizes to accommodate a range of leg length and femoral anteversion adjustments (Wright
Medical Technology).

The fracture surfaces of the retrieval were inspected using optical and scanning electron
microscopy. Optical images were taken using a high-resolution digital camera (Sony XCD-
SX910, Tokyo, Japan), and scanning electron micrographs were obtained using a Hitachi TM-
1000 at magnifications up to 500X (Schaumburg, Illinois).
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A.3 Results

Visual inspection and microscopy of the fracture surface revealed large pits at the
fracture initiation site. The initiation site was identified at the center of large-scale concentric
crescent-shaped features near the lateral anterior corner of the neck (Figure A.3). These crescent-
shaped features were determined not to be beach marks after inspection with scanning electron
microscopy, indicating that the fracture was not induced by fatigue. Further evaluation of the
initiation site with scanning electron microscopy showed pitting at the edge of the fracture
surface, including a large pit nearly 200 microns in diameter (Figure A.3).

The fracture surface also indicates several modes of fracture which suggest a chronology
for the fracture process: 1) the dark, rough area near the initiation site is indicative of an initial
sharp crack due to crevice corrosion, 2) the lighter, smooth area is likely the region of
catastrophic fracture, and 3) the region of tearing in the opposite diagonal corner is where the
component was finally torn (fractured) into two pieces (Figure A.3).

Fracture Crack
Transition Initiatio

Figure A.3. Fracture surface showing the initiation site near a large pit (right) and the transition to catastrophic
fracture (left). A region of tearing is seen in the corner opposite initiation, where the component finally fractured
into two pieces. Note that the initiation site at the lateral anterior corner occurred on the tensile side of bending.
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The outer surface of the neck at the neck-stem junction shows areas of burnishing,
indicating micromotion and fretting wear (Figure A.4). Also, the edge of the fracture surface was
folded over, probably due to contact with the mating surface during patient movement before
retrieval.

Figure A.4. Optical microscopy depicting areas of burnishing and fretting, which indicate micromotion between the
neck and stem. This region is zoomed-in on the box in Figure A.2.

A.4 Discussion

This retrieval illustrates that stem-neck modularity contributes to susceptibility to
corrosion-induced fracture in vivo. The retrieval exhibits fretting at the neck-stem junction, large
pits at the crack initiation site, and several modes of fracture. This evidence suggests that
micromotion at the modular interface between the neck and the stem resulted in fretting which
led to crevice corrosion and pitting. This process generated a sharp crack that, upon the event of
the patient’s fall, resulted in catastrophic fracture of the neck (Figure A.1).

Orthopaedic metal implants are susceptible to corrosion due to the body’s aggressive
environment. Orthopaedic alloys, including titanium as illustrated in this case, rely on a passive
oxide layer on the surface for protection against corrosion. However, fretting can continually
wear away the oxide film (TiO;), requiring constant repassivation. This is one reason that
titanium is not typically used as a bearing surface in orthopaedics. This repassivation process,
when occurring in a crevice such as the modular neck-stem interface, depletes the limited oxygen
supply and decreases the local pH (Jacobs et al., 1998). This progression exacerbates the acidic
environment and promotes further corrosion, resulting in pitting and the formation of sharp
cracks.

Corrosion-induced cracks may result in catastrophic fracture upon the application of high
stresses at the neck-stem junction. This process is called stress corrosion cracking and is often
associated with tensile stresses such as the bending stress at the initiation site of this retrieval
(Gilbert, Buckley, & Jacobs, 1993). In the absence of high stresses, a corrosion-induced crack
may not result in fracture. Similarly, in the absence of a corrosion-induced crack, the same high
stresses may not result in fracture. However, this retrieval shows that a critical combination of
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corrosion-induced crack length and high stresses can occur in vivo and lead to catastrophic
failure.

Tensile bending stresses in the neck are highest at the neck-stem junction and increase
with increasing neck length (Figure A.5). The modular neck can be considered a cantilevered
beam held in place by the stem, with a force applied at the femoral head. With no change in
cross-sectional geometry, the bending stresses increase linearly with distance from the applied
force according to the following equation:

(FLsin©)
~ md3/32 (A1)
where ¢ is the bending stress in the neck, F sin © is the perpendicular component of the applied
force, L is the distance to the applied force (approximately the neck length), and d is the diameter
of the neck’s roughly circular cross-section. In other words, a long neck will bend more and
exhibit higher stresses than a short neck. According to the manufacturer’s information on this
particular device, the long neck length option is about 25% longer than the standard neck length,
producing roughly 25% higher bending stresses (Wright Medical Technology). This equation
does not take into effect the changing cross-sectional geometry of the neck. However, this
analysis suggests that higher stresses will contribute to a greater risk of fracture in long necks. In
this case a long neck was used in a relatively tall, heavy patient, which contributed to stresses
high enough at the neck-stem junction to propagate the corrosion-induced crack.
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Figure A.5. Schematic illustration (not to scale) showing that bending stresses at the neck-stem junction increase
linearly with neck length. Long neck lengths result in increased stresses that may contribute to corrosion-induced
fracture at the neck-stem junction.
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Fretting and crevice corrosion without catastrophic fracture have been previously
reported in other double-modular hip devices (Kop & Swarts, 2009; Viceconti et al., 1997) and
are well-documented in single Morse tapers at the head-neck junction (Brown et al., 1995;
Collier et al., 1992; Schaaff, 2004). Corrosion of the Morse taper can involve a galvanic cell
produced by two dissimilar metal alloys such as cobalt chromium and titanium. However, a large
retrieval study of Morse tapers by Brown et al. found that fretting and crevice corrosion occurred
equally in cases of identical metals (Kop & Swarts, 2009). This retrieval supports the conclusion
that the corrosion process in orthopaedic devices does not require two dissimilar metals, and that
the corrosion conditions leading to fracture can be present in double modular designs.

This case of neck fracture in this particular double-modular design is not an isolated
incident. A review of the FDA’s adverse event report database reveals at least eight other
reported instances of fractured necks in this device design since July 2006 (FDA, 2009). The
time in vivo of these reported failures ranges from 15 months to 42 months, with no specific
indication of traumatic events such as falls. When activity was reported at the time of the event,
one patient was reportedly running on the treadmill, one getting up from the sofa, and one
walking. Two instances relate the location of the fracture as the “base of the neck” and “flush
with the stem” similar to this case. The other instances do not specify the location on the neck.
No images were included and the explants were reportedly returned to the manufacturer.

The events described above suggest that this fracture is not a single occurrence, but is
instead a representative case of the trade-off in modular design used in orthopaedic implants.
While modularity enables the surgeon to better-optimize the patient’s biomechanics and
anatomy, additional mechanical junctions can lead to corrosion processes resulting in fracture.
Based on these findings, it appears that there is a risk of implant fracture at the stem-neck
junction when using double modular devices with long neck lengths in heavy patients. Given the
occurrence of fretting due to modularity, the high stresses at the neck-stem junction, and the
cyclic nature of loading on hip prostheses, the modular neck component is likely at risk for
fracture without the occurrence of a traumatic event.
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Appendix B

Evolution of Lamellar Alignment in Plastically-Strained Ultra-High

B.1 Introduction

As discussed in this dissertation, cross-linked ultra-high was introduced in joint
replacements due to its observed decrease in wear. Concomitantly, cross-linking introduces free
radicals that cause oxidative degradation of the material, and so must be followed by re-melting
to neutralize free radicals. However, cross-linking and re-melting decreases the fatigue crack
propagation resistance and lowers ultimate properties relative to conventional ultra-high. This
trade-off may be better-understood by evaluating the plasticity-induced lamellar alignment
occurring at the microstructural level during wear and crack propagation.

It has been proposed that plasticity-induced alignment of the crystalline lamellae parallel
to the sliding direction is a precursor to wear (Edidin et al., 1999; Wang, Stark, & Dumbleton,
1996). Therefore, the decrease in wear observed in cross-linked ultra-high is thought to result
from the cross-linked network restricting lamellar alignment (McKellop et al., 1999; Muratoglu
et al., 1999). Furthermore, lamellar orientation and size have been shown to affect crack
propagation resistance in this dissertation and elsewhere (L. Pruitt & Bailey, 1998). However,
limited work has been done to understand the micromechanisms responsible for lamellar
alignment.

This study seeks to elucidate plasticity-induced lamellar alignment in conventional ultra-
high. A better understanding of this process will serve to establish the relationship between
lamellar alignment and mechanical behavior in total joint replacements.

B.2 Methods and Materials

Uniaxial tensile tests were performed on an Instron 8871 servohydraulic load frame using
machined dog-bone specimens (ASTM Type IV) of medical-grade conventional untreated GUR
1020. The specimens were strained at 0%, 25%, 100%, 240%, and 400% engineering strain at a
rate of 5 mm/min while subject to room temperature compressed air jet cooling. Samples were
then taken from the middle of the gage section and subjected to several characterization
techniques (Figure B.1). A potassium permanganate etching procedure which preferentially
removes the amorphous phase was followed by field emission scanning electron microscopy
(SEM) to qualitatively evaluate the initial and altered crystalline lamellae in terms of orientation
and size. Crystallinity and melting temperature were assessed using differential scanning
calorimetry (DSC) on samples of approximately 10 mg. The chemical composition of the
samples was analyzed using attenuated total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR). Details on the methods and equipment are found in Chapter 2.
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Figure B.1. Schematic of testing and characterization procedure. Modified from original image by Alastair Kilgour.

B.3 Results

Scanning electron microscope images show that lamellar alignment in the direction of
applied stress became apparent at 240% engineering strain and higher. Alignment was
accompanied by lamellar stack rotation, lamellar bending, localized lamellae break-up, and a
shallower penetration of the etchant (Figure B.2). No statistically significant changes in
crystallinity, melting temperature, or chemical composition were observed, although there was a

trend for the crystallinity and melting temperature to decrease as the strain increased to failure
(Table B.1).

DSC Thermal Analysis Results
Engineering strain (%) 0% 25% 100% 240%  400% Fail

Crystallinity (%) 470 469 45.9 452 423 40.7
Mean + 8.D. (n=3) +1.2 +07 +12 +1.3 +0.3 +1.7
Melting Temp {°C} 1393 1392 1306 1374 1375 1377
Mean + 8.0. (n=3) +09 +14 +10 +18 +03 15

Table B.1. Results from thermal analysis of the strained ultra-high showing decreasing crystallinity and melting
temperature with increasing strain.
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Figure B.2. Scanning electron microscope images of the lamellae demonstrating features of plastic deformation at high levels of engineering strain including:
lamellar stack rotation, lamellar bending, local lamellae breakup (fragmentation), and shallower etchant penetration.



B.4 Discussion

In this uncross-linked conventional ultra-high, the onset of large-scale lamellar
orientation is evident at 240% engineering strain (approximately half of failure strain). The
observed localized breakup of lamellae and the appearance of bent (v-shaped) lamellae at 240%
strain is evidence of physical breakdown (fragmentation) of individual lamellae upon aligning in
a more closely-packed environment.

The shallower penetration of etchant above 240% strain suggests a loss of free volume as
the stretched amorphous chains draw together and form a weak pseudo-crystalline phase between
the lamellae (Bartczak & Kozanecki, 2005). Evidence of lamellar stack rotation accompanied by
smaller lamellae at these strains indicate interlamellar shear and possible chain pull-out (Lin &
Argon, 1994). The homogeneous nature at ultimate strain indicates the evolution of a quasi-
single crystalline nature, supported by a decreasing trend in melting temperature and crystallinity
due to lamellae fragmentation.

The ability of lamellae to orient in response to applied plastic strains may be an important
mechanism for wear and fatigue resistance. For example, it has been widely suggested that wear-
resistant cross-linked ultra-high inhibits lamellar alignment by forming a network in the
amorphous phase (McKellop et al., 1999; Muratoglu et al., 1999; Zhou & Komvopoulos, 2005).
It has also been suggested in this dissertation that resistance to fatigue crack propagation depends
on energy dissipation at the crack tip. Such energy in front of the crack tip may be taken up by
re-orientating lamellae, bending lamellae, and physically fragmenting lamellae by chain pull-out.
Extending this investigation to cross-linked ultra-high would be a next step in understanding
microstructural evolution and its influence on plastic deformation, wear, and fatigue resistance in
clinically relevant orthopaedic materials.
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