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ABSTRACT

Pitting and delamination wear of ultra high molecular weight polyethylene (UHMW-PE) tibial pla 

teaux for total joint replacements have habitually been attributed to a fatigue crack growth 

mechanism associated with a combination of high sub-surface cyclic shear stresses and degrada 

tion of the chemistry and structure of UHMW-PE caused by the gamma-irradiation sterilisation 

standard procedure. However, the exact mechanisms by which cracks initiate and grow in UHMW- 

PE are not known and the relationships between these mechanisms and pitting and delamination 

are only assumptions based on qualitative observations.

A fracture mechanics approach based on the J-integral concept of plane strain crack initiation 

toughness was therefore applied in order to firstly obtain the fracture toughness and crack growth 

stability of UHMW-PE and secondly to determine the mechanisms by which pitting and delamina 

tion occur in vivo. It was necessary to modify the existing standard ASTM E813-89 for the treat 

ment of experimental J data in order to accommodate for the large crack tip plasticity and pro 

nounced ductile tearing. This modified method was then applied to a detailed investigation of the 

influence of sterilisation and ageing on the chemical, physical and mechanical properties of 

UHMW-PE. Simulated shelf and in vivo environments enabling a rapid ageing of UHMW-PE cor 

responding to 10 years of natural ageing were developed. Sterilisation was either conducted by 

gamma-irradiation in air or nitrogen, or by gas plasma.

In virgin UHMW-PE, cracks propagated by a succession of plastic deformation and craze nuclea- 

tion over thin layers of material, yielding a very high value of J (90 kJ/m 2 ) at 37 : C. Gamma- 

irradiation in air followed by 10 years ageing resulted in a highly brittle material with a crack initia 

tion fracture toughness reduced by 78% and a mechanical behaviour approaching that of a linear 

elastic material i.e. creation of a "cup-and-cone" in tension and formation of 45" shear lips in three- 

point bending. On the other hand, gas plasma sterilised UHMW-PE could not be differentiated 

from unsterile UHMW-PE in either its physical nor mechanical properties.

Qualitative correlations existed between the presence and location of highly oxidised regions and 

the crack initiation fracture toughness of the material. Quantitatively, the J-initiation toughness 

exhibited a hyperbolic decrease with increasing density and oxidation index while the tensile se 

cant modulus linearly increased with density. From these empirical relationships, a model was 

created which described the variation of the fracture toughness with depth within a UHMW-PE 

sample. This model indicated that the zones of high density, oxidation and crystallinity correspond 

to the areas of maximum shear stress and minimum fracture toughness and that the propensity of 

UHMW-PE to suffer pitting, delamination and high wear rates through a fracture mechanism is 

significantly increased by extensive oxidative degradation.
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INTRODUCTION

Ultra high molecular weight polyethylene (UHMW-PE) is a low strength, tough, exceptionally wear 

resistant semi-crystalline thermoplastic used in load-bearing components for orthopaedic applica 

tions such as total hip/knee prostheses. Used for over three decades, UHMW-PE has fulfilled its 

biomechanical application as a bearing material between two metallic components with success, 

long-term analyses indicating survival rates over 95% after 10 years in service. Since the advent 

of total joint arthroplasty in the 1950s many serious problems have been faced by clinicians and 

designers. In the early years the actual design of the prostheses was found to be the major source 

of failure with, for example, the hinged knees producing low success rates. Following the devel 

opment of anatomically shaped total condylar prostheses the second major difficulty faced by the 

orthopaedic community has been the problem of fixation, with the majority of clinical failures being 

attributed to aseptic loosening at the bone-implant interface. Major improvements in cementing 

techniques and the development of cementless/hybrid prostheses have led to a significant reduc 

tion in these forms of failure. Designers and material scientists are now facing their most challeng 

ing obstacle yet : extensive peri-prosthetic osteolysis caused by wear debris-induced inflammatory 

reactions causing inflammation of the joint, bone resorption and aseptic loosening. Excessive wear 

of UHMW-PE, especially in total knee arthroplasties, also leads to mechanical failure in the form 

of complete fracture or dissociation of the components. In fact, wear of UHMW-PE is now the pri 

mary cause of failure of total joint replacements.

Extensive research into the wear of UHMW-PE in vivo has led to the understanding of some of the 

mechanisms and processes responsible for wear. Briefly, seven modes of wear have been identi 

fied (burnishing, abrasion, scratching, deformation, particle entrapment, pitting, delamination) and 

are used to qualify wear in retrieved components. In vitro wear testing usually aims at reproducing 

such modes. Pitting and delamination, presented as the most deleterious forms of wear since they 

create abundant surface damage and release large amounts of particles, have been attributed to 

the large contact stresses produced by the generally low congruency of tibial plateaux and high 

physiological constraints. A fatigue mechanism is believed to be responsible although no experi 

mental data unambiguously establishes such a relationship. Mechanistically, high cyclic sub 

surface shear stresses and surface tensile/compressive stresses combine to produce sub-surface 

cracks which either coalesce parallel to the surface until a fragment is formed (delamination) or 

propagate from the surface or towards the surface to release smaller debris and form crevasses 

(pitting). Evidence to substantiate this theory emerged from finite element analyses which associ 

ated the position of the maximum shear stresses with that of delamination and also from retrieval 

studies which showed that the characteristics of pit surfaces resembles that of fatigue samples. 

However, various questions remain unanswered :
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(I) How is a crack created in the first place ? Indeed, the only source of microscopic cracking in 

UHMW-PE are structural defects.

(ii) What mechanism governs the propagation of cracks since UHMW-PE is crack propagation re 

sistant ?

(iii) How can gross fracture of 10 mm thick components occur whilst others do not fail and why are 

failure rates within one population of prostheses disparate ?

(iv) Finally, why are delamination and pitting not observed in virgin UHMW-PE ? If the theory 

linking the position of maximum shear stresses to that of delamination is correct, delamination 

should occur in any situation.

Gross brittle fracture of UHMW-PE tibial inserts is probably one of the most surprising phenome 

non occurring in vivo. Laboratory experiments such as tensile or impact tests have not produced 

brittle fractures. On the contrary, UHMW-PE possesses the highest impact strength of all engineer 

ing thermoplastics and an elongation at break above 500% at a physiological temperature of 37'C. 

Recent efforts have been directed towards understanding the propensity of UHMW-PE to become 

embrittled in order to explain high in vivo wear rates and surface damage. This research has re 

vealed an extensive degradation of the chemistry and morphology of UHMW-PE following y- 

irradiation sterilisation at normal doses of 2.5 MRad and subsequent oxidation during storage. 

Oxidative degradation leads to a break-down of the molecular chains into low molecular weight 

fragments and to recrystallisation, producing a denser material with increased stiffness and limited 

chain mobility. Oxidation has been shown to continue with time and to severely affect the me 

chanical stability of UHMW-PE in vivo. Recently, the theory of sub-surface delamination caused by 

sub-surface shear stresses has been modified to include the fact that oxidation is maximum in re 

gions of delamination. The current consensus is therefore that the highest constraints occur in em 

brittled regions and that this relationship explains delamination and pitting and possibly gross brit 

tle fracture. Limited experimental evidence corroborates this theory in terms of explaining the re 

lationship between oxidation and the propensity for delamination i.e. why does oxidised material 

fail by crack formation ? Embrittlement of UHMW-PE is known to degrade its tensile and wear re 

sistance properties and conclusions have been drawn regarding the toughness of the oxidised 

material. No data is however available on the fracture properties of UHMW-PE although it is clear 

that the mechanisms of crack initiation and propagation are governed by these characteristics i.e. 

a clear understanding of the fracture behaviour should provide a more accurate representation of 

the embrittlement characteristics or crack propagation mechanisms. In addition, wear rates are 

known to increase with levels of oxidation although the exact mechanisms are not clearly under 

stood. Embrittlement has been held responsible but why is oxidised UHMW-PE more prone to 

wear than unsterile UHMW-PE ?

Concerns about the deleterious effects of y-irradiation sterilisation have recently lead the ortho 

paedic community to seek alternative methods which would limit or eliminate oxidation. Since oxi-
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dation is primarily governed by the presence of molecular oxygen, the first action was to eliminate 

oxygen from around the components by replacing it with an inert gas such as nitrogen. Although 

advantageous during shelf storage, this technique does not inhibit oxidation in vivo. Other non- 

irradiating techniques such as ethylene oxide or gas plasma are now being increasingly investi 

gated although very limited experimental data is available and long-term survivorship analyses are 

few and far between. Thus far, the long-term effects of oxidation have only been assessed from 

samples aged naturally for a number of years and this has greatly limited the amount of data 

available to the scientific community. In the past two years, a number of "accelerated" ageing 

methods have been proposed in order to simulate, in weeks, the effects of years. Again, the data 

available from these procedures is limited and usually only includes oxidation levels, density, fa 

tigue or wear results.

In summary, the current issue is to elucidate the mechanisms and origins of wear of UHMW-PE in 

vivo. The following questions therefore need to be answered if major improvements in the long- 

term clinical outcome of total joint replacements are to be achieved through a complete under 

standing of the chemical, physical and mechanical behaviour of UHMW-PE whilst implanted in the 

body :

(i) What is the exact relationship between the chemical and physical changes induced by y 

irradiation and ageing and the increased propensity for wear and delamination ? 

(ii) What are the long-term effects of oxidation on the mechanical properties of UHMW-PE and 

especially on its fracture behaviour ?

(iii) In view of question (ii), is it possible to accurately simulate long-term effects in a practical 

short-term period in order to predict the long-term mechanical behaviour of UHMW-PE ? 

(iv) Which critical physical or mechanical characteristics govern the occurrence of wear and de- 

lamination ?

(v) What are the advantages and long-term effects of non-irradiating sterilisation methods such as 

ethylene and gas plasma in comparison with ^irradiation ?

It is the objective of this study to answer these questions and the following hypothesis is put for 

ward as a basis for the experimental work and proposed models presented herein : the failure of 

UHMW-PE components in vivo through excessive wear, delamination or gross fracture is caused 

by a fracture process induced by an oxidation mechanism.

The framework for this investigation is principally based on a fracture mechanics approach of 

crack initiation and propagation in UHMW-PE and the effects of various sterilisation methods and 

ageing environments on the fracture toughness and crack growth stability. From the experimental 

data, models relating the fracture characteristics of the polymer to its chemistry and morphology 

will be developed in an attempt to mechanistically explain wear and delamination. The following 

experimental programme was accordingly formulated :
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(1) Assessment of the viscoelastic, tensile and compressive properties of UHMW-PE and the ef 

fects of temperature on these properties. This investigation is principally intended to improve the 

characterisation and understanding of the basic mechanical properties in order to firstly recognise 

the fundamental behaviour of UHMW-PE and secondly to provide reference values for future use 

in the study and in finite element models.

(2) Development of a test method (from existing theories and standards) for the qualitative and 

quantitative measurement of the fracture behaviour of UHMW-PE. This method should be suitable 

in terms of accuracy and significance of the results, model as closely as possible the application 

and be relevant to a range of behaviours i.e. from highly ductile to brittle. A scanning electron mi 

croscope will provide insight into the microscopic aspect of fracture.

(3) Development of a method permitting the ageing of UHMW-PE in an accelerated manner in 

order to simulate the long-term effects of oxidation on the physical and mechanical properties of 

UHMW-PE. The design brief for this method includes (a) a close simulation of natural conditions 

i.e. shelf storage and physiological environment (complete life of components), (b) accelerating 

factors permitting the simulation of at least 5 years of ageing in as short a time as possible al 

though without inducing major changes which would not occur naturally and (c) that the method 

should be simple and reproducible within acceptable limits.

(4) Mechanical (tensile, compressive, fracture), physical (density, gel content, crystallinity) and 

chemical (oxidation) testing of UHMW-PE following four forms of sterilisation (unsterile, y- 

irradiated in air, y-irradiated in nitrogen, gas plasma sterilised) and four ageing environments and 

periods (no ageing, simulated shelf ageing, simulated in vivo ageing, combined simulated shelf 

and in vivo ageing). The results of this investigation will be treated mathematically to obtain em 

pirical relationships between the mechanical and physical properties and to propose models ex 

plaining wear and delamination. Recommendations for alternative sterilisation methods will be de 

duced from the results.

This experimental investigation should enable the following general objectives to be achieved :

(A) Development of a testing procedure permitting the assessment of various physical and me 

chanical properties under various conditions in a controlled manner.

(B) Determination of relationships between physical and mechanical properties, and between the 

extent of degradation and the mechanical behaviour.

(C) An understanding of delamination and wear processes from a fracture mechanics view-point.

(D) Determination of a less deleterious sterilisation method.
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1. TOTAL KNEE ARTHROPLASTY AND MEDICAL GRADE ULTRA 

HIGH MOLECULAR WEIGHT POLYETHYLENE

1.1 Designs and Materials for Total Knee Replacements

The human body comprises over 300 joints divided into cartilaginous and synovial types. Synovial 

joints, such as the knee, facilitate motion between two bones, support taxing loads and provide 

limb stability. Schematically, the knee joint is a multi-degree of freedom joint which can schemati 

cally be represented by a highly modified hinge with a condylar unit, allowing two degrees of free 

dom (flexion-extension and rotation) and resulting in highly incongruent articular surfaces and in 

stability. Motion is divided into primary (flexion and extension) and secondary (A/P displacement, 

internal rotation (±5°), varus/valgus) motions. Primary motion comprises of rolling (0-20°), poste 

rior sliding (>30°) and screw-home rotation during extension. The articulating surfaces of the con- 

dyles are covered with hyaline cartilage (fibre reinforced matrix of collagen) which protects the 

underlying bone, facilitates movement and absorbs shocks. Lubrication of the joint is provided by 

a highly viscous synovial fluid (0.5-2.0 ml in a healthy joint) which is a dialysis product of blood 

plasma and water with proteins, salts and hyaluronic acid (which produces the viscosity). Cartilage 

is subjected to forces 3-4 times body weight created by body weight, pull of musculotendinous tis 

sues and external forces. 1 Although efficient, the knee is susceptible to trauma and the large mo 

bility (160°), high constraints and instability induce osteoarthritis which results in cartilage roughen 

ing, increased friction, wear and loss of function. Since no drugs exist to cure osteoarthritis, total 

knee replacement has become an accepted method for the treatment of such a condition.

Functional requirements of joint endoprostheses are to relieve pain, provide an adequate range of 

motion, stability and kinetics, sustain normal loads and last 20 years. Problems arise from the 

complex structure and function of a natural joint, biological environment, fixation requirements and 

biocompatibility. In the case of the knee, various concepts have been conceived. Early designs 

(1960s) were of the hinge concept based on geometrical considerations of the knee (tibia rotating 

around a fixed axis going through the femoral condyles in a M/L direction). However, rotation, 

sliding and rocking were not allowed, leading to extreme constraints on the hinge shaft, resulting in 

serious failures such as loosening and fracture of the femur. 2 In the 1970s, total condylar designs 

were developed to reproduce the anatomy of the femoral condyles and permit an anatomical 

range of motion while reducing bone loss. However, stability has been a major problem. In a hu 

man joint, stability is provided by the anterior and posterior cruciate and collateral ligaments which 

are disrupted by osteoarthritis and resurfacing of the tibial plateau. Two families of prostheses 

therefore evolved : cruciate retaining and cruciate sparing, both providing characteristic advan 

tages and disadvantages depending on the patient's needs. 3 Different designs present subtle
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changes in shapes, dimensions and material combinations in order to solve a particular problem 

such as range of motion and stability. In the 1970s, all-polyethylene tibial components were intro 

duced to increase flexibility of the tibial plateau. With the need for longer service lives, problems 

of contact stresses at the articulating surfaces have emerged, 4 leading to the concept of metal- 

backing to improve polymer inserts support, 4 although clinical evidence does not always support 

this decision. 5 " 9 Currently, designs are based on one-piece total condylar femoral components and 

metal-backed polyethylene tibial components. Fixation is either cemented (polymethyl- 

methacrylate) or cementless (porous-coated) and the cruciate ligaments either sacrificed or 

spared.

Apart from the design, materials represent a primary factor in the success of prostheses. The ma 

terial and its debris must be non-toxic, of adequate static and dynamic strength and stiffness, re 

sistant to degradation by the body environment and wear resistant. These properties determine the 

long-term chemical and mechanical stability and therefore the life expectancy of the artificial joint. 

The first use of a polymer in a load bearing capacity in the body was in the 1920s when Smith- 

Petersen interposed celluloid between a femoral head and acetabular cup. In the 1940s, acrylic 

cups were implanted by Judet but proved too brittle. In the 1950s, Charnley developed his first 

metal-on-plastic low friction prosthesis in which a stainless steel femoral head articulated with a 

plastic cup made of polytetrafluoroethylene which proved disastrous because of high wear rates 

and granuloma formation. In 1962, Charnley replaced it by UHMW-PE known to be wear resistant 

and inert. UHMW-PE has not since been replaced, despite attempts to strengthen it with carbon 

fibres (Poly-Two), modify its structure (Hylamer) or replace all-together with polyacetal (Delrin) 

which was clinically tried in the 1970s but abandoned because of high failure rates. 10

1.2 Structure and Properties of UHMW-PE 

1.2.1 Polymerisation and Structure

UHMW-PE is a linear, low-pressure semi-crystalline polyethylene resin formed by addition polym 

erisation during which a Ziegler catalyst breaks down the double bond of the ethylene mer to initi 

ate two active centres which combine with adjacent mers to form polyethylene. This propagation 

step, the extent of which determines the molecular weight (typically 4.106 ), eventually stabilises 

and terminates by combination of free radicals or formation of protons. Low pressure favours line 

arity of the chains over side-branching while the length of the chains hinders mobility, resulting in a 

medium crystallinity (55%). Processing of UHMW-PE into semi-finished products is complicated 

by the high viscosity and requires special processing procedures. Upon melting, the molecules 

tangle and coil and, upon cooling, reorganise into crystalline units which group into lamellae sepa 

rated by amorphous regions (Figure 1.1). In practice, the crystalline structure of UHMW-PE is 

highly complex since a single chain may be incorporated in several lamellae (tie molecules) and 

each chain unit is not isolated but covalently linked to adjacent units.
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Figure 1-1 - Semi-crystalline Chain-Folded Lamellar Structure of UHMW-PE. 

1.2.2 Mechanical Properties and Deformation Behaviour

The bioengineering role of UHMW-PE in total joint arthroplasties is in the bearing component 

which allows the natural function of the joint to be retained whilst sustaining high contact stresses. 

The principal requirements of UHMW-PE are therefore to (i) sustain the joint forces with minimum 

deformation to preserve a natural range of motion (adequate strength and stiffness), (ii) sustain 

negligible surface damage through wear or other mechanisms for long periods of time (good tribo- 

logical properties, hardness and degradation resistance) and (iii) be inert towards the environment 

(biocompatible, corrosion resistant). Other requirements include ease of processing and machin 

ing, cost and degree of impurities and toxic inclusions.

Like all polymers, UHMW-PE has a spectrum of behaviours depending on temperature, from brit 

tle-elastic at liquid nitrogen temperature to viscous at melting temperature (Figure 1.2). Since its 

Tg is -120°C, UHMW-PE operates in the rubbery plateau whilst implanted. On loading, rubbery 

behaviour is characterised by relative sliding of the macro-molecules (low modulus). If some de 

gree of cross-linking exists, this rubbery behaviour is destroyed because of the three-dimensional 

network. Following yielding, the chains orient and strengthen (cold drawing), a segment of the 

gauge necks and propagates to form a uniform section while the stress/strain curve rises steadily 

until fracture occurs when the strength of the homolytic bonds is reached (experimental evidence 

is given in Section 3.3.2). The differences between the chemical bond forces (covalent and secon 

dary) provide the possibility of orientation in the direction of stress, resulting in enhanced proper 

ties in that direction.
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Figure 1-2 - Dependence of Elastic Modulus on Temperature. 11

The most important characteristic of UHMW-PE is its viscoelastic behaviour. Viscoelasticity de 

scribes the non-elastic, time-dependent response to stress (creep) of polymers. Viscoelasticity can 

be either linear or non-linear depending on the influence of stress history and manifests itself 

through creep and stress relaxation. In UHMW-PE, as creep develops, the secondary bonds rup 

ture, enabling the molecules to slide past one another, straighten, twist and uncoil, a phenomenon 

which requires high thermal vibrations. Small deformations are therefore achieved in a short pe 

riod of time while larger deformations take longer. This explains the decreasing rate of creep in 

polymers. Since the thermal vibrations required to deform and break tight bonds is higher than 

loose bonds, creep deformation strongly depends upon the degree of crystallinity of the polymer.

The variables determining the creep behaviour of UHMW-PE are the nature and magnitude of the 

restraints on the motion of its chains. Molecular motion in UHMW-PE is governed by the density 

and melt flow index, itself dependent on molecular weight. The limited density (0.937 g/cm3), 

caused by the high melt viscosity which considerably impairs crystallisation, determines the de 

formation behaviour in tension and compression. The high molecular weight yields unique proper 

ties i.e. higher abrasion resistance than most thermoplastics, 12 amongst the lowest coefficient of 

friction, 12 and the highest impact strength of engineering plastics (140 kJ/m 2 ). 12 ' 13 In that sense, 

molecular weight is the most fundamental factor governing the structure and mechanical behav 

iour of UHMW-PE. The possibility of relative molecular motion caused by the linear structure pre 

disposes the material to extensive creep deformation. 13
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1.3 Medical Grade UHMW-PE

Medical grade UHMW-PE in powder form is processed using proprietary methods which reduce 

the contaminants to safe levels. Only one manufacturer produces medical grade UHMW-PE resin 

world-wide (Hoechst AG/Celanese) while semi-finished products are supplied by Perplas Medical 

and Westlake Plastics Inc. Device manufacturers also process their own material (Hylamer by 

DDO ; ArCom by Biomet). Three principal grades of UHMW-PE are available, namely GUR 

412/1120 (formerly Chirulen-P, RCH 1000, processed by Hoechst AG), GUP 415/4150HP (known 

as Enduron, processed by Hoechst Celanese and DePuy) and 1900 (known as Hercules, Hifax, 

Himont, processed by Himont). During synthesisation, calcium stearate is added in various quanti 

ties in order to minimise oxidation. Differences between the powders, caused by variations in po 

lymerisation parameters such as pressure and quantities of catalyst, reside in the final molecular 

weight, with GUR 415 quoted at 5.106 while GUR 412 and 1900 are of the order of 3.5.106 . 14 Note 

that differences in molecular weight have dramatic repercussions on the impact and abrasion re 

sistance. 15 Birnkraut ef a/. 15 measured a decrease in impact strength of 38% and an increase in 

wear resistance of 20% when the molecular weight was increased from 3.5.106 to 5.106 . Fabrica 

tion into semi-finished products is performed by sintering using one of the following methods : (i) 

ram extrusion into cylindrical bars at 180-200°C (GUR 415, 1900). 14 (ii) compression moulding into 

large sheets at 200-220°C (GUR 412)}* (iii) injection moulding into final shapes. 14 In addition, the 

residual stresses created by the inhomogeneous cooling are eliminated by annealing at tempera 

tures around 115°C.
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2. LITERATURE SURVEY

Historically, research on UHMW-PE for total joint replacements has been concerned with the tri- 

bology and mechanisms of wear in vivo. Theoretical and experimental analyses have led to a 

strong understanding of the wear behaviour of UHMW-PE and to the development of new prosthe- 

ses designs intended to reduce surface damage and wear. It is only recently that attention has 

been focused on the influence of materials on implant behaviour following reports linking wear de 

bris with osteolysis and aseptic loosening. Factors such as morphology and sterilisation by y- 

irradiation have been associated with these failure mechanisms and current research is aimed at 

understanding their relationships with the wear performance of UHMW-PE inserts. Of particular 

interest in this study is the fracture behaviour of UHMW-PE and its relationship with the chemical 

and physical degradation induced by y-irradiation. In this view, analytical methods for the charac 

terisation of the fracture properties of ductile polymers are reviewed together with the current 

knowledge on UHMW-PE.

2.1 Biomedical Problems Associated with UHMW-PE

2.1.1 Survivorship Analyses and Mechanisms of Failure in Total Knee Arthroplasties

Total knee replacement is a commonly performed operative procedure with long-term results 

comparable to total hip arthroplasties. 3 ' 17 In 1986, Insall and Kelly reported a survival rate of 

87.5% at 10 years for the total condylar prosthesis. 18 Recently, this survival rate reached 90% at 

15 years 19 although some reports present failure rates of 16% at 9 years. 20 Changes from hinged 

to three-component total condylar prostheses significantly increased the probability of survival at 6
1921years from 65% to 90% while reducing the infection rate from 16% to 2%. ' Improvements in 

knee and TKA biomechanics knowledge, surgical techniques (fixation), design, materials4 ' 1322 ' 23 

and surgeon's experience in patients selection are usually associated with this progress.

Failures however occur. One must remember that prostheses are required to perform for long pe 

riods in an hostile environment where even marginal failure may be punished by the severest con 

sequences. In addition to infection, the principal reasons for revision of TKA are aseptic loosening 

and instability20 ' 21 ' 24 ' 25 which are caused by extensive UHMW-PE and third-body wear, 526 subsi 

dence, 21 loss of bone stock and peri-prosthetic fracture, 25 poor surgical alignment and range of 

motion, 24 patellar problems, 21 and fracture of one of the components. 21 ' 27 Most of these mecha 

nisms are actually "mostly attributed to the surgeon". 24 Finally, the success of TKA is closely re 

lated to patient's age, gender, weight, activity level and diagnosis.28

10
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2.1.2 In vivo UHMW-PE Wear and Mechanical Failure

2.1.2.1 Clinical Evidence of UHMW-PE Wear and Mechanical Failure

Despite the excellent long-term results of TKAs, growing evidence suggests that UHMW-PE wear 

is responsible for aseptic loosening, joint instability, gross fracture and ultimate failure and is 

therefore a determinant factor in the long-term clinical success of 7K/4s. 5 ' 7 ' 9 ' 26 ' 29 ' 30 As such, the 

role of particulate debris in the loosening of total joint prostheses has become increasingly scruti 

nised. Early retrieval studies identified the problem of UHMW-PE wear, 2631 leading to a recogni 

tion that wear in TKAs would be a more prevalent problem than in hips, 23 forcing researchers to 

question the suitability of UHMW-PE for knee applications. 2329 As many as 51% of retrieved com 

ponents showed severe wear after an average of 39.5 months in situ. g After 10 years, more than 

80% of retrieved tibial inserts exhibited some degree of surface damage32 In some cases, failure 

has been caused solely by wear. 5

Numerous reports document the presence of micron-size particles in tissues surrounding implants 

that failed by aseptic loosening.26 - 33 -305 The potential for wear debris is higher in knees than in 

hips, the former releasing larger debris35 ' 36 because of surface incongruity leading to point loading. 

It has been hypothesised that wear mechanisms operate at micron or sub-micron scales, 37 result 

ing in micron-size globular-shaped particles (10 nm to 10 urn, average of 92% below 1 urn 33) as 

seen in retrieved tissues around failed hips. 38 Knee particles are longer flake-shaped particles (2- 

20 urn, 50% below 1u.m). 39 The nature, shape, size and extent of wear debris further depend on 

factors such as implantation time, 26 patient's weight, design, and counterface roughness. 40 Shapes 

such as nodules, fibrils, ripples, shreds and flakes are common. 33 Particles are engulfed in the cy 

toplasm of macrophages38 dispersed in the synovium and are responsible for joint inflammation 

and osteolysis (Section 2.1.2.5). Wear-through and fracture of metal-backed UHMW-PE compo 

nents also contribute to the failure of TKAs. Numerous reports on wear of UHMW-PE have noted 

cracks on the articulating surface and gross fracture of tibial plateaux. 6 ' 41 '44 In general, fatigue was 

believed to be the failure mechanism. 42 ' 45 In one study, 45 5.8% of retrieved UHMW-PE sockets 

exhibited complete fracture after 10.5 years.

2.1.2.2 Mechanisms of UHMW-PE Wear

Failure of UHMW-PE in TKAs has been attributed to one of seven modes of surface damage, 46 

namely third-body wear (cement particle entrapment), pitting, delamination, permanent deforma 

tion, burnishing, abrasion and scratching5 7 ' 9 ' 29 ' 344147 and also to fracture and release of large 

pieces of polymer. 41 The mechanisms of wear depend on the conformity of the articulating sur 

faces, 47 abrasion being associated with conforming designs (hips) 46 whereas delamination occurs 

in low congruency components (knees). 934 For example, Hood ef a/. 46 observed delamination and
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pitting in 4% and 81% respectively of total condylar prostheses after 20.9 months. The entire 

range of surface damage can sometimes be seen on one prosthesis in specific areas subjected to 

different mechanical constraints. 29 Other parameters such as femoral head size, implantation time, 

patient's characteristics and surgical procedure play a significant role.

On a microscopic scale, Fisher40 defined three wear processes, two being associated with counter- 

face asperities and the third representing structural failure. In all cases, a combination of high local 

stress concentrations and fatigue mechanisms is responsible for the release of particles. Jasty et 

al. observed that abrasive wear in acetabular components results in a transformation from chain 

folded to chain extended lamellae through a drawing out of the molecules into sub-micron fibrils. It 

is interesting to note that these results contradict those of Pienkowski et a/.49 and Shanbhag et al. 

who estimated that fibrillar debris originate from unconsolidated particles.

36

2.1.2.3 Mechanical Failure

In addition to wear, mechanical failure may account for as much as 64% of the total failures over a
25

15 years period. Apart from fracture, cold flow which occurs in knee plateaux subjected to high 

contact and shear stresses7 ' 9' 29 represents an important factor in the failure of TKAs. 29 Indeed, in 

herent in preserving the desired biomechanics and kinematics of a prosthesis is that the compo 

nents maintain their shape. When the UHMW-PE component is not supported, as in all- 

polyethylene designs or after bone resorption, high deformations of the polymer are likely under 

the high stresses. This causes a deterioration of the dynamic performance of the joint through 

shifting of the load application point, eccentricity of loads, loss of motion, subluxation, etc., result 

ing in significant wear at the bone-implant interface. 50 Limited creep deformation is however bene 

ficial in the early stages of implantation since it enhances conformity by enabling the femoral head 

or condyles to settle onto the polymeric component.

Unfortunately, only few studies dealing with the long-term creep behaviour of UHMW-PE have 

been published so far. 13 ' 51 ' 53 Recently, a time-temperature superposition principle was applied to a 

GUR 405 under tensile or compressive stresses of 1 MPa. 52 The long-term creep compliance 

curves (106 seconds) indicated that most of the creep deformation occurred during the first two 

hours. Creep data is invaluable to the designer. If creep deformation under physiological condi 

tions is predicted prior to implantation, the dimensions and geometry of the components can be 

modified accordingly in order to minimise changes in the characteristics of the articulating sur 

faces. Additionally, in vivo wear measurements using radiographic techniques necessitate a differ 

entiation between wear and creep which can only be achieved by knowing in advance the amount 

of creep deformation sustained by the components.
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2.1.2.4 Origins of UHMW-PE Wear and Mechanical Failure

High contact stresses resulting in wear and deformation, sub-surface cracks releasing large parti 

cles and fatigue cracks contribute to the overall wear rates and patterns recorded in retrieved im 

plants. 7 9 The problem of high contact stresses is associated with more recent designs in which the 

congruency has been reduced to allow greater rotational freedom and metal-backing introduced to 

improve the durability of fixation. Finite element analyses have demonstrated an increase in con 

tact stresses as M/L congruency and thickness decreased. 4 ' 7 ' 23 ' 29 Because the stresses usually ex 

ceed the yield strength of UHMW-PE,4 ' 7 ' 23 mechanical problems such as permanent deforma 

tion, ' surface damage and fracture occur. 34 A recent study54 demonstrated a relationship be 

tween cold flow and extent of wear. From a tribological point-of-view, contact and motion type, 

velocity and frequency of motion, lubrication modes, surface topography and sliding distance are 

also critical factors which can greatly influence the total wear. 40

Delamination damages the surface to a greater extent than the other modes of wear since it in 

volves sub-surface regions and is likely to release large particles. It is usually accompanied by 

cracking, pitting and creep deformation. 8 In some cases, the core of the implants also suffers 

cracking and fragmentation8 possibly because of material embrittlement. Various studies have at 

tempted to explain this phenomenon in terms of fusion defects and crack propagation. 15 ' 29 ' 55 It ap 

pears that cracks initiate from defects and propagate, under the influence of cyclic loading, until 

they coalesce to form large flakes of material which are then torn off by the sliding movement. 55 

The formation and growth of micro-cracks is attributed to a fatigue mechanism. 23

Surface embrittlement from oxidative degradation following y-irradiation sterilisation has recently 

received attention as a precursor to wear and fracture. 56" 58 Evidence suggests a relationship be 

tween oxidation and wear rates, 15 ' 22 ' 44 ' 57 although contradiction on its direction exists. 225960 Some 

workers61 ' 62 indicated that oxidation had little influence on in vitro and clinical wear rates while oth 

ers5863 indicated an increased wear rate following extensive ageing. These differences could result 

from different levels of oxidation, the method used to produce and measure wear (influence of 

water absorption, creep) and the irradiation dose and atmosphere. 22 ' 56

Other parameters influencing wear rates include molecular weight, 22 cross-linking, size of fusion 

defects. 22 Because of the high melt viscosity, processing requires a diligent control of temperature 

and pressure to obtain a fully consolidated structure. 64 Since reports by Rose et a/.,' 231 research 

ers have reported fusion defects and grain boundaries in semi-finished and implantable de 

vices, 65 ' 66 this poor quality accelerating the mechanical degradation in vivo 8 ' 29 ' 47 The processed 

microstructure has been visually identified as a succession of voids and boundaries surrounding 

resin flakes, 67 indicating that sintering only results in fusion of the powder. These flakes appear as 

conglomerates of submicron spherulitic particles33 ' 37 of approximate size 0.4 to 82 ^m in diame-
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ter. ' 9 The fibrillar and convulated surface morphology of these powder particles was correlated 

with wear particles from retrieved tissues, 34 suggesting that unconsolidated particles are released 

in the joint cavity without the action of wear. 36 ' 49

Implications of low integrity in terms of mechanical behaviour and resistance to chemical and oxi- 

dative degradation are numerous. For instance, oxidation appears to preferentially occur at inter- 

granular regions. Fusion defects create voids which act as stress concentrators, 31 ' 47 increasing 

the propensity for crack formation and propagation through a fatigue-fracture process.47 This is 

illustrated by a correlation between voids concentration, delamination and wear in retrieved tibial 

inserts/ ' The size of the fusion defects also appears to be significant, with a reduced wear as 

fusion defects sizes are reduced.22 ' 31

2.1.2.5 Osteolysis

Wear particles accumulating in peri-prosthetic tissues come in contact with cells capable of secret 

ing inflammatory cytokines and enzymes. This macrophage response results in an inflammation 

responsible for granuloma, bone resorption and loosening at the bone-implant interface. 826 ' 38 ' 68 

Despite early reports of adverse tissue reactions to polyethylene, 16 it was not until Willert and 

Semlitsch69 study that the pathogenesis of bone resorption as a tissue response to particulate 

UHMW-PE was described and that osteolysis became an area of interest. 30 ' 50 ' 68 When looking at 

estimates that approximately 16 mm 3 of particles are generated per year in hips, 70 it is not surpris 

ing that extensive complications are encountered after years in service.

Evidence of osteolysis associated with aseptic loosening only comes from recent retrieval studies. 

In 1986, Insall and Kelly 18 indicated that "no knee prosthesis, with the exception of early designs, 

has failed because of wear". In 1992, Peters et a/. 34 reported wear-related osteolysis in 16% of 

cementless TKAs at an average 35 months post-operatively. Osteolysis was found most com 

monly in the medial plateau and always accompanied by excessive wear and failure of the patellar 

component. Osteolysis can also occur on the femoral side with some 20% of revisions aimed at 

treating femoral osteolytic defects. 36 Histology of osteolytic joints reveal a florid foreign-body giant 

cell reaction with masses of macrophages, giant cells, polymorphonuclear leukocytes and histio- 

cytes containing birefringent UHMW-PE debris and embedded in a membrane of fibrous tis 

sues. 82634 ' 3868 ' 69 The synovium appears hypertrophic, darker and has usually lost some of its lubri- 

cative power. Osteolysis was initially called "cement disease" since it was associated with particles 

of PMMA from loose cemented components. 1650 ' 69 However, osteolysis has also been reported in
71 38

stable and loose cementless and well-fixed cemented components.

Cellular response to particulates depends on their size, shape, morphology, 38 ' 7 ' and volume. 

Polyethylene is inert and does not engender a cellular response until it is present in fine particles 

at high concentrations. 73 Goodman et a/. 74 observed a difference between the reactions to bulk
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and to participate. Large debris (>10 urn) cannot be phagocitised and are surrounded and engulfed 

into a fibrous tissue membrane. 30 ' 74 Smaller particles are phagocytosed30 ' 74 (it appears that the 

trade-off size is 10u,m). Ingestion results in macrophage activation which become enlarged and 

release inflammatory factors (the larger particles in knee prostheses and thus lower macrophage 

activation results in a lower incidence of osteolysis39). Activation initiates the secretion of cytokines 

such as interleukin-1p (IL-1J3), monocyte chemotactic and activating factor (MCAF) and tumour 

necrosis factor alpha (TA/F-a). 75 These cytokines participate in tissue destruction, and particularly 

in the activation of osteoclast factors (disruption of osteoblast/osteoclast balance). 75 In other 

words, macrophages are indirectly responsible for bone resorption through the release of those 

immune mediators, and also directly by the release of superoxide radicals and hydrogen perox 

ide. The mediating factors release osteoclasts in the form of bone resorption factors such as 

collagenase and prostaglandin E2, inhibitors of osteoblasts and tumour-related factors. 73 Refer to 

the review by Athanasou 77 for a complete description of the cellular biology of bone-resorbing 

cells. Bone resorption leads to a spectrum of complications, from microscopic interfacial motion 

(radiolucencies) to massive osteolysis. Following resorption, the bone is replaced by caseous bone 

containing necrotic and fibrous tissues. 78

2.1.3 Improvements

It is clear that UHMW-PE wear is the predominant factor in the failure of TKAs. Both the volume 

and number of wear particles need to be substantially reduced in order to improve the long-term 

success of endoprostheses. Also of importance is the reduction of mechanical failure by fracture 

which was shown to be equally significant in TKAs. Various areas where improvements could be 

achieved exist. In terms of prosthetic design, an increased congruency coupled with a larger thick 

ness could reduce surface damages by decreasing the contact stresses. 4 Increasing internal mo 

bility through, for instance, a meniscal bearing, may also be envisaged. Problems of bone stock, 

bone-implant interface stresses and limited range of motion should however be considered. De 

sign optimisation and FEA could provide invaluable help in the determination of optimum design 

parameters (see for instance the AMK Congruency PS of DePuy Inc. designed with the help of 

ANSYS). 79 Fixation still remains a critical factor, especially in terms of micro-motion at the cement 

mantle. A weak fixation increases the chances of joint laxity, load eccentricity and wear of the 

bone which can adversely influence wear of the tibial component.

The most fundamental aspect of wear are the tribological conditions at the articulating surfaces 

(lubrication, surface roughness and materials combinations). It is not surprising that recent ad 

vances are based on a return to metal-on-metal combinations for TV-Ms80 in which the contact 

stresses are much lower. Indeed, it is the number of particles which is critical and metal-on-metal 

surfaces are claimed to release smaller quantities of particles. However, the toxicity of the particu- 

late debris may prove to be a significant factor. In TKAs, metal-on-metal is unlikely and UHMW-
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PE will remain the material of choice. Improvements to its resistance to wear are therefore ur 

gently needed. Recent research emphasises on the microstructure of UHMW-PE and the role of 

fusion defects. It is obvious that improving the integrity of the structure through diligent control of 

the processing parameters would produce a more stable material. In the last five years, attention 

has been given to the deleterious effects of sterilisation by y-irradiation and subsequent shelf and 

in vivo ageing (Section 2.3). Embrittlement of the material appears to be responsible for mechani 

cal failure and is usually related to surface wear. Finally, changes to the molecular structure, for 

example through a modification of the crystalline structure, can lead to substantial improvements 

in tensile properties, fatigue, wear and oxidation resistance. 81

2.2 The Fracture Mechanics of Polymers 

2.2.7 Introduction

Fracture phenomena in crystalline and semi-crystalline solids are classified as brittle or ductile. 

Brittle fracture relates to the rapid propagation of a crack following limited plastic deformation. In 

semi-crystalline materials, fracture proceeds along the cleavage planes within the crystals. Ductile 

fracture occurs after plastic deformation and proceeds by slow crack propagation resulting from 

the formation and coalescence of voids along the crack front. An important aspect of fracture is 

that the critical stress which causes fracture is related to the size of the crack within the structure 

by an exponential relationship. Reducing the size of the flaws rather than the quantity of flaws 

therefore readily improves fracture resistance. As indicated in Section 2.1.2.2, a dominant failure 

mode of UHMW-PE knee tibial inserts is linked to wear attributed to delamination under the severe 

shear stresses developed at the articulating surfaces. 4 ' 7 ' 46 Delamination occurs via a fatigue frac 

ture process in which surface and sub-surface micro-cracks are formed from the mixed stresses 

beneath the surface. 4 ' 46 ' 55 ' 82 As cracks propagate parallel to the articulating surface, small flakes of 

UHMW-PE are torn off by the cyclic sliding movement and released in the surrounding tissues. 

Various workers have studied the problem of delamination via a fatigue crack propagation (FCP) 

approach. 81 ' 87 Variation in the resistance to FCP was correlated to changes in loading conditions 

and crack length, 84 crystallinity, 81 molecular weight, 8283 and sterilisation by y-irradiation. 8182 ' 87 

These studies however did not explain brittle fractures in vivo. Although clinical evidence supports 

a fatigue-fracture mechanism as the cause of surface damage, 94655 crack initiation in this tough 

material is most likely governed by a fracture process. To date, little is known about the fracture 

properties of UHMW-PE, 88 " 91 although some knowledge would provide additional understanding of 

mechanisms of delamination. Parameters such as toughness and crack growth stability could be 

used to compare materials or the effects of various treatments. In design, fracture toughness is 

used as a failure criterion in that fracture is expected if a component is subjected to an energy 

higher than the fracture toughness.
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2.2.2 L.E.F.M. and K,c Testing

Linear Elastic Fracture Mechanics (L.E.F.M.) originates from the classical energy balance of Grif 

fith who formulated that a crack propagates only if the decrease in elastic strain energy due to 

crack advance is compensated by the energy needed to create the new fracture surface

(2-1,

where y6 is the elastic surface energy, o is the applied tensile stress and a is half the original crack 

length. Equation 2.1 indicates that crack extension in brittle materials is governed by the value of 

crVa which must reach a constant material property ((2£yA//2) for crack extension to occur. Ir- 

win and Orowan94 extended this approach to plastic deformation ahead of the crack tip by intro 

ducing a plastic energy term yp so that ye is replaced by ye + yp in Equation 2.1. Irwin also intro 

duced a material property G (energy release rate) defined as the total energy absorbed during 

cracking per unit area which accounts for the fact that the work done to create new surfaces is in 

significant compared to the work done in plastic deformation

G = ^f£ (2-2)

Despite the introduction of yp , Equation 2.2 is still limited to ideally sharp cracks and unstable crack 

growth. Irwin95 later approached the problem from a stress analysis perspective and showed that 

fracture occurs when a critical stress distribution ahead of the crack tip is reached

K = aJax.f(a/W) ' (2-3)

where f(a/W) is a dimensionless parameter which depends upon specimen geometry. A material 

property was termed the stress intensity factor Kc equivalent to a critical energy release rate Gc . 

Since the stress distribution ahead of a crack tip is always the same, tests on suitably shaped and 

loaded specimens allow Kc to be determined. The power of the stress intensity approach lies in the 

fact that values of /(for different specimen geometries can be determined from conventional elas 

tic stress analyses and that it is applicable to stable crack growth and limited sub-critical cracking. 

Kic is a limiting value of Kc for maximum constraint and is a material property dependent on 

specimen thickness termed the plane strain fracture toughness. Being generally independent of 

geometry, it can be used to predict failure for different stress levels and crack sizes, although in 

practice, AC,c also depends on temperature and type of constraint. 96

A standard method for plastics97 recommends the use of single edge notched bend (SEN) and 

compact tension (CT) specimens. Since the accuracy with which K,c describes fracture depends on 

how well the stress intensity factor characterises the conditions of stress and strain immediately 

ahead of the tip, D 5045-91 recommends that

B,a,(W-a)>2.5(KQ /o y )2 (2-4)
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where 8 is the thickness, W is the width, a is the initial crack length and K0 is a conditional Kk 

value. The K/c test procedure involves loading a specimen in tension or bending and recording the 

load-displacement curve. KQ is then calculated from a graphical assessment of the load- 

displacement record and its value checked according to Equation 2.4. If KQ meets these require 

ments, KQ = Kic otherwise the test is invalid and larger specimens, higher loading rates or lower 

temperatures must be used. It is possible to check on the extent of stable crack growth by calculat 

ing the ratio PmJPQ which must be less than 1.1, 97

The use of L.E.F.M. to characterise the fracture toughness of polymers has been widely investi 

gated. " Although a few studies demonstrated the applicability of the method, 100 the majority 

of cases failed because of large plastic deformations at the crack tip. Due to the relatively small 

yield stress of polymeric materials, very thick specimens are required to obtain plane strain condi 

tions. Furthermore, a considerable amount of slow crack growth and ductile tearing precede 

instability. Changes in test conditions such as higher loading rates or low temperatures, or both, 

reduce the ductility and thus the minimum thickness, although this may not be satisfactory in terms 

of the end-use of the material."

2.2.3 Determination of the Critical Strain Energy Release Rate G te from Impact Loading

Description of forces in natural knees and hips indicates that impact loading dominates during 

most activities. 1 Although fracture of knee plateaux ultimately results from a fatigue process, early 

fractures could be attributed to these impact forces. Furthermore,' impact loading is more relevant 

in terms of strain rates. Fracture mechanics methods based on impact loading enable the estima 

tion of the critical strain energy release rate G/c from the elastic strain energy (j. 101 - 102 An elastic 

solution analysis of a 4-point bending SEN specimen coupled with a linear elastic fracture mechan 

ics approach lead to the determination of a relationship between G/c and L/101 - 102

U = G lc BWk (2-5)

where 6 is the thickness, W the width and k a geometrical factor obtained from the stress intensity 

factor per unit load K/P. Brown 102 established the limitations of Equation 2.5 for long cracks and 

observed inconsistent negative intercepts for U versus BWk plots. Note the following assumptions: 

(i) the energy absorbed is transformed in elastic strain energy, (ii) brittle fracture through cleavage 

should occur with only limited local plasticity allowed, (iii) only applicable to sharp notches, and (iv) 

it requires the knowledge of K/P which is not always available.

Plati and Williams 103 derived calibration factors O for Charpy and Izod methods to replace k in 

Equation 2.5 and successfully applied it to brittle polymers such as PMMA and GPPS

co = Gic BDtj) (2-6)

where co is the energy lost by the pendulum, D the thickness in the notch direction and B the width. 

When ductile polymers such as HIPS or ABS in which full yielding precedes crack growth are
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tested, the experimental data does not fit Equation 2.6 103 and other concepts such as the J-integral 
must be evoked. 104 Assuming full yielding at the crack tip in bending mode, Plati and Williams103 
developed an expression of the critical J-integral (Jfc ) applicable to impact loading conditions and 
based on the standard expression of the J-integral of Equation 2.7

Jlc -^ (2-7)

where A is the ligament area. J/c could therefore be determined from impact tests on samples with 
various initial crack lengths.

The absorbed energy in ductile materials embraces the energy to break the sample and that to 
bend it. Secondly, contrarily to the assumption that the fracture energy is constant during the 
fracture process, there is actually a continuous supply of energy from the hammer. 105 The slope of 
the co versus A plot cannot therefore be used to establish Gfc . Vu-Khanh 105 consequently devel 

oped a relationship between Gte and co based on the so-called tearing modulus Ta which represents 

the rate of variation of Gc with A, assuming Ta to be geometry independent

eo = G,c /\ + |rX (2-8)

Using Equation 2.8 and impact testing specimens with various notch lengths allows for G/c and Ta 
to be determined for ductile impact failures. Although these studies have attempted to resolve the 
problem of fracture of ductile materials in bending impact mode, none has resolved the problems 
associated with plastic work at the crack tip. Vu-Khanh's approach is the most favourable although 
the verification described in the paper is not founded (Section 4.2).

2.2.4 The J-integral

2.2.4.1 Theoretical Background

104The J-integral concept was developed by Rice to provide a method for the evaluation of the 
fracture toughness of materials in which the crack tip plastic region is not small compared to the 
physical dimensions of the component i.e. considerable energy is dissipated to create deformed 
areas ahead of the crack tip. 104 It directly describes the severity of the stress/strain conditions at 
the crack tip in non-linear elastic materials. Since it is path independent for linear and non-linear 
elastic stress/strain laws, the J-integral can be determined using areas remote from the crack tip 
which are in an elastic state and substitute them to areas close to the tip. °4 The J-integral is a di 
rect extension of L.E.F.M into the elastic-plastic and yielding behaviours. Although the conditions 
of stress/strain described by the J-integral are limited to the onset of crack growth and monotonic 
loading, valid J-integral values can also be obtained from the analysis of slow stable crack 

growth. 10
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The derivation of the J-integral was based on an energy balance approach92 assuming J to be a 

non-linear equivalent of G is proportional to the potential energy difference between two identically 

loaded bodies having different crack sizes i.e. change in strain energy associated with an incre 

ment in crack growth, thus yielding the relationship 104

-f
where U is the total energy absorbed by the cracked body per unit thickness. From Equation 2.9,

1 4
Rice 4 approximated J for bend specimens to

^
where 8 is the plate thickness and b0 the unbroken ligament length. The ensuing test method sug 

gested by Rice consisted of loading a pre-cracked specimen to crack initiation and calculating the 

area under the load-displacement curve. A similar but uncracked specimen is also loaded to obtain 

a reference curve and the area under the curve computed. The difference between the two areas 

gives U from which Jlc can be obtained. A critical value, J/c , defined as the energy release rate 

when a stable crack begins to grow, predicts the onset of crack propagation in plane strain condi 

tions. Jic may be related to Gk and Kk using the following expression under linear elastic plane 

strain conditions since J can be interpreted as the energy made available at the crack tip per unit 

extension da, therefore being equivalent to the crack driving force G

Begley and Landes 107 applied this concept by graphically assessing Equation 2.10 for intermediate 

strength steels and developed the multiple specimen resistance curve and demonstrated the po 

tential of the J-integral as an effective criterion for elastic-plastic fracture initiation and concluded 

that Jk is independent of specimen geometry although it has since been reported that both the R- 

curve and J,c depend on geometry and initial crack size. 88

2.2.4.2 Standard ASTM E8 13

Equation 2.10 and the R-curve method 107 were standardised in ASTM E813 108 which describes a 

procedure to determine the fracture toughness near the initiation of slow stable crack growth from 

a pre-existing fatigue crack. This procedure is aimed at developing the initial portion of the R- 

curve consisting of J values at a series of crack extensions and to evaluate an engineering esti 

mate of the J required to produce a small amount of stable crack extension. 1 8 A multiple speci 

men technique is used whereby a series of samples of identical geometries, sizes and initial notch 

lengths are loaded to different crack extensions. The extent of crack growth is measured for each 

sample and the corresponding total energy absorbed calculated from the area under the load - 

load-point displacement curve and the resulting J-Ja data-points plotted. Crack growth (Ja) is 

measured on the fracture surface at 9 points across the thickness of the specimen and averaged
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in a prescribed manner (crack tunnelling phenomenon, Figure 2.1). 108 J-integral tests are typically 
conducted under displacement control to amplify the range of results.

Notch

Fatigue Precrack \

' Residual Fracture

J/cTest Crack Growth

109Figure 2-1 - Schematic of Crack Tunnelling Phenomenon.

Analysis of R-curves is conducted by fitting a single power law through the J-Aa data-points and 

calculating J/c at the intersection of this power law with the 0.2-mm offset of a theoretical crack 

blunting line. The blunting line concept was introduced to account for the formation of a crack 

opening stretch zone prior to crack growth. The stretch zone is approximately given by Aa = 8/2, 

assuming that the crack has blunted with a semi-circular profile, 110 thus giving the equation of the 

blunting line from the material's flow properties

J = 5a 0 = 2(j 0Aa (2-12)

where GO is the effective yield strength which is assumed to be the arithmetic average of the 0.2% 

offset oy and the L/TS. 108 This definition avoids the problems associated with specifying the actual 

point of initiation and replaces it with an arbitrary engineering definition.

ASTM E813 then proposes the construction of 0.15 and 1.5-mm offsets of the blunting line within 

which the J-Aa data-points used for the power law regression line must lie. The 0.15-mm line is 

imposed because of uncertainty in discerning between actual and apparent crack growth, the latter 

often including the width of the stretch zone. The 1.5-mm offset line ensures Aa/b0 < 0.06 in order 

to restrict the amount of physical crack growth and associated unloading for J > Jfc , thus ensuring 

J-controlled crack growth. Furthermore, in order to ensure plane strain conditions, suppress 
through-thickness plastic deformation and prevent plastic collapse via a large uncracked ligament, 

the specimens size is restricted to

Bibo >25^ (2-13)

Equation 2.13 implies that thick specimens be used in order to limit crack tip plasticity. Thick 
specimens are not however realistic in most applications. Plane strain conditions, which represent 

the worst case scenario, are therefore difficult to achieve in ductile polymers for which the yield to 
strength ratio is low.98 A solution is to reduce the temperature or increase the strain rate in order to 

enhance o0 . However, modifying a0 will alter the corresponding J,c value. J-integral tests on ten 

different polymers illustrate these difficulties. 111 Linear LDPE which exhibited the lowest o0 was cut
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in samples with the same dimensions as the other materials. No valid J/c could obviously be ob 

tained. In order to obtain valid J,c values, testing rate, temperature and specimen dimensions must 

be chosen according to the value of a0 . Furthermore, the accompanying tensile tests must be con 

ducted under identical conditions and on the same batch of material.

2.2.4.3 J-integral Applied to Toughened Polymers

Application of ASTM E813 to ductile polymers has been extensively investigated. 89100109" 114 

Hashemi and Williams100 for instance demonstrated its suitability for a polypropylene at 20°C. 

Modifications have been suggested, the most notable being the use of the UTS instead of o0 in 

Equation 1.12 on the basis that UTS is the intrinsic yield point in polymers. 112 Literature on J- 

integral tests for medical grade UHMW-PE is limited to a single publication by Rimnac et a/. 89 

Various problems arise from that study : (i) the "thickness-independent' J/c value of 99.5 kJ/m 2 is 

not accurate since a 22% difference exists between the two thicknesses, (ii) the value of the UTS 

is the same for both thicknesses whereas the rates of loading are different, (iii) it is unclear 

whether or not blunting actually took place and (iv) 0.15 and 1.5 mm exclusion lines were used.

2.2.4.4 Problems Associated with ASTM E813

Although the studies reviewed proclaim the suitability of ASTM E813, a controversy has emerged 

which focuses on the construction of J,c and the use of the semi-empirical blunting line which ap 

pears to overestimate the apparent crack extension associated with crack tip blunting. 112 " 123 Many 

workers have addressed the inapplicability of the blunting concept for certain polymers112 " 115 ' 122 

while others have provided modified equations based on experimental evidence. 116" 123 Narisawa 

and Takemori 114 proposed to abandon the blunting line concept after fractographic studies re 

vealed that the crack tip remained sharp and that no blunting took place and henceforth deter 

mined J/c at the intersection of the R-curve with Aa = 0.

The construction of R-curves from valid J-Aa experimental results has been approached in various 

ways. Many workers 110 ' 113 ' 122 have used a linear fitting with Jk determined at the intersection with 

the blunting line following the ASTM E813-81 recommendations. However, linear regression intro 

duced difficulties in terms of specimen sizes. An alternative method based on a power law regres 

sion which describes all the experimental points was introduced by ASTM E813-87.89 and applied 

successfully. 89 Jfc is calculated at the intersection with the 0.2 mm offset of the blunting line. It is 

described as an "engineering definition of J/c to be used for comparisons". 108 Instead of using the 

0.2 mm offset blunting line, Pandey et a/. 123 determined J/c at the intersection of the R-curve with 

the 0.2 mm physical crack growth.
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The size criterion of Equation 2.13 was empirically developed for steels in which the plastic zone is 

small compared to the dimensions of the specimens. Hashemi and Williams 111 applied this crite 

rion to a series of polymers and found it to be too stringent and replaced it by

°y
(2-14)

Another source of confusion resides in the exclusion window delimited by the 0.15 mm and 1.5 

mm offset lines. Since ligament length can be of any size provided it fits Equation 2.13, the fixed 

offsets will not always guarantee that Aa/b0 remains between 0.6% and 6%. Furthermore, linearity 

of the R-curve can exist at crack growths of 20% of t>0 . 111 Etemad and Turner 124 examined the 

possibility of obtaining a single R-curve independent of specimen geometry. The J-controlled 

crack growth limits were analysed in terms of the fulfilment of Equation 2.13. It remained unclear 

"whether or not a substantial violation of size criteria is critical" and it did not seem possible to 

"pinpoint a set of values of 4a/b0 that delineates the condition for a single R-curve". 124

2.2.4.5 The Crack Growth Stability Concept

In addition to the interpretation of the J-integral theory by Landes and Begley, other concepts 

based on the original principles have been developed. 106 ' 115 F 

argued that under strictly J-controlled crack growth conditions

based on the original principles have been developed. 106 ' 115 For example, Hutchinson and Paris 106

(2-15)
<J

bfl 3*1 < /n HC\= — —— »1 (2-16) 
J dAa

125
and that the R-curve is a linear relationship between Jand Aa for small crack growth

(2-17)
dAa

Direct application of Equation 2.17 does not use the blunting line but evaluates J/c at the intersec 

tion of the R-curve with Aa = 0. Although this theory has found support and yields conservative 

values, 112 ' 113 ' 115 crack tip blunting may still occur. Paris et a/. 125 also showed that the resistance to 

unstable crack growth following crack initiation may be expressed in terms of the tearing resis 

tance dJ/dAa and developed a material parameter, the tearing modulus Tm , defined as

r=- (2-18)

Instability occurs when Ta > Tm where Ta is the applied tearing modulus which is defined for SEN 

bend samples by 125

4^_M (2 . 19) 
W 3 <J 0
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where b is the remaining ligament length' and Bc is the bend angle of the uncracked ligament sec 

tion related to the displacement due to the crack alone (uc) 126

9 C = 2^ (2-20)

Application of Equation 2.18 provides an indication of the stability of crack growth under J- 

controlled conditions. Although Equation 2.18 was not corrected for large crack growths, since the 

original analysis was based upon plasticity solutions for constant geometry conditions, 125 it is a 

good approximation for limited crack increments. 126

2.2.5 The Specific Essential Work of Ductile Fracture

The essential work of ductile fracture criterion was developed by Cotterell et a/. 127 as an alternative 

approach to the J-integral. In ductile fracture, the plastic flow is not directly involved in the fracture 

process and is dependent on specimen geometry and loading configuration. 88 Only the work per 

unit area which goes into the fracture process zone (FPZ) is constant and initiates instability and 

has been termed the specific essential work of ductile fracture by Cotterell and Reddel. 127 From 

the suggestion that the crack tip region can be divided into an end region and an outer region, 

Cotterell and Reddel' 27 partitioned the total work of fracture (Wf) into the work performed in the 

FPZ (We , or essential work of ductile fracture) and the work dissipated in the outer process zone 

(Wp , or inessential plastic work). An experimental technique for obtaining the essential work of 

ductile fracture in plane stress as a function of ligament length from the tensile testing of thin, 

deep double-edge notched tension (DENT) specimens with varying initial ligament lengths was 

developed accordingly. 127 From a quasi-static analysis point of view. Wt is the sum of the essential 

work coglt and the inessential work j3(opft and since both We and Wp are proportional to / and t, a 

straight line relationship between W/lt and /is obtained 1

ojf =oj e + pco p l (2-21)

where ox is the specific total work of fracture, o)e is the specific essential work of ductile fracture,
127

WP is the specific inessential plastic work, /J is the shape factor of the outer plastic zone and / is 

the initial ligament length. Mai et a/. 88 ' 115 experimentally showed that u)9 in plane stress is depend 

ent upon specimen thickness but is independent of geometry. On the other hand, if u>e is deter 

mined under plane strain conditions, it is expected that a single value independent of specimen 

thickness ((ate) is obtained for / = 0, corresponding to the plane strain fracture toughness Jlc pro 

vided the data is under J-controlled conditions. 115 It has been shown experimentally that the plane 

stress region holds for I > 3-5f. 127128 This is however not supported by a theoretical basis and can 

only be asserted experimentally from the plots of (o>. A second prerequisite for the validity of

' The remaining ligament b could be assumed to be equal to b-. for limited crack growths. " '' 6 However, for larger crack 

growth, the equality does not hold.
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Equation 2.21 is that complete yielding occurs before tear initiation and that the yielding zone re 

mains confined to the ligament. Saleemi and Nairn 128 showed that in order to follow these re 

quirements the ligament length should be limited to / < W/3. A combination of both stress state and 

yielding zone size restrictions thus yields the general boundaries

3-5t<l<W/3 (2-22)

Saleemi and Nairn extended this technique to plane strain conditions by assuming u>p to be inde 

pendent of ligament length and rewriting Equation 2.21 into

<j) e =(o f -Pcopl (2-23)

The intercept to / = 0 of the straight line relationship between cag and /, <u,e , was shown to be inde 

pendent of specimen thickness 128 although this was recently contested. 115 Under J-controlled crack 

growth conditions, Mai and Cotterell 88 demonstrated that coe = Jc and 4/frup = dJ/dAa. Since the 

shape of the outer plastic zone depends upon the specimen geometry in ductile polymers, this cor 

relation is only true for a DENT configuration. It must also be emphasised that it only holds for 

plane stress conditions and that Jc represents a crack propagation value as opposed to J/c which is 

theoretically the J-initiation toughness.

2.3 Sterilisation of UHMW-PE by Gamma-Irradiation : Principles and Conse 
quences

Infection is a major concern for implantable devices129 and sterilisation is required to eliminate in 

fecting micro-organisms from their surface. Removal of bacteria is hindered by the ability of these 

organisms to adhere to the surface, especially in the case of polymers. Various empirical formulas
1 29exist to quantify bioburden kill but in all cases sterility assurance is expressed as a probability 

since it is impossible to obtain 100% kill. Various sterilisation methods exist, namely steam, dry 

heat, ethylene oxide, liquid glutaraldehyde, low temperature steam and formaldehyde, and ionising 

radiation by y-rays or electron beam. Since heat labile polymers cannot be sterilised by steam 

processes and ethylene oxide is unsuitable for semi-permeable polymers, y-irradiation has become 

the standard manufacturing method for UHMW-PE components.

2.3.1 Gamma-Irradiation Sterilisation

y-irradiation is a physical process involving the exposure of articles to y-rays from a Co source. 

This process allows continuous and batch sterilisation and is a convenient and effective process. 

Standards such as EN 552 130 provide guidelines for bioburden kill, validation procedures and do- 

simetric aspects. Conventionally, medical devices have been treated with a minimum dose of 25 

kGy (2.5 MRad) known to be effective. 130 EN 552 indicates that "the maximum dose is limited by 

unacceptable changes in the product" and that "the conditions encountered by the medical device 

during radiation sterilisation may have an influence on the chemical and physical properties of the 

device, which may impact upon its quality, safety and performance and a testing programme
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should be carried out to establish the effects on properties", y-irradiation is also used in industrial 

applications for enhancing shape stability at high temperatures and for the "memory effect" that 

irradiation induces on polyethylene for instance. 1131

2.3.2 Irradiation Chemistry of Polyethylene

2.3.2.1 Irradiation and Free Radicals Decay

Following exposure of polyethylene to radiation, hydrogen gas is produced, C-C covalent and vinyl 

unsaturated bonds are formed and oxidation occurs. 132 Other phenomena include formation of in 

soluble gel, 133 chain degradation, 133134 formation of trapped free radicals, 135136 reduction in crys- 

tallinity and changes in mechanical properties. 131 ' 132 These processes involve different species 

which react in the media following the generation of active sites. The main effect of irradiation i.e. 

cross-linking is regarded as an improvement since it enhances substantially the mechanical prop 

erties by the creation of a three-dimensional network and an increase in molecular 

weight. 1 J ' ' 1 Because of its high molecular weight, there are relatively few molecules per 

gram of polyethylene. Consequently, formation of few cross-links has enormous consequences on 

the physical properties. 132 ' 138 Finally, it should be noted that many variables can affect the nature 

and rate of the free radical decay reactions. These parameters include crystallinity, radiation 

source, dose and dose rate, nature of polymer (composition and morphology), 134 gaseous condi 

tion in polymer, diffusivity and mobility of reactive species, 134 temperature, and time. 134 For in 

stance, reactivity of free radicals is much higher in amorphous zones due to the increased chain 

mobility. Hence, cross-links form preferentially in the amorphous regions. 132

The chemical reactions occurring during and after irradiation of polyethylene are summarised in 

Figure 2.2. The detailed mechanisms of hydrogen evolution are discussed elsewhere. 1 C-H bond 

breakage and hydrogen abstraction form alkyl radicals which rapidly convert to allyl radicals as the 

temperature is increased. 136 Allyl radicals can be either of the chain-type (Figure 2.2) or of the 

scission-type (-CH2-CH ') 57 in which case more damage is done to the structure. Unsaturation 

originates from the principle that for each molecule of hydrogen liberated, one double-bond or 

cross-link must be created. 135 Existing vinyl (-CH=CHZ) and vinylidene (-CH2-C=CH2) disap 

pear 132 ' 139" 141 while frans-vinylenes accumulate 134 ' 142 ' 143 although the exact mechanisms by which 

end-groups are destroyed are not known.

Chemical changes have obvious implications for the physical and mechanical properties of poly 

mers. Degree of crystallinity decreases because cross-links and unsaturation prevent molecular 

orientation. 132 Effects on the mechanical properties depend on whether the polymer undergoes 

cross-linking or degradation. High cross-linking and low crystallinity have antagonist effects on the 

modulus : cross-linking increases the stiffness while amorphous zones yield high deformations.
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Chapiro 1 1 reported an increase in tensile strength of polyethylene and nylon while the modulus 

and impact strength decreased, these changes being highly dependent on the absorbed dose. It 

should be noted that these general trends are not always true as reviewed in a paper by Mukherjee 

et a/. 134 Pronounced embrittlement was observed above 10 Mrad. 131

2.3.2.2 Oxidation

Irradiation-induced oxidation has been observed since the 1950s. Dole 132 described oxidation fol 

lowing an unusual decrease in gel content of irradiated polyethylene. Oxidation occurs during irra 

diation or post-irradiation in the presence of oxygen by the creation of peroxy radicals through re 

actions 10-21 (Figure 2.2) instead of cross-linking. It is rendered possible by the slow diffusion of 

molecular oxygen in the amorphous regions144" 146 and subsequent reaction with the trapped, long- 

lived allyl radicals. 132 A chain process then gradually builds up the carbonyl content through the 

formation of secondary alkyl radicals which further decay into allyl radicals (autoxidation), the main 

products being ketones and aldehydes. 135 An important characteristic of these compounds is that 

either chain branching or scissioning occurs with different effects on the physical properties. Theo 

retically, chain branching limits chain mobility and thus reduces recrystallisation while scission of 

the C-C backbone and tie molecules results in lower molecular weight and shorter chains with en 

hanced mobility, allowing rearrangement of the molecular structure. In linear polyethylene, main- 

chain fracture is the predominant phenomenon. 131 ' 132

The term diffusion of oxygen deserves further explanations. Kiryushkin and Shlyapnikov 146 inves 

tigated the oxidation rate of polymers in terms of component thickness and concluded oxidation to 

be a self-accelerating and diffusion-controlled process described by

(2 .24)
o dX

where [O2] is the concentration of oxygen, D an oxygen diffusion coefficient, x the distance from 

the sample surface and /cthe rate constant of polymer degradation. Polymer degradation thus de 

pends on both the rate of oxygen transport and kinetics of the reaction. Diffusion is facilitated in 

amorphous regions 132 and grain boundaries65 since crystallites are difficult to penetrate.

2.3.3 Primary Effects of Gamma-Irradiation on UHMW-PE

Survivorship analysis of TKAs (Section 2.1.1) revealed wear to be a major factor in aseptic loosen 

ing, -^irradiation being an influential parameter. Occurrence of unexplained fracture of tibial inserts 

and patellar components raised the question of the degree of embrittlement of UHMW-PE in vivo. 

It was in the 1970s that workers started revealing the deleterious effects of irradiation on UHMW- 

PE. 147 To date, a large body of literature presents data on the irradiation-induced degradation 
mechanisms in UHMW-PE 56 ' 57 ' 137 ' 143 ' 144l148" 160 and these will be reviewed here.
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2.3.3.1 Influence on Physical Properties

In their initial study on y-irradiation of UHMW-PE, Rose et a/. 144147 observed that chain scission 

produced high concentrations of allyl radicals (10 l8/cm 3 ) accompanied by broadening of the mo 

lecular weight distribution, generation of low molecular weight fractions and carbonyl groups, dis 

coloration and increased water absorption and density. Generally, y-irradiation of UHMW-PE re 

sults in chain scission by severance of tie molecules at entanglements142 ' 149 ' 153 ' 161 ' 162 and formation 

of intermolecular cross-links, 132 ' 149 ' 163 resulting in an entangled structure with limited chain mobility, 

broaden molecular weight distribution 150 ' 164 and low degree of crystallinity. 149 Cross-linking is trig 

gered as soon as y-rays are in contact with the polymer, 138 ' 163 an optimum dose beyond which it 

stabilises being in the region 3-5 MRad 149 ' 163 after which saturation follows. 56 Chain scission is fol 

lowed by recrystallisation via two processes depending on atmosphere, (i) In the ab 

sence of oxygen, severed tie molecules leave sites within the amorphous zones at which recrys 

tallisation spontaneously occurs 142 ' 161 " 163 through growth of new lamellae (since the irradiation tem 

perature is much higher than Tg , sufficient molecular mobility exists for shorter chains to reorgan-
87132163, 137,142,151165 ... , , ... ., 149150163166167 , , , ,

ise ), resulting in an increased crystallinity ' ' and lower molecular 

weight. 1 In parallel, new tie molecules are formed which restore the strain energy between 

molecules, reducing their mobility thus inhibiting recrystallisation. Some workers 149 ' 161 ' 166 showed 

that the ratio between these mechanisms was in favour of the former whereas others obtained a 

decrease or no changes. 144 (ii) In the presence of oxygen, the allyl radicals are involved in chain 

reactions 19-21, suppressing frans-vinylene formation. Since oxygen intake is diffusion-controlled, 

crystallinity changes with time, thus the term ageing. 149152 ' 153 ' 161 ' 167 A consequence of recrystallisa 

tion is the accompanying change in density 149 ' 150153 ' 168 which determines the deformation behav 

iour in tension and compression. In addition, the newly formed lamellae are of lower order as
, ,.    i /->,-.,-, 137149161,166shown by a secondary melting point on DSC curves.

2.3.3.2 Influence on Mechanical Properties

Deformation in semi-crystalline polymers is a succession of chain sliding and orientating into the 

stress direction. The effects of y-irradiation on UHMW-PE therefore depend on the relative degree 

of cross-linking and chain scission. Cross-linking imposes restraints on molecular mobility, inhibit 

ing relative motion and strengthening the polymer, leading to an increased strength, and stiff 

ness 149 ' 166 ' 169 and wear resistance. 153 ' 154 ' 169 Chain scission, which results in recrystallisation and 

lower molecular weight components, reduces tensile strength. 5017 ° total deformation and fa 

tigue. 150 ' 153 ' 166 ' 171 Furthermore, the critical value of the PV product which governs the wear rate of 

UHMW-PE is significantly reduced following y-irradiation, 5615 ° leading to increased wear rates. 59 ' 148 

The influence of cross-linking on the fracture properties of UHMW-PE has not been documented. 

However, the literature suggests that cross-linked UHMW-PE has a reduced ductility caused by 

stiffening 153 and data on HD-PE provides some explanation. 172
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Figure 2-2 - Chemical Reactions Induced by Gamma-irradiation.
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Dose rate is a critical parameter, especially when the process is carried out in air. 131 The lower the 

dose rate the longer the polymer is exposed to the diffusion-attack of oxygen. Wilski et a/. 173 

showed that a surface layer was formed upon irradiation and that its thickness was a linear func 

tion of the dose rate. At the standard value of 0.1 MRad/hr, 142 ' 156 ' 163 the surface layer reached a 

thickness of 0.5 mm. Various studies have documented the influence of irradiation
_• 56.137.150,153.161 163 169 , , ,
dose. ' In general, the variation of mechanical properties with dose is non-linear, 

with an increase followed by a decrease. Halving the dose more than halves the degree of oxida 

tion. 153 ' 157 Preliminary tests indicated that eb decreased by 40% when the irradiation dose was in 

creased from 2.5 MRad to 15 MRad while ay and UTS were unchanged. 174

2.3.4 Secondary Effects of Gamma-Irradiation on UHMW-PE

2.3.4.1 Oxidation and Shelf Ageing

Irradiation followed by time-dependent reactions between allyl radicals and O2 results in peroxy 
radicals and carbonyl species such as ketones and aldehydes. 143 ' 144 ' 153 ' 154 ' 158 ' 168 ' 175 ' 176 As indicated 

in Section 2.3.3.1, the extent of chain scission will determine the nature of the physico-chemical 

changes taking place during oxidation. Analyses of shelf-aged, in vitro aged and retrieved UHMW- 
PE components showed increased oxidation, 153 ' 154 ' 157 ' 156 ' 168 ' 175 ' 177 ' 179 density 145 ' w*-™™™-™ 

and crystallinity 149 ' 161 ' 167179 with time indicating that chain scission mechanisms dominate the oxi 

dation yield. Chain scission is the most deleterious oxidative process since it results in recrystalli- 

sation through formation of thin lamellae 161 ' 165 of lower average molecular weight56 ' 152 ' 164 ' 170 as 

demonstrated by an increase in soluble constituents152 ' 153 and widening of the molecular weight 

distribution. 56 ' 152 ' 164 ' 170 Changes in molecular weight are critical since UHMW-PE gets its impres 

sive mechanical properties from the high molecular weight. The effects of ageing on the mechani 

cal properties depend on time and ageing medium, with higher degrees of changes in bovine se 

rum/water than in gas. 149 ' 153 Various workers showed a decreased UTS and elongation at

14^ 14Q 153 170 179 . . • 5863144 i -i i— i n • 153,169.179
break and increase in wear rates ' ' while E and oy generally increase.

All indications thus lead to support the hypothesis that aged UHMW-PE becomes progressively

brittle as a result of recrystallisation. 137 ' 166

Evidence suggests that an oxidation peak exists in aged UHMW-PE samples 1 

158.160,168.171,175,176 wnjch pOSjtj On, shape, breadth and magnitude vary with ageing time, environ 

ment and stress field. 154 ' 159 From the concepts of diffusion/reaction relationships, two observations 

can be made :(i) reactions 10-21 indicate continuous radical decay and formation, resulting in con 

tinuous supply of reactants and (ii) oxygen diffuses slowly in an endless supply, giving an expo 

nential decrease of [O2] with depth. Absorbed dose is non-uniform with a peak in sub-surface re 

gions. 158 In addition, concentration of free radicals [R] is proportional to absorbed dose, giving a 

sub-surface peak in the number of oxidation-prone sites. 132 ' 158 In the early stages of ageing, diffu-
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sion of O2 is limited and oxidation occurs only at surface. 152" 154' 158 Since [FT] is auto-renewed, car- 

bonyl species accumulate at the surface (Figure 2.3). As ageing continues, the oxygen front pene 

trates deeper and encounters a larger [R] which soon decays into oxidative species, resulting in a 

levelling-off of the profiles while the core remains relatively unaffected (1-2 months154' 175). The 

large f/T/and rapid decay then result in further radical formation thus creating a sub-surface peak 

(after some 120 days154' 156). At the mean time, the core starts to oxidise (Figure 2.3). The peak 
then increases and broadens154 ' 156 ' 159 ' 160 and ultimately oxidation becomes homogeneous through 
out the thickness. 154' 155

Oxidation

20 Years ?

10 Years

6-12 Months
1-2 Months 

•jginal
1 mm

Depth

Figure 2-3 - Schematic Representation of the Progression of Oxidation with Time. Model built from 
References 131,132,152,154,157,158,160,168,170,175,176,179,180.

Zones of high oxidation appear white upon microtoming perpendicular to the surface of oxidised 

components. 180 ' 181 The role of these "white bands" in surface damage mechanisms is not fully un 

derstood although some believe that they enhance sub-surface delamination and wear. 159 Their 

thickness was found to increase with ageing time up to 36 months after which it stabilised at ap-
160,165proximately 5 mm. The increased crystallinity and density in those regions ' results in 

partial embrittlement as demonstrated by the presence of micro-cracks created upon microtom 

ing. 156 Furthermore, correlation between oxidation profiles, presence of unconsolidated particles 

and mechanical properties as a function of depth revealed that the oxidised sub-surface layer ex 

hibited reduced fatigue properties, 182 strength, ductility 183 and hardness. 160

2.3.4.2 In vivo Degradation

In addition to shelf ageing, UHMW-PE oxidises in vivo _ 143 ' 149 ' 151 - 153 ' 155 - 161 .176,178,184.IBS gxygen from 

peri-prosthetic tissues and body fluids, body temperature and species such as superoxide radicals 

(CV), 186 hydrogen peroxide (H2O2) 177 and nitric acid 141 trigger reactions 10-21. The effects of in
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vivo oxidation on the physical and mechanical properties of UHMW-PE are of the same nature as 
shelf ageing, with the added effect of fluid absorption 144153 and mechanical stresses 152 which trig 
ger specific degradation mechanisms. 151 " 163 ' 155 ' 158 ' 176 ' 185187 Retrieved components exhibit maxi 

mum surface oxidation attributed to mechanically-induced aldehydes. 152 It was also observed that 
while the major chemical moiety in 10 years shelf aged samples was ketone 176 ' 185 it was ester in 
retrieved and aged in water samples. 152 ' 153 ' 167 ' 176 ' 185 ' 187 Belts and Yaw188 showed the origin of es 

ters to be linked to inorganic salts such as NaCI. In vivo ageing results in increased crystallin- 

ity ' and density 152 ' 184 and decreased gel content and molecular weight of the soluble constitu 
ents (especially in high-loaded areas). 152 The latter can actually decrease by a factor of 40 or 
more to levels comparable to HD-PE. These changes become significant after approximately 3- 
5 years in vivo 2 ' 159J83 an(j depend on resin type, with Hifax 1900 displaying a surface peak of 

lower magnitude than the sub-surface maximum in GUP 412/415™ Note that little data is avail 

able concerning the changes in mechanical properties in vivo since test samples are difficult to 
prepare from retrieved components. 182 ' 183

The inhomogeneous nature of the shelf ageing physical changes continues in i//Vo. 152 ' 155 ' 184 The 

location of the density/oxidation peak depends upon the distribution of maximum stresses i.e. 
surface peak in hips and sub-surface peak in knees. 158 ' 184 It is also correlated to the levels of dam 
age suffered by the implant. 159 Studies by Kurth et a/. 184 ' 190 correlated the variations of density with 

depth with the elastic modulus and obtained a linear relationship, indicating that the modulus is 
also inhomogeneous with depth. 190 When applied in FEA models, this correlation indicated in 

creased maximum tensile stresses when compared with one-modulus models184 and also in-
190creased contact and tensile stresses (1 mm depth) with ageing duration.

Physical degradation is also a major phenomenon in vivo and is reportedly caused by fluid absorp 
tion, 191 192 high contact stresses and friction, 152 enzymatic attack of synovial fluids 191 ' 192 and ca 
talysis of salts. 191 Degradation of polymers denotes changes in physical properties caused by 
chemical reactions involving bond scission and may occur in four modes : chemical, biological, 
thermal and mechanical. UHMW-PE in vivo can degrade according to all these modes.

Biodegradation of UHMW-PE has not been extensively studied since UHMW-PE is believed to be 
inert and hydrophobia 192 However, a few studies have proved the contrary. Oppenheimer et al. 

reported on the excretion of residual monomers after 26 weeks implantation in rats. Leininger ef 

a/. 194 observed a 30% decrease in UTS and 50% decrease in elongation at break of unirradiated 

polyethylene implanted in dogs for 17 months. Eyerer and Ke ~ 2 explained in vivo oxidation in 

terms of the nature of the peroxides contained in synovial fluid. Intergrain cracking and physical 
changes were higher in areas of contact with the synovium. In addition, evidence suggests that the 
low molecular weight fractions created in those areas are responsible for increased wear rates 
and brittle fracture caused by environmental stress cracking. 164 It is therefore possible that surface
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damage through cracking occurs in vivo simply by the effect of the environment. A recent study by 

Belts and Yaw188 showed that unirradiated UHMW-PE slices could substantially oxidise in the 

presence of salts and HZO2 . The effects of the physiological environment are therefore likely to 

control the functional performance of UHMW-PE.

Hydrolytic processes involving O2 trigger the degradation of polymers. 192 Superoxide is generated 

enzymatically by phagocytising leukocytes when a foreign body is present (one-electron reduction 

of oxygen under physiological conditions). 186 H2O2 always accompanies superoxide production 

since it is a product of the spontaneous dismutation reaction 186

O~2' + O~2 + 2H + -^O2 + H2 O2 (2-25) 

A secondary reaction involves the production of hydroxyl radicals (OH')

O~2 ' + H2 O2 -> O2 + OH~ + OH' (2-26)

OH ' radicals were shown to depolymerise purified hyaluronic acid and bovine synovial fluid. 186 

Since H2O2 is known to induce extensive oxidation of UHMW-PE, 152 ' 177 ' 188 Reactions 2.25 and 2.26 

indicate that superoxide and OH ' are actually the primary factors in this oxidation. Furthermore, 

since superoxide is associated with foreign-body inflammation, one could hypothesise that enzy 

matic attacks triggered by UHMW-PE wear debris could increase oxidation. In this view, Wil 

liams192 showed that polyglycolic acid sutures which are nominally stable suffered substantial loss 

of strength after contact with enzymes and that enzymes preferentially attack low molecular weight 

constituents. Radiation degraded UHMW-PE with lower molecular weight should therefore be 

more prone to biological degradation.

Hydrolysis and sorbtion of salts may catalyse a decay of hydrolytically unstable bonds in the bulk 

of hydrophobic polymers such as UHMW-PE. 188 ' 191 Although UHMW-PE does not usually contain 

hydrolysable bonds, y-irradiation and mechanical stressing (see next paragraph) create unsatu- 

rated bonds which are hydrolysable. Scission of these bonds will further degrade the polymer. 

Salts contained in synovial fluid such as /VaC/may therefore play a critical role in the overall deg 

radation of UHMW-PE in v/Vo. 188

Another source of degradation is mechanical chain scission caused by cyclic stressing. 

High strains and thermal energy contribute to the production of scission-type allyl radicals which 

react with O2 to create surface oxidation in retrieved components. 1 Sun et at. observed a dou 

ble oxidation peak in retrieved knee plateaux and correlated the areas of oxidation with those of 

maximum shear stress. More extensive changes occur in weight-bearing regions compared with 

low-loaded zones. 151 ' 152 Furthermore, the presence of aldehydes (scission-type carbonyl) is higher 

in retrieved cups than shelf-aged cups. 152 ' 158 Recently, Rimnac et a/. 195 measured substantial 

changes in the modulus following ageing in an oxidising solution and under cyclic stresses. Me 

chanical degradation is therefore an important factor in the degradation processes of UHMW-PE.
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Figure 2.2 presents the free radical decay reactions involved in such mechanisms. Upon mechani 

cal stressing, chain scission, slippage and unfolding occur, 140 resulting in scission-type allyl radi 

cals and peroxides (reactions 22-23), this reaction being significantly accelerated by hysteretic 

heating. ' In the absence of oxygen, new end-groups are created which concentration dictates 

the occurrence of macroscopic failure. 140 Development of sub-microscopic fissures has actually 

been linked to the formation of free radicals upon mechanical stressing with an estimated 2000 

chain scissions produced per free radical in polyethylene. 139 In summary, it is likely that combined 

chemical and mechanical stresses are responsible for the oxidative degradation of UHMW-PE in 

vivo.

2.3.4.3 Accelerated Ageing of UHMW-PE

The slow rates of oxidation reactions caused by the diffusion-controlled supply of O2 and thickness 

of the samples imply that long ageing periods are required to obtain significant levels of oxidation. 

For instance, Sutula ef a/. 159 determined a "significant point" in the region of 3 years. The consen 

sus in the orthopaedic community regarding minimisation of osteolysis and the link between oxi 

dation and increased wear rates has led researchers to seek methods to artificially age UHMW-PE 

in an accelerated manner.

Oxidative degradation in irradiated polyethylene depends upon the reaction rates and concentra 

tion of reactants. Artificial ageing methods should therefore consider closely these factors. Reac- 

tants include both [FT] which is fixed by the absorbed dose and the morphology of the material and 

[O2] which can be increased by raising the air temperature or pressure, thus increasing the flux of 

O2 in the polymer. In addition, increasing temperature will increase k in Equation 2.24 and en 

hance the crystallisation process (Section 2.3.3.1, scheme (ii)). Pioneer work in this area was con 

ducted by Sanford ef a/. 157 who devised an accelerated shelf ageing procedure based on increas 

ing the pressure to 5 aim and the temperature to 70°C. They obtained oxidation levels correspond 

ing to 7-9 years of shelf ageing after only 14 days, an accelerating factor in excess of 200 ! Sun et 

a/. 179 used a temperature of 80°C at atmospheric pressure for 23 days. The oxidation levels com 

pared well with Sanford's technique and the changes in crystallinity and tensile properties corre 

sponded also to 7-9 years natural shelf ageing. Various comments can be made on these tech 

niques. Sanford's pressure bomb may be too severe since it could destroy the structure. Sun's 

technique is more favourable although the temperature is possibly too high. Indeed, the onset of 

crystallite melting in virgin UHMW-PE lies around 90 n C. 174 Heating at 80 C could therefore result 

in melting of lower order crystallites. In this respect it appears that a lower temperature and longer 

ageing period would be more acceptable.

Accelerating ageing methods designed to model in vivo conditions have also been developed. 

Rimnac et a/. 177 used an oxidising aqueous solution of distilled water and 0.01% to 1% concentra-
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tions of H2O2 at 37°C for 1 year. 0.01% and 0.1% were found to be too weak whereas 1% was too 
oxidising. The oxidation profiles after 1 year did not compare well with those observed from re 
trieved components. Rimnac era/. 177 thus recommended the use of a 0.5% concentration. As evi 
denced by Berts and Yaw, 188 physiological salts such as NaCI and NaSO4 (0.15 molar or 8.8 g/l) 
generate carbonyl species (one of which being the ester bond) corresponding to 3-5 years in vivo 
following ageing at 37°C for 6 months. An alternative solution could thus be the Ringer-Locke so 

lution which contains 9 g/l of NaCI and is an accepted synovial fluid substitute.

2.3.5 Optimisation of Sterilisation by Alternative Methods

2.3.5.1 Gamma-Irradiation in an Inert Atmosphere

The competition between cross-linking and chain scission is dependent upon the availability of 
oxygen. Reducing the concentration of O2 increases the possibility of cross-linking, 56 ' 150 ' 153 ' 169 thus 
limiting oxidation and suppressing recrystallisation (Section 2.3.3.1, scheme (ii)). Numerous work 
ers have thus studied the possibility of minimising oxidation by precluding oxygen from around 
sterilised components by packaging the components prior to irradiation in barrier pouches flushed 
with an inert gas (nitrogen or argon). 56 ' 150 ' 153 ' 169 ' 170 The results confirmed a lower amount of in 
soluble constituents than when irradiation was conducted in a j rt 150 ' 153 ' 169 indicating a limited oxida 
tion through enhanced cross-linking, 142 ' 160 ' 169 ' 170 resulting in a reduced wear, 56 ' 150 enhanced 
LTS, 153 ' 170 hardness160 and fatigue resistance. 56 ' 150 Note that these advantages are only noticeable 
during shelf storage. Indeed, it appears that creep deformation for instance is higher than for y- 

irradiated in air material when no ageing is allowed. 169 Although packaging in inert gas prevents 
oxidation during shelf storage, long-lived allyl free radicals persist in the microstructure57 and will 
decay to form carbonyl species as soon as the packaging is opened. 157 y-irradiation in inert atmos 

phere therefore only serves to limit pre-implantation oxidation which, by all accounts, is the most 
deleterious.

2.3.5.2 Sterilisation by Ethylene Oxide

Since the deleterious effects of y-irradiation are unacceptable for clinicians, orthopaedic manufac 

turers are seeking alternative methods of sterilisation, one of which being Ethylene Oxide (EtO). 
EtO is a colourless, highly flammable gas of a triple ring type C2H4O which can form explosive 
mixtures with air and is used as intermediate in the chemical industry (antifreeze) and as a sterilis 
ing agent for thermo-labile hospital supplies. Generally speaking, EtO sterilisation is a low- 
temperature process (60°C 129) which affects only a few pm thick layer of the articles treated. 197 For 

EtO to be active as a sterilant, it must diffuse into the articles, including pores and crevices which 
may be problematic in the case of components of complicated shapes, with holes and tight cor 
ners. The advantages of EtO are its anti-microbial power at low temperature, strong penetration
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ability and limited reactions with most packaging. Contrarily to irradiation, the EtO sterilisation 

process does not create free radicals, either in the atmosphere or in the treated polymeric articles. 

It only affects a thin surface layer and low investment costs are required. 197

The strongest limitation of EtO sterilisation is that it is potentially hazardous as demonstrated by 

evidence of carcinogenicity, mutagenicity and adverse reproductive effects in animals and hu 

mans. 198 ' 199 Deaths have been attributed to EtO residues found in surgical tubing. 129 With regards 

to these alarming reports, the occupational permissible exposure limit for hospital workers and pa 

tients was drastically reduced from 50 ppm over an 8-hour time-weighted average (TWA) to 1 ppm 

8-hour TWA and an excursion limit of 5 ppm over 15 min introduced. 200 The two main by-products 

of EtO, ethylene chlorohydrin and ethylene glycol, are highly toxic chemicals which can produce 

toxic reactions in patients. 129 The current knowledge on the rate of diffusion and desorption of EtO 

and its sub-products is disparate. The most critical factor for the application to polymeric implants 

is therefore the diffusion of EfO and its residuals into the microstructure of the material, a period of 

quarantine being recommended for aeration of the articles (desorption time for UHMW-PE at 20°C

and atmospheric pressure required to reach 1 ppm is 6 days). 197

The renewed interest placed on EtO sterilisation by leading orthopaedic companies in an attempt 

to reduce wear has lead to numerous research on the effects of EtO on UHMW-PE. 160 ' 201 " 203 Oxi 

dation is practically eliminated, 160 the structure is not affected, 203 less surface damage is induced in 

vivo60 and fatigue strength and hardness are stable. 160 However, wear tests showed that the vol 

ume loss of y-irradiated UHMW-PE was lower than that of EtO sterilised material, this being at 

tributed to the effects of y-irradiation induced cross-linking. 201 Streicher202 also showed that the 

changes in tensile properties were of the same order of magnitude following y-irradiation at 2.5 

MRad or EtO. These results indicate that although structural changes occur following y-irradiation 

and none after EtO, the latter may not be an improvement.

2.3.5.3 Sterilisation by Gas Plasma

Gas plasma is a partially ionised body of gas referred to as the fourth state of matter (Northern 

Light). It is a highly reactive cloud of ions, electrons and neutral species at different levels of exci 

tation. Plasma is produced by exposing matter in the gaseous state to a strong electric or mag 

netic field such as radio frequency (RF), microwaves or magnetron in a rarefied atmosphere." 

Electrons are stripped from atoms, resulting in a cloud of charged particles, many of which are 

unstable free radicals. A glow is produced as the stripped electrons recombine with atoms or elec 

trons or when the electrons move to lower activation states within an atom (glow discharge, neon 

light). The free radicals, atoms and ions bombard and interact with solid surfaces, a concept now 

employed in medical polymers surface treatments to improve wettability and adhesion for cell 

culture, blood contact and test tubes (ablation and activation). 205 Free radicals are also capable of
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interacting with vital cell components such as cell membranes, enzymes and nucleic acids, disrupt 

ing the life of these micro-organisms and inducing irreversible damages. Gas plasma has thus 

been developed into a safe, low-temperature (<50°C) sterilisation process for the healthcare indus 

try particularly suited for heat and moisture sensitive instruments. 204205 A large range of inert or 

active gases or mixture of gases can be employed, including argon, oxygen, nitrous oxide, helium, 
air water vapour and H2O2 vapour. 204" 206

The first FDA approved steriliser (STERRAD®, J&J] used H2O2 vapour as the substrate gas and a 

RF as the magnetic source. 204 H2O2 decomposed into radicals such as OH ' responsible for sterili 

sation. A disadvantage is that the articles were in direct contact with the primary plasma, causing 
surface ablation and activation and thus improving the hydrophilic properties. 207 A second genera 

tion of sterilisers (AbTox, Inc.)205 uses a dual-chamber set-up i.e. plasma from a generation cham 

ber is passed into a sterilising chamber where the articles are placed, thus avoiding direct contact 

of the reactive primary free radicals with the components. Although plasma loses strength during 

transit, the sporicidal power remains high enough for an acceptable bioburden kill. 205 AbTox steril 

isers are currently in use at DePuy, Inc. which validated a gas plasma sterilisation method for or 

thopaedic devices. Disadvantages include limited accessibility of hidden parts of articles such as 

endoscope lumens longer than 12 inches207 and serious effects on cellulosic materials, liquids and 

powders, especially if H2O2 vapour is used. 204 ' 207

Gas plasma therefore displays the potential for an inexpensive, safe and rapid method of low- 

temperature sterilisation. It avoids the potential mutagenic and carcinogenic hazards of EtO and 

eliminates lengthy aeration periods. The problem of surface ablation is undoubtfully serious and 

further research is needed, for example concerning wettability. The presence of highly reactive 

free radicals around UHMW-PE is also a concern as shown in Section 2.3.4.2. Despite this, phys- 

icochemical and mechanical tests 171 have shown that gas plasma has no adverse effects. The 

oxidation levels following accelerated ageing are unchanged compared with virgin material 171 and 

so are the rotating cantilever beam fatigue and wear resistance. 58 ' 171 The sterilisation process is 

probably too short to induce any detrimental attack by the free radicals. The potential benefits of 

gas plasma over y-irradiation or EtO sterilisation therefore appear considerable.

2.4 Current Issues and Improvements

The literature indicates that post-irradiation oxidation is slower and thus less extensive in vivo than 

on the shelf because of the lower concentration of oxygen. An obvious consequence is therefore to 

limit shelf oxidation by reducing the shelf life of the components. Note that most manufacturers 

now place a 5 year shelf life on their products. The issue of shelf life is increasingly critical since it 

may partly explain the behavioural differences obtained between various prosthesis designs. Dif 

ferences in the shelf storage duration may indeed result in significant differences in physico-

37



Literature Survey

chemical changes and thus mechanical behaviour. Improved control of the post-irradiation life of 

components is thus required in order to (i) better understand results from long-term survivorship 

and (ii) limit inter-laboratory discrepancies in experimental results.

Improvements to the sterilisation process can also be achieved through optimisation of the y- 

irradiation process. Two recent articles have established that firstly the optimum dose for sufficient 

bioburden kill is approximately 6 times lower than the standard dose of 2.5 Mrad. 208 Since the con 

centration of free radicals is dose-dependent, 135 it is likely that a lower dose would induce less 

damaging effects. Secondly, it is possible to stabilise UHMW-PE by either exposing it to elevated 

temperatures ' or inducing a forced diffusion of hydrogen gas under high pressure. 209 Free radi 

cals scavenging leads to a highly cross-linked polymer which does not oxidise, presents a small 

percentage of low molecular weight fractions and possesses increased mechanical properties 

(UTS, compressive creep, impact strength, wear resistance) over non-stabilised material. 63170 

Further experimental evidence is however required before implementing such method on an in 

dustrial scale since for instance stabilisation induced as much oxidation following accelerated 

ageing as a non stabilised UHMW-PE. 181 A different process has been applied commercially by 

Biomet in the form of ArCom (extruded GUP 4150HP) which fabrication process includes process 

ing in an argon atmosphere followed by packaging in argon. Long-term clinical results of ArCom 

based prostheses do not exist to indicate potential advantages. Furthermore, although free radi 

cals are likely to have created cross-links, long-lived radicals in the crystallites will be present and 

will react with O2 during implantation, creating some oxidation.

Information has emerged in the literature that oxidation of UHMW-PE may not be as critical a 

phenomenon as commonly perceived and is not a necessary sequela. 6062 ' 201 ' 210 For instance, the 

literature differs in the conclusions drawn from wear tests of oxidised UHMW-PE. Some workers 

observed a correlation between high oxidation and high wear rates58 ' 59 while others failed to obtain 

a relationship. 62202210 From hip simulator wear tests, wear of y-irradiated UHMW-PE was lower 

than unsterile and EtO sterilised material. 201 Clinically, wear in cups occurs at a constant rate after 

the running-in period, showing even a slight decrease with time. Thus, for hip cups, changing 

the sterilisation method to minimise oxidation may not improve wear rates. For less congruent 

knee systems in which delamination and fatigue play a more prominent role, oxidation of surface 

and sub-surface layers is however likely to be more prejudicial.

Nevertheless, excessive wear, delamination and fracture of UHMW-PE tibial inserts, leading to 

implant loosening and osteolysis, represent the most complex and worrisome problem yet faced 

by clinicians and designers. Despite the common effort for developing an understanding of the 

mechanisms of these processes, numerous questions remain unanswered. The known mechanism 

of -^irradiation-induced oxidation of UHMW-PE has been shown to extensively degrade the physi 

cal and mechanical properties of UHMW-PE. The phenomenon of ageing is also well established
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i.e. oxidation is inevitable and continues with shelf time and in vivo. However, the incidence of 

gross brittle fracture has not been mechanistically explained. The increased wear rates in oxidised 

UHMW-PE have not been explained. Delamination has not been explained quantitatively, nor 

qualitatively for that matter ! As stated in Introduction, one of the objectives of this study is to pro 

vide a qualitative and quantitative explanation of delamination and increased wear rates in highly 

oxidised UHMW-PE.

The current consensus is now to abandon y-irradiation and switch to alternative methods such as 

inert gas packaging, EtO or gas plasma. Inert gas packaging may not be a satisfactory option 

since it does not prevent in vivo oxidation. EtO possesses high sporicidal properties and does not 

induce any apparent structural damages to polymers but is unfortunately a highly toxic, carcino 

genic and mutagenic gas. Gas plasma possesses the same qualities as EtO without the clinical 

dangers. However, the development of a new sterilisation technique for industrial use is a slow and 

laborious process since important issues such as bioburden kill, materials compatibility and func 

tionality and identification of chemical reactions need to be understood. Little experimental data is 

available to date. Furthermore, the implementation of a new process within a production plant is 

costly and involves changes in health and safety procedures and production planning. This may 

not be cost-effective although, alternatively, in-house capability and reduction in lead times will 

reduce costs. The main objective is therefore to provide data proving that major improvements 

can be established which would, for example, increase implants working life by reducing the occur 

rence of early brittle fracture and surface damage. In that respect, Chapter 7 describes the results 

from a study characterising, amongst others, the fracture comportment of gas plasma sterilised 

UHMW-PE following artificial ageing.
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3. MECHANICAL PROPERTIES TESTING AND EVALUATION

3.1 Introduction

During implantation, UHMW-PE components are subjected to high stresses generated at the ar 

ticulating surfaces ' ' ' 29 ' 184 and to chemical degradation from the biologically active tissues and 
extracellular fluids. 141 ' 144 ' 153 ' 177 ' 186 For UHMW-PE elements to achieve a long working life and re 

tain the initial role they were designed for, their shape and integrity should not deteriorate, defor 

mation and mechanical stability therefore being the significant factors. Until recently, only a few 

studies have attempted to resolve problems associated with the basic mechanical properties of 
UHMW-PE ' ' 1 • 184 ' 196 . 211 -213 a |though there is a need to improve the understanding of the me 

chanical behaviour of UHMW-PE under physiological conditions in order to explain failure 

mechanisms such as delamination, fracture or permanent deformation. The objective of this in 

vestigation was, therefore, to determine the deformation characteristics of UHMW-PE under vari 

ous loading conditions and environments and provide indications regarding the in vivo behaviour 

of UHMW-PE and recommendations for future material developments and testing programmes.

Of initial interest was the viscoelastic behaviour of UHMW-PE. Short-term uniaxial tensile creep 

tests were conducted at room temperature and at various stress levels in order to quantify the role 

of creep in vivo. A hypothesis was that the viscoleastic nature of UHMW-PE is non-linear since 

creep deformation depends on time and stress history. The latter is borne out from considerations 

of the stress-induced chain scission occurring during machining and implantation as described in 

Section 2.3.4.2. A second objective was to develop a detailed knowledge of the tensile behaviour 

of UHMW-PE under uniaxial tensile loads. Such data is required by designers and can be applied 

to FEA models and fatigue/fracture theories. Since few reports out of the numerous literature 

available present meaningful tensile data 149 ' 153166211 - 213 and UHMW-PE is temperature-dependent 

and viscoleastic (Section 1.2.2) another objective was to provide a set of tensile properties at 

physiological temperatures and strain rates. 213

FEA studies of total knee prostheses4 and contact cases such as sphere/cylinder on plate217 re 

vealed an heterogeneous stress distribution in tibial plateaux caused by complex deformation 

mechanisms. Indentation of the surface layer by the stiffer metallic condyles induces compressive 

stresses perpendicular to and of maximum magnitude on the surface. 4 Resulting tangent deforma 

tions and stretched material at the edges of the contact area cause tensile and sub-surface shear 

stresses. It was also shown that fatigue-loading in compression results in higher crack growths 

than in tension. 218 Despite this obvious role played by compressive stresses in the deformation of 

UHMW-PE, little data is available in the literature, 13 ' 178 ' 219 probably because tensile data is usually 

deemed sufficient to characterise a material and ductile polymers do not habitually fail in com-

40



Mechanical Properties Testing and Evaluation

pression. Finally, compression tests on polymers are conducted at low strain rates220 in order to 
allow the specimen to deform radially resulting in creep deformation overriding the dynamic ef 
fects. It was an objective of this investigation to compare the tensile and compressive properties of 
UHMW-PE and to demonstrate that additional information on deformation mechanisms can be 
gained from the latter. 221

Most existing FEA models of UHMW-PE components for total joint replacements are limited to 
static loading conditions and steady state mechanical properties which do not describe the con 
tinuous changes in these properties with time, temperature and applied stresses. 4 ' 219 Improve 
ments to these models could be achieved by applying to those models empirical tensile and com 
pressive stress/strain relationships such as

PowerLaw a(t,T)= k(t,T).e(t,T)m<t 'T> (3-1)

Parabola a = a(t,T)e(t, T)2 + b(t, T)e(t, T) (3-2) 
where k is a strength coefficient, m is a factor equivalent to the strain hardening coefficient, a is a 
modulus softening coefficient representing the decrease in modulus with strain, 222 b is equivalent

222to the Young's modulus and t and 7" represent time and temperature respectively. An objective 
of this study was therefore to examine the possibility of simulating the experimental tensile and 
compressive stress/strain curves using Equations 3.1 and 3.2 and thereafter to develop empirical 
relationships for use in FEA models.

3.2 Assessment of Viscoelasticity 

3.2.1 Materials and Methods

The constant load uniaxial tensile creep response of dumbbell-shaped specimens (gauge : 25x6 
mm, 2 mm thick) was measured for two batches of compression moulded UHMW-PE GUR 412 
(Perplas Medical) on a Hounsfield H5000M tensile machine with dead weight apparatus at 23°C. 

The two batches originated from the same powder lot and were processed using similar parame 
ters. The effects of thermal history were reduced by temperature-conditioning the specimens for 
12 hours. Nominal stresses between 5.5 and 14 MPa were applied for up to 30 minutes (avoiding 
shocks and vibrations) and the strain recorded through a non-contacting extensometer. Five 
specimens were tested per stress level. Short-term static tests were preferred over long-term dy 
namic tests for two reasons : (i) continuous mechanical loading of knee or hip joints is not likely to 
exceed 30 minutes and (ii) creep deformation under static loads is higher than under cyclic loads 
since stress relaxation does not occur.
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3.2.2 Results and Discussion

The hypothesis of dependence on stress history was tested by reducing the experimental cartesian 
creep curves with power law equations of the form

£(t,o-) = £ 0 (a)+k(t,<7)t r(t ' a> (3-3)

corresponding to a parabolic creep behaviour and where e0 is the instantaneous strain and k and r 

are time- and stress-dependent constants (Table 3.1).

Stress (MPa)
5.5
8

10.5
12
14

Batch A
e = 0.002 + 0.0044t0302
e = 0.005 + 0.0058t° 372
e = 0.012 + 0.0086t0410
e = 0.02 + 0.0091 Ot0470
E = 0.03 + 0.01 160tobM

r
0.996
0.992
0.993
0.996
0.999

Batch B
e = 0.005t00002

e= 0.002 + 0.0035t0438
e = 0.005 + 0.0033t0557
e = 0.01 + 0.0071 Ot0502
e = 0.018 + 0.0105t0532

r
0.992
0.978
0.978
0.998
0.997

Table 3-1 - Influence of Applied Stress on Creep Curve Equations.

The experimental creep data satisfied Equation 3.3 for all conditions. e0 , k and r increased with 

stress demonstrating that the hypothesis of stress dependence is correct. This is supported by the 
non-linear log-log creep curves which represent non-linear viscoelasticity as time and stress de 
pendence cannot be separated (Figure 3.1). A representative surface plot including creep, iso 
chronous and isometric curves is presented in Figure 3.2. Both batches exhibited similar behav 
iours although the strain at 30 minutes was 30% lower in Batch B. The slope of the isochronous 
curves decreased with time, illustrating the decreasing rate of creep. This phenomenon resulted 
from time-dependent deformation processes involving the movement of individual chain segments 
whose mobility is restricted by the strong covalent backbone bonds. The deformation resulting 
from these movements is called glass deformation and is practically instantaneous, thus explain 
ing the high values of e0 in proportion with the total strain (Table 3.1). Following glass deformation, 

high thermal vibrations are required for the segments to move relative to one another, resulting in 
a decrease in the rate of creep deformation with time.

After 30 minutes at 14 MPa, the strain reached 11% which is of the same order as the tensile 
strain at yield (Section 3.3). Therefore, even if the stress is below ay , the strains can induce irre 

versible deformations. Since most UHMW-PE components are subjected to stresses above 14 
MPa, 4 ' 723 permanent deformation is unavoidable. Reducing the contact stresses through enhanced 
congruity has been the major element for design improvements of knee implants since the publi 
cation of studies relating surface damage with contact stresses. 4 ' 7 ' 9 ' 23 ' 29 However, this is not suffi 
cient since creep deformations could account for a large proportion of total deformation. Both 
contact stresses and creep should thus be limited to a minimum by increasing contact areas and 
enhancing the material's resistance to creep.
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Figure 3-1 - Uniaxial Tensile tog-tog Creep Curves for Batch A.

Figure 3-2 - Uniaxial Tensile Creep Surface Plot for Batch A.

The hypothesis of time and stress dependence was also checked using creep compliance (D(t)) 

plots (Figure 3.3). The values corresponded to those obtained elsewhere52 and the shape of the 
curves was typical of semi-crystalline polymers. 51 D(t) increased non-linearly with time and de 

pended upon the applied stress. This could be interpreted as a decrease in the magnitude of the 
retardation time with increasing stress, the retardation time being a measure of the time required 

for the extension of the spring in a Voigt element to reach its equilibrium length while acted upon 

by the dash-pot. Bhateja51 observed that D(t) is a function of time and stress at low compliances.
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Here, the curves were generally parallel at low compliances indicating that, on the contrary, time- 
and stress-dependence could be separated into 2 functions f(t) and g(t) so that

£ = f(o).g(t) (3-4) 
As creep developed, non-linearity dominated and stress and time could not be separated so that

e = h(a,t) (3-5)

The higher compliance values corresponding to these time periods and stress levels could corre 
spond to physiological conditions such as in a knee plateau, at which Equation 3.5 would apply. 
The significance as far as FEA modelling is concerned is that UHMW-PE should be regarded as a 
non-linear viscoelastic material involving time and stress dependent variables and iteration rou 
tines should be used for stress analysis.

7- 
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CT = 5.5 MPa
CT = 8 MPa
a = 10.5 MPa
CT = 12 MPa
CT = 14 MPa

O.01 0.1 10 1OO
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Figure 3-3 - Uniaxial Creep Compliance for Batch A.

3.3 Tensile Properties

3.3.1 Materials and Methods

Dumbbell-shaped specimens (gauge : 50x6 mm) were die cut from 2 mm thick sheets machined 
from nine batches of compression moulded GUR 412 and four of ram extruded Himont 1900 
(Perplas Medical) and tested in tension223 on a Hounsfield H 5000M equipped with a non- 
contacting extensometer (Perplas Medical) at strain rates between 0.33 and 16.67 %/sec and tem 
peratures between 23°C and 120°C (± 0.5°C). Each specimen was temperature-conditioned for 12 
hours prior to testing. At least 5 specimens were tested per condition. The temperature range 23- 
120°C was chosen for three reasons : (i) BS 2782-320223 recommends testing at 23°C and 120°C. 
(ii) A telemetric study by Davidson et a/. 57 ' 196 revealed that under physiological loading and lubri 
cation conditions, the temperature at the articulating surface between a polished CoCrMo head 
and a 32 mm cup increased by 3°C after 5 minutes of reciprocating loading on a hip simulator.
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The temperature was expected to drop as loading terminated although not to the initial levels since 
hip joints do not effectively dissipate heat. 196 If the activity was resumed a few minutes later, one 
would observe a higher temperature increase, (iii) The impact strength of UHMW-PE peaks at 30- 
40°C after which it decreases dramatically. 13

Various parameters were determined from the stress/strain curves : (i) yield strength (o>) was cal 
culated at the point of nil tangent, (ii) secant modulus (£) : because of viscoelasticity, a single 
value of modulus does not characterise fully the "elastic" region. A secant modulus was therefore 
calculated from the slope of the line between the origin and a point on the stress/strain curve cor 
responding to 2 % strain221 (Stojek and Li213 used an origin of 0.05% and a strain of 1%). (iii) ulti 
mate tensile strength (UTS) was taken as the stress at fracture which in all cases corresponded to 
the maximum stress sustained by the specimens, (iv) strain at break (e*,) : the strain corresponding 
to the UTS. The toe on every load/elongation curve caused by the take-up of slack and seating of 
the specimens in the grips was compensated by constructing a tangent to the slope at the inflec 
tion point and using the corrected zero-strain for the modulus calculations. Student's two-tail f test 
(assuming unequal variances) was used for statistical analysis (Appendix A).

3.3.2 Deformation Processes

All conditions produced stress/strain curves of similar shapes (Figure 3.4). Deformation could be
described as elastic-heterogeneous plastic-homogeneous plastic (Type V) and was typical of 
semi-crystalline polymers. 51 It was heterogeneous microscopically since the deformation behav
iours of amorphous and crystalline phases differ. The former are characterised by rubbery de 
formation of the tie molecules linking adjacent lamellae51 while deformation in crystallites include 
chain slip, shearing at region boundaries, bond rupture and stress-induced martensitic transforma 
tions from orthorhombic to monoclinic configuration. 51 ' 226 This heterogeneous deformation results, 
practically, in twisting and kinking following fracture.
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Figure 3-4 - Typical Tensile Stress/Strain Curve at 37°C.
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The fracture surfaces of the tensile specimens provided information on the mechanisms of defor 

mation and fracture (Figure 3.5). Typically, ductile tearing originated at an area where fibrils were 

formed and radially projected towards the opposite side of the surface. Another feature observed 

in most samples was the circular region shown in Figure 3.6 which resembles a craze playing the 

role of fracture initiator. Crazes are small crack-shaped regions bridged by stretched fibrils and of 

circular shape when situated inside a component. Crazes represent the initial stage of ductile fail 

ure and result from continuous, slow tensile stressing. In this study, they were always located in 

one corner of the fracture surface and could not therefore be specifically induced by a defect.

43,7X 
inn

25KU WD'231111 5:00000 P : 00007

Figure 3-5 - SEM Micrograph of a Typical Tensile Specimen Fracture Surface (x43.7).

Figure 3-6 - Details of a Crazs termed en the Fracture Surface of a Tensile Specimen (x165).
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3.3.3 Influence of Temperature

A quasi-linear relationship between ay, E and eb and temperature is shown in Figure 3.7 thus con 
firming a rubbery behaviour in this temperature range. The results were consistent with published 
data211 '214"216 although the L/VSdid not yield any trend. From 23°C to 37°C, oy and E decreased by 
17% (p<0.001) and 14% (p<0.005) respectively and by 6.5% (p<0.001) and 12.5% (p<0.025) re 
spectively between 34°C and 40°C. The maximum variation occurred between 23°C and 50°C at 

which oy dropped by 30% (p<0.001), E by 57% (p<0.005) and eb increased by 75% (p<0.025). The 
UTS at 120°C was 20.5 MPa which is within the published range. 13 At 37°C, 3.33 %/sec, oy = 20.2 
± 0.1 MPa, UTS = 45.5 ± 1.6 MPa, E = 805 ± 17 MPa and eb = 574 ± 18%. These results indicate 
that the temperature range 34-50°C should be considered as a routine testing parameter since 
23°C does not provide representative results of the working conditions.

20 25 30 35 10 45 50

20 25 30 35 40 45 SO

Figure 3-7 - Temperature Dependence of the Tensile Behaviour of Compression Moulded UHMW-PE
at 3.33 %/sec.

Retrieval studies9 ' 29 ' 54 indicate that cold flow is common in unsupported metal-backed prostheses 
and low conformity designs. The results of this investigation suggest that permanent deformation 
is enhanced by increasing the temperature. An in vitro simulation of a TKA system indicated that 
the contact area increased by 18% at 15° and 38% at 90° flexion between 23°C and 37°C, result 
ing in contact stresses 24% and 29% lower respectively. 227 These values are close to the changes 
observed here in oy and E.
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Although macroscopically molecular motion dictates the deformation characteristics of UHMW-PE, 
the break-down under high stresses of tie molecules and homolytic bonds resulting in chain scis 
sion and micro-cracking are the determinant factors in the response of UHMW-PE to stress and 
strain. Various workers22' 31 ' 33 '37 '49 ' 65'67 showed that the microstructure of UHMW-PE is a conglom 
erate of spherical particles of unconsolidated powder held together by temperature-unstable fibrils. 
Evidence suggests that these fibrils fail under high stresses in vivo, resulting in unconsolidated 
particles which could be released to the surrounding tissues. 67 It is likely that strenuous in vivo cy 
clic stressing and hysteretic heating will induce bond breakage, resulting in an increased ductility 
and reduced resistance to yield. In addition, the fact that post-yield properties differ greatly be 
tween specimens (Figure 3.7) may be connected to the presence of such structural defects acting 
as initiation sites for cracks. Indeed, a strong correlation exists between voids concentration and
delamination and wear rating of retrieved implants.29,66,228 The deleterious effects of temperature
on UHMW-PE are thus dual : (i) enhanced segmental motion and (ii) break-down of primary 
structural elements such as fibrils and grain boundaries. Since it is impossible to avoid hysteretic 
heating and the body temperature is an immutable factor, the integrity of the material should be 
enhanced through structural modifications resulting in an enhanced strength, fully consolidated 
morphology and therefore less acute reaction to frictional heating.

FEA modelling of hip and knee implants is useful in predicting the behaviour of novel designs.4 ' 79 
However, in most cases, the material's characteristics are unknown or approximated4 ' 184 and are 
not taken as values at 37°C. The influence of Eon maximum shear stress and shear stress distri 
bution was determined in FEA models of a metallic cylinder/sphere in contact with a UHMW-PE 
plate. 217 As shown in Figure 3.8, a decrease in E of 18%, equivalent to the decrease in E between 
23°C and 37°C, resulted in a decrease in maximum shear stress of 19% and an increase in maxi 
mum depth of indentation and contact area of 12 %. Figure 3.9 illustrates the corresponding 
changes in shear stress distribution.

——•— E = 90O MPa
--H-- E = 1 1OO MPa
•-••*•••• E = 1200 MPa

- E = 14OO MPa

4 6
Depth (mm)

1O 12

Figure 3-8 - Influence of Eon the Maximum Shear Stress in the Case of a 40 mm Diameter Metallic 
Ball Indenting a UHMW-PE Plate (applied load = 2170 N).
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(a) (b)

Figure 3-9 - Shear Stress Distribution in a UHMW-PE Plate in Contact with a 40 mm Diameter Metallic 
Ball at a Load of 2170 N. (a) £ = 900 MPa. (b) E=1100 MPa.

3.3.4 Influence of Strain Rate

Figure 3.10 illustrates the strong dependence of cry and Eon applied strain rate at 37°C while there 

was essentially no dependence for both UTS and eb. This is consistent with the notion of molecular 

orientation during strain hardening which is inhibited at elevated strain rates since molecules do 

not have time to reorganise. When the strain rate was multiplied by a factor of 5 (physiological 

range 0.67 %/sec - 3.33 %/sec213), 0y increased by an average of 13.2 ± 0.8% (p<0.025) and E by 

23.3 ± 6.8% (p<0.001). At 16.67 %/sec, cy increased by 24.3 ± 1.0% (p<0.025) and E by 53.7 + 

10.8% (p<0.025). Although the magnitude of the variations is low compared to the corresponding
213

changes in strain rate, it is higher than published data and it emphasises the significance of the 

testing parameters. It is therefore recommended that the evaluation of UHMW-PE be conducted 

under physiological conditions of straining.

Given these results, the properties of the material could vary in vivo depending on the patient's 

activity. FEA models should accommodate for these variations by using ery and E corresponding to 

the load and kinematics applied to the prosthesis. Static models only simulate a particular condi 

tion such as one-leg stance whereas a walking cycle involves factors such as creep and impact 

loading. It is therefore unsatisfactory to rely on approximated FEA models to draw conclusions on 

the effect one parameter has on performance. Studies of the contact stresses in tibial plateaux 

were limited to static conditions and single E values. 4 ' 7 ' 23 ' 46 Nevertheless, conclusions were drawn 

on the influence of contact stresses on surface damage leading to recommendations on minimum 

UHMW-PE thickness which have never since been disputed. 4
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Figure 3-10 - Strain Rate Dependence of the Tensile Behaviour of Compression Moulded UHMW-PE
at 37°C.

3.3.5 Batch-to-batch Variations

Contrary to reported studies, 29 ' 212 ' 221 ' 229 batch-to-batch variations in 0>, UTS and eb were not statis 
tically significant. E, on the contrary, was more sensitive to the batch tested, with variations 
reaching 58% (p<0.025) at 23°C, 1.67 %/sec. Average discrepancies reached 20% (p<0.001) at 
23°C, 3.33 %/sec and remained below 10% at 37°C, 0.67 %/sec. Major improvements by material 
suppliers have been achieved in recent years following concerns that the structure of UHMW-PE 
was inconsistent because of voids and fusion defects caused by unconsolidated powder parti
cles,31,47,228 resulting in batch-to-batch and specimen-to-specimen differences. 29,212 Although

230,231UHMW-PE suppliers are now keen to remark that variations within one grade are minimal, 
and this investigation confirms this predicament, the variability remains because of the various 
grades and processing methods available on the market. In this study, substantial differences were 
observed between the ram extruded and compression moulded materials, especially in terms of 
the post-yield behaviour intrinsically governed by density and crystallinity. The lower density of 
Himont 1900 resulted in significantly lower Eand eb (-30%, p<0.005). The reduced stiffness is re 
lated to a lower degree of crystallinity while the decrease in eb is caused by a lower capacity to 
strain harden. Inherent variations can also originate from molecular weight, molecular weight dis-

and presence of calcium stearate. 211 The suppliers oftribution, processing parameters 22,31,232

50



Mechanical Properties Testing and Evaluation

powder UHMW-PE use proprietary polymerisation procedures and implant manufacturers apply 

proprietary post-processing treatments such as annealing, thus causing grade-to-grade variations 

at the origin of limited inter-laboratory agreements. UHMW-PE is thus a term covering a molecular 

weight range and variability is unavoidable. Suppliers and device manufacturers should therefore 

strive to standardise their processes in order to reduce disparities and should accordingly agree on 

post-processing treatments. Finally, testing methods for UHMW-PE233 should provide less generic 

recommendations on protocols and data interpretation in order to limit variability.

3.4 Compressive Properties

3.4.1 Materials and Methods

Twenty prismatic samples (50.8x12.7x12.7 mm) were machined from a compression moulded 

block of GUR 412 (Perplas Medical) according to ASTM D695. 220 The dimensions were chosen 

from various considerations on strength and modulus measurements220 and uniformity of the strain
222field. The tests were conducted on a MTS Bionix 858 Testing Machine (DePuy International Ltd) 

at 1.3 mm/min and at 37°C. Precise machining and polishing of the end surfaces were necessary 

to ensure uniform load distribution throughout the specimens. The machine was fitted with self- 

centering platens to improve axial loading. Special stainless steel plates placed between the plat 

ens and specimens' ends and an oil-based lubricant were used to reduce friction and allow the 

material to deform radially, thus reducing the development of buckling.

3.4.2 Results and Discussion

No specimen failed and thus no ultimate compression strength was obtained. Reproducible 

stress/strain curves followed a Type III, 234 double-peak non linear relationship attributed to irre 

versible deformation for the first peak and buckling for the second (Figure 3.12). Odom and Ad 

ams222 described this behaviour as anelastic i.e. not perfectly elastic since it does not follow 

Hooke's law and not inelastic since for low strains the deformation is reversible. This behaviour 

differed from that in tension in two ways : (i) the stress never dropped below ay indicating that 

compressive yielding does not result in microscopic breakdown, (ii) the limited strain hardening 

indicates a collapse of the structure and no orientation. Only the initial portion of the stress/strain 

curves could be used for analysis since buckling results in erroneous readings. The secant modu 

lus at 2% reached 402 ± 9.7 MPa and since no definite yield point was observed, a 5% offset 

compressive yield strength of 16.2 ± 0.6 MPa was found at the intersection of a 5% offset line 

drawn parallel to the initial linear portion with the stress/strain curve. 219

51



Mechanical Properties Testing and Evaluation

Q_"s
tn

JU- 

25-

20-
-

15-

10-

O"

J /^f /
^^ /
f 1
r i

m I
i 1

15 20 

Strain (%)

Figure 3-11 - Typical Compression Stress/Strain Curves at 37°C. The vertical dotted line represents 
the 5% offset line parallel to the initial linear portion.

UHMW-PE appeared stronger and stiffer in tension than in compression as shown by the reduction 
in cy and E of 30% and 50% respectively compared with the compression moulded material at 
37°C, 0.67 %/sec. This weakening is caused by an absence of molecular orientation in the stress 
direction while the backbone chains fold under the compressive stresses. Similar discrepancies 
exist between tensile and compressive creep tests13 and could result in earlier yield under com 
pressive loads. The yield strength of UHMW-PE is essentially reported as being in the 21-24 MPa 
region while modulus values of the order 800-1200 MPa are widely accepted. The present investi 
gation demonstrates that lower values should be applied during the design of prostheses, espe-

4,217daily when considering that most stresses in tibial inserts are compressive. ' 

3.5 Modelling of Tensile and Compressive Stress/Strain Curves

The tensile and compressive stress/strain curves below 4% strain at 23°C and 37°C and strain 
rates of 3.33 and 6.67 %/sec in tension and 23°C, 1.3 mm/min in compression were reduced using 
Equations 3.1 and 3.2. An additional straight line fitting of the initial linear portion (cr = ee) was 
conducted for the compressive curves since it was shown to be appropriate in conjunction with the 
power law fitting. 221 "Master" relationships were thereafter determined by taking the average of the 
coefficients e, k, m, a and b for all the specimens per condition. Values of E were then calculated 
from those equations at 1%, 2% and 4% strain. Results for the master equations are presented in 
Tables 3.2 and 3.3 together with the corresponding secant modulii values. Comparison between 
the experimental and empirical curves is given in Figures 3.12 and 3.13.
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Condition
23°C, 
3.33 %/sec
23°C, 
6.67 %/sec
37°C, 
3.33 %/sec
37°C, 
6.67 %/sec

Power Law Fitting
Coefficients

/c(MPa)
1 58.78 
(16.89)
182.04 
(33.95)
131.57 
(26.26)
114.77 
(10.92)

m
0.622 

(0.047)
0.640 

(0.067)
0.626 

(0.052)
0.569 

(0.031)

E(MPa)
1%

902.2

957.0

735.0

836.6

2%
694.2

745.5

567.3

620.4

4%
534.2

580.7

437.9

460.1

Parabolic Fitting
Coefficients

a (MPa)
-14704.86 
(3284.50)
-15264.60 
(3411.14)
-11542.22 
(2014.54)
-13940.15 
(1752.02)

to (MPa)
1046.81 
(142.44)
1108.23 
(162.87)
835.76 
(75.55)
957.48 
(91.37)

E(MPa)
1%

899.8

955.6

720.3

818.1

2%
752.7

802.9

604.9

678.7

4%
458.6

497.7

374.1

399.9

Table 3-2 - Tensile "Master" Stress/Strain Equations and Corresponding Secant Moduli!. Values in 
parentheses represent the 95% confidence limits ft test).

Linear Fitting
cr = ee

e 
(MPa)
518.6 
(12.9)

Power Law Fitting
<7 = /cem

k 
(MPa)
99.7 

(17.2)

m

.655 
(.06)

2%E 
(MPa)
384.4
(12.5)

Parabolic Fitting
a = a/ + be

a (MPa)

-5969.2
(1207.2)

b 
(MPa)
520.6 
(58.8)

2%E 
(MPa)
401.2 
(15.7)

Table 3-3 - Compressive "Master" Stress/Strain Equations and Corresponding Secant Moduli!.

For the tensile curves, a close relationship existed between experimental data and empirical 
models although the power law fitting offered a better correlation at higher strain levels (Figure 
3.12). Below 1%, both relationships yield similar secant modulii. At 2%, the higher curvature of the 
parabola produced the highest values. At 4%, the parabola reached a maximum before decreasing 
while the power law continued to increase. Therefore, from an experimental observation basis, the 
power law fitting provides an adequate image of the experimental data and the coefficients of Ta 
ble 3.2 were selected for future analysis.

u = -11542.22e2 + 835.76e

0.04

Figure 3-12 - Experimental and Empirical Tensile Stress/Strain Curves at 37°C, 3.33 %/sec.
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Figure 3-13 - Experimental and Empirical Compressive Stress/Strain Curves at 23°C, 1.3 mm/min.

Temperature and rate of straining influenced the secant modulus and strength coefficients, further 
confirming the results presented in Section 3.3. Both E at 2% and b decreased by approximately 
20% when the temperature was raised to 37°C at which Eat 2% and b increased by 10% and 13% 
respectively when the strain rate was doubled. Eat 2% was lower than previously obtained under 
similar conditions (Section 3.3). b, equivalent to the Young's modulus, lied within the range previ 
ously obtained (Section 3.3). As for the tensile data, the power law equation provided the most 
accurate fitting of the compressive stress/strain curves although the differences in E at 2% be 
tween experimental data, power law and parabola fitting was not statistically significant (p<0.1). 
The loss of stiffness and strength in compression was confirmed in Figure 3.13 where a tensile 
curve is compared with the compressive empirical relationships.

3.6 Evaluation of Poisson's Ratio

As part of the effort to accumulate a complete knowledge of the mechanical characteristics of 
UHMW-PE for FEA models, Poisson's ratio (v) was measured under various conditions. Dumbbell- 
shaped specimens were machined from compression moulded GUR 412 (Perplas Medical) to 10 
and 15 mm thicknesses. Holes were drilled at each end for use in "strip chuck" type grips and stout 
serrated washers to eliminate slippage. Tests were conducted at 23°C and 37°C on the MTS Bi- 
onix 858. Five specimens per thickness and temperature were investigated. A pair of linear strain 
gauges was bonded on each side of the specimens to measure strain and cancel bending due to 
misalignment. Dummy strain gauges were bonded on a reference specimen to compensate for 
temperature effects. The output of a half Wheastone bridge configuration was recorded on a 
Vishay Instruments strain meter. Load increments of 150 N and 200 N at 20 N/sec for the 10 and 
15 mm thick specimens respectively were used to avoid creep effects.
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The results are expressed in the form of plots of average longitudinal and lateral strain versus 
applied load (Figure 3.14). v was calculated from the ratio of the slopes de/dP and det/dP (where 
P is the applied load) obtained from linear regression analysis (Table 3.4). The first increment of 
load was excluded from the calculations, thus avoiding variations in establishing the primary load 
path in the specimen. The results showed good reproducibility from the strain gauges method. 
Temperature and thickness did not influence v which varied between 0.38 and 0.40, supporting 
results obtained for PET and Nylon 66.235 Rimnac et a/. 236 also observed limited variations in v 
following y-irradiation and accelerated ageing.

Thickness
Temperature
Poisson's Ratio

10 mm
23°C

0.39

37°C

0.38

15 mm
23°C

0.40

37°C

0.40

Table 3-4 - Values of Poisson's Ratio.
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Figure 3-14 - Plot of Average Longitudinal and Lateral Strains versus Applied Load at 37°C.

3.7 Discussion

Empirical power laws described the non-linear creep deformation in UHMW-PE at 23°C. Charac 
teristic creep surface plots demonstrated the usefulness of constant load creep tests to collect data 
for FEA modelling and indicated, together with the creep compliance data, that creep stabilises 
with time but increases exponentially with stress, this effect being enhanced as stress increases. 
The compliance plots also showed that after extrapolation to high stress levels or time periods 
comparable to physiological conditions, UHMW-PE should be a non-linear viscoelastic material 
with properties depending on time and stress history. Strain levels comparable to the strain at yield 
were reached at stresses below ay indicating that permanent deformation does not only result from 
large contact stresses but also from creep deformation.
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The ductile nature of the deformation of UHMW-PE in tension was demonstrated by the presence 
of stretched fibrils and circular crazes from which fracture originated. Strain rate and temperature 
were shown to be critical parameters affecting the uniaxial tensile behaviour. During implantation, 
weakening caused by the body temperature could create problems such as increased deformation 
under load. Contrarily to BS 2782, 223 a testing temperature of 37'J C is therefore recommended for 
basic properties determination. When more accurate data is required, such as in mathematical 
modelling, it is also recommended that temperatures in the range 40°C - 50"-C be tested in order to 
account for frictional heating at the articulating surfaces. The strain rate should also be close to 
physiological conditions, resulting in values applicable to realistic FEA models. In addition, the 
microstructure of the polymer plays an important role in the behaviour of the material, particularly 
when break-down occurs through weakening of the fibrils. A defect-free material would certainly be 
less prone to temperature-induced damages. Limited batch-to-batch variations were recorded indi 
cating major improvements in the quality of the raw material although without removing grade-to- 
grade variability. Fitting of the experimental data to non-linear relationships indicated that power 
law equations provide better fittings than parabolic equations while the coefficient b corresponding 
to Elied within the range previously determined.

Differences between tensile and compressive stress/strain curves were observed in this study and 
were attributed to molecular orientation causing strain hardening in tensile specimens. These dif 
ferences resulted in lower oy and E values. It is therefore recommended to use compression prop 
erties in design and FEA models in addition to the tensile properties. Power law fitting of the 
stress/strain diagrams below 4% strain provided a good correlation with the experimental data. It 
should be noted that alternative techniques exist for the determination of the behaviour of poly 
mers in compression. ASTM F648233 recommends to measure the time-dependent deformation 
under compressive loads as a measure of elastic recovery. Advantages of these tests include 
measurement of creep and stress relaxation parameters and simulation of the clinical situation of 
sustained compressive loads (see Wright et a/. 219 and Serwatka and Ploskonka216 for deformation 
under load results).

The procedures for the analysis of the creep, tensile and compressive results described herein 
have numerous potential usage for designers and FEA users. For example, the temperature and 
strain rate dependence of Ewas experimentally assessed and then directly applied in the form of 
mathematical equations, thus providing models which can be either used to calculate pre-yield 
parameters such as the secant modulus or used in FEA models with time and temperature vari 
ables for creep, stress relaxation and hysteretic heating studies.
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4. FRACTURE PROPERTIES TESTING AND EVALUATION

4.1 Introduction

This experimental investigation was based on the hypothesis that the origin of delamination wear 

and brittle fracture in tibial components is related to a crack initiation process preceding fatigue 

propagation. The mechanics of fracture initiation and propagation in UHMW-PE are not well de 

fined and limited data on its fracture toughness is available in the literature. Furthermore, Section 

2.2 introduced various techniques available to characterise the fracture properties of polymers, 

notably the J-integral concept and its application to ductile polymers. Firstly, K/c and impact testing 

were introduced as suitable techniques for the characterisation of the fracture toughness and criti 

cal strain energy release rate of elastic-plastic materials although the large plastic deformations 

ahead of the crack tip are not described (Section 2.2.2), leading to the use of large specimens to 

obtain plane strain conditions. As part of the development of a suitable method for UHMW-PE, 

both techniques were analysed by testing CT specimens for K/c and three-point bend single-edge 

notched (SEN) specimens for G fc and Jic . Secondly, although the J-integral concept has been suc 

cessfully applied to various ductile polymers and particularly to UHMW-PE, 89 existing methods 

have generated some confusion regarding crack initiation processes (crack blunting) and analysis 

of experimental data to obtain Jfc . The J-integral method was therefore applied to UHMW-PE in an 

attempt to develop a modified method to suit UHMW-PE, resolve the limitations of ASTM E813 

and obtain a value of the crack initiation fracture toughness. Finally, the method of the plane 

stress specific essential work of ductile fracture developed as an alternative to the J-integral 

method was investigated in order to check the validity of the Jtc results obtained from the modified 

analytical method and provide complementary data on the fracture toughness under plane stress 

conditions and tensile loading.

Prediction of failure requires to identify probable modes of failure, choose the material and geome 

try for the component and obtain the material property corresponding to the mode of failure. The 

magnitude of the applied constraint corresponding to that mode is then calculated and compared 

with the material property. An example is the yield strength compared to the applied stress in de 

termining whether or not a component will fail by yielding. In fracture prediction, a similar concept 

can be followed. Failure by fracture occurs if Japp iied > Jic- Jic must therefore be obtained for the 

particular loading, geometry and conditions of the structure under investigation. The next step is to 

calculate JaDPiied- The definition of J is the work done on the structure by an applied load per unit 

area of the unbroken ligament ahead of the crack tip to produce a new crack surface. For a circu 

lar crack inside a component, the area is the cross-section area of the component less the area of 

the existing flaw. If the applied load is known, and if the displacement of the load-application point 

can be determined, Jappiied can be calculated and compared to J : . If Jappiied exceeds J!c , the de-
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signer can increase the surface area around the flaw, increase the toughness of the material or 
reduce the size of the flaw by enhancing the processing methods. It is therefore necessary to ob 
tain an accurate value of J/c for the material under investigation.

In summary, the objectives of this study were (i) to determine a technique for the evaluation of the 
fracture toughness of UHMW-PE under plane strain conditions, (ii) to apply this technique to the 

assessment of the effect of temperature and sterilisation by y-irradiation on the fracture toughness 

and crack growth stability and (iii) to establish an understanding of the mechanisms involved in the 
initiation and propagation of cracks.

4.2 L.E.F.M. Testing 

4.2.1 Materials and Methods

CT(ASTM D5045-91, 97 Figure 4.1a) and SEN specimens (120x15x10 mm, Figure 4.1b) were ma 
chined from compression moulded GUR 412 (Perplas Medical). The CT samples were prepared in 
thicknesses of 20 and 55 mm (a/W = 0.45) and tested at constant displacement rates of 10 and 

100 mm/min and temperatures of -10°C and +23°C in the MTS Bionix 858. 2 specimens per thick 

ness, strain rate and temperature were tested. No fatigue pre-cracking was conducted since a ma 
chined pre-crack is a reasonable alternative. 89 ' 112 The SEN samples were prepared with initial 

notch depths varying between 0.5 and 5.0 mm in 0.5 mm intervals (sharp notch, 45° angle, 0.25 

mm radius) and tested at room temperature on an Avery Charpy impact tester according to BS 
2782.237 5 specimens were tested per notch depth.

- 45'Angle

I.2W

(a) (b)

Figure 4-1 - Configuration of Specimens for L.E.F.M. Testing, (a) CT(for B = 20 mm, a =18 mm, W = 
40 mm; for B = 55 mm, a = 49.5 mm, W=110 mm), (b) SEN (D = 10 mm, B=15 mm, S = 70 mm, 2L :

120 mm).
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4.2.2 Results and Discussion

All Kic tests were invalid since crack growth remained stable even at 100 mm/min and -10°C, 

Equation 2.4 was not satisfied and KQ increased with thickness, indicating that the crack tip was in 

plane stress. Pma/Po also indicated that all results were invalid because of the extensive stable 

crack growth and ductile tearing. Furthermore, KQ increased with decreasing temperature and in 

creasing loading rate, demonstrating the unsuitability of the method to identify the plane strain 

fracture toughness of this material under these conditions. Since plastic deformation is not per 

missible at the crack tip, the analytical method developed to accommodate the original theory by 

Griffith and Irwin broke down when a large plastic zone was formed.

Under impact loading, three types of fracture can occur depending on testing temperature and/or 

material : (i) clear fracture, (ii) hinge fracture, (iii) partial fracture. As previously noticed, 13 standard 

impact tests only caused partial fracture of UHMW-PE thus making the results unreliable since the 

theories presented in Section 2.2.3 are based upon a clear fracture type. Clear and hinge fractures 

could be obtained only after plunging the specimens in liquid nitrogen. Figure 4.2 illustrates the 

various fracture behaviours encountered during this investigation.

(:l) KiiiiiuiuiilL/i Riiiini 
t^mftL'rulurt: Specimen did 
not break Deformation at 
notch root but no stress 
whitening

(b) 45° notch. Rfxtm 
temperature Specimen did 
not break into two pieces 
Stress whitening and gross 
yielding are visible. A crack 
propagated through the 
whitened zone Shear lips 
are observable

(c) 45° notch. Room 
temperature. The crack 
propagated further than 
above and shear lips are very 
prominent.

(d) -15° notch. Liquid 
nitrogen. Perfect example of 
hinge-break. No stress 
whitening nor yielding are 
apparent.

(e) 45° notch. Liquid 
nitrogen. This specimen 
broke into two pieces It 
appears to be completely 
brittle

Figure 4-2 - Typical Fracture Behaviours of UHMW-PE under Impact Loading.
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co was averaged for each notch depth and plotted against BD<t> according to Equation 2.6 (Figure 

4.3). 103 From the slope of the straight line passing through the origin, G te = 134 kJ/rrf which is 

higher than Jfc obtained for other UHMW-PE grades88 " 90 and medium density PE. 103 The best fit 

line yielded a value of G/c = 104 kJ/m2 which compares well with Jfc but does not satisfy Equation 

2.6. The fracture surfaces revealed a plastically deformed ligament indicating full scale yielding at 

the notch tip. Since Equation 2.6 breaks down when the plastic zone size exceeds a critical value 

lower than the specimen dimensions, Equation 2.7 was applied. A limited agreement existed, re 

sulting in an overestimated value of J,c (385 kJ/m 2 ) since crack initiation was preceded by exten 

sive tip deformation and yielding and followed by stable crack growth through tearing of the liga 

ment. Crack propagation never reached an unstable state. In addition, ductile fracture in impact 

testing occurs with a continuous supply of energy from the hammer so that the breaking energy 

absorbed by the sample is not related to the elastic strain energy. 105 This resulted in the spurious 

G/c and J/c values when Equations 2.6 and 2.7 were applied. Finally, the fact that full fracture did 

not take place inevitably introduced errors which are impossible to quantify since the amount of 

energy absorbed in bending the sample through the supports depends upon the amount of crack 

growth generated by the total absorbed energy.

4O-i
Fitting According to Equation 2.6

0.30
(m 2)

Figure 4-3 - Determination of G/c according to Equation 2.6.

Equation 2.8 was suggested as an improvement to Plati and Williams' approach 103 in that the 

fracture energy is not assumed to be independent of the input energy but varies with the fracture 

surface created i.e. the energy dissipated to develop a crack is proportional to the resulting crack 

length. From Equation 2.8 and Figure 4.4, G,c = 31.5 kJ/m2 which is approximately 75% lower 

than from Plati and Williams' approach. Vu-Khanh 105 observed similar discrepancies for a Nylon 

66. Errors may have resulted from the long extrapolation to zero area caused by the spread of the 

data. Furthermore, in Equation 2.8, Gfc represents the initiation value of G whereas in Equation 2.6 

G/c is determined from the energy absorbed during initiation and propagation (the energy required 

to initiate and propagate a crack is higher than the initiation energy).
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~E 15O-

T. = 1.24x1Oe kJ/m4

O.O2 0.04 0.06 O.O8 0.10 0.12 0.14

1OO

Figure 4-4 - Determination of G/c according to Equation 2.8.

4.3 E.P.F.M. Testing and the J-integral Approach 

4.3.1 Materials and Methods

The multiple specimen regression method of ASTM E813-89 108 was used to obtain J as a function 

of stable crack growth Aa on a compression moulded GUR 412 (Perplas Medical). SEN samples 

were machined in two sizes (W = 30 mm, B = 15 mm, a/W = 0.6; W = 50 mm, B = 25 mm, a/W = 

0.5, Figure 4.5). The dimensions of the small specimens approximated the thickness of tibial pla 

teaux and those of the larger samples attempted to reach plane strain conditions. The small sam 
ples were also used for small crack growths to establish how well the blunting line described crack 

advance before J\c was reached. The notches were prepared with a fly cutter and the pre-crack 

with a razor blade.

5° Angle

Figure 4-5 - Configuration and Dimensions of SEW Specimens for J-integral Testing.

Fifteen specimens were loaded to different displacements in the MTS Bionix 858 at 23°C and 

cross-head speeds of 1 and 3 mm/sec for the 15 mm and 25 mm thick samples respectively in 

order to comply with ASTM E813 time requirements. J was calculated using Equation 2.10 where 

U is the area under the load-displacement curve to the point of unloading (sum of elastic and plas 

tic contributions). A "semi-fixed" roller type three-point bend jig was designed to allow limited mo-
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tion, rolling contact and various specimen sizes to be tested (Figure 4.6). The rollers were posi 

tioned to set the correct span and the specimen held in a central position using a centering pin. A 

slight load was then applied, the rollers freed and the centering pin removed.

Each specimen was individually evaluated before subsequent specimens were tested (refer to Ap 

pendix H for a detailed procedure). The first specimen was loaded to the maximum displacement 

attainable on the test rig and the corresponding amount of crack extension recorded in order to 

estimate displacement values required for the remaining specimens. The other specimens were 

then loaded to displacements believed to produce crack growths within the exclusion lines of 

ASTM E813-89 and freeze-fractured to expose the crack after treating in liquid nitrogen. Average 

and maximum crack growths (Aaav and Aamax) were measured on an optical microscope by the 

nine-point average method. 108 In most cases, the region of stable crack growth could be distin 

guished from the fast fracture surface, although difficulties arose for small crack growths. Each 

fracture surface was then examined on a Cambridge Instruments S240 scanning electron micro 

scope (SE/W) at 25 kV after gold sputter-coating the samples (University of Glamorgan).
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Figure 4-6 - Three-point Bend Test Fixture.

The crack blunting line was determined from the flow properties obtained from tensile tests con 

ducted under similar conditions to the SEW tests. From five specimens, E at 2% = 885 ± 45 MPa 

(p<0.05) , oy = 23 ± 0.4 MPa (p<0.05) and UTS = 42 ± 2.7 MPa (p<0.05). Hence, from Equation 

2.12, o0 = 32.5 MPa thus resulting in a blunting line equation of

J = 65.W 3 .Aa (4-1)
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Since <70 can be assimilated to the L/TS238 a second blunting line was calculated using the UTS 

and the data analysed using the two blunting line equations.

J = 84.103 .Aa (4-2) 

4.3.2 Determination of the R-curves

Test records of load versus load-point displacement are shown in Figure 4.7. Using the J values 

calculated from Equation 2.10, J versus Aa plots were generated from the experimental data fol 

lowing ASTM E813-89 requirements (Figures 4.8 and 4.9). The data-points for both sizes fell into 

one group which could be reduced with a single power law. Data for both Aaav and Aamax are in 

cluded. In each instance, the validity range was initially evaluated from the 0.15 - 1.5 mm exclu 
sion lines as recommended by ASTM E813-89.

3.0-1

2.5-

2.0-

1.5-

1.0-

O.5

20 30 
Displacement (mm)

40 50

Figure 4-7 - Load - Load-Point Displacement Curves for SEN Specimens at 23°C.

4OO

3OO-

20O-

1OO-

Blunting Line : J = 65.103.Aa 
(Equation 4.1)

Aaav

-•- 15 mm Thick Samples. Aaav
-A- 15 mm Thick Samples, Aam<x
-•- 25 mm Thick Samples. Aaav
-A— 25 mm Thick Samples, Aamajl

Valid Region (0.15 - 1.5 mm)

O.OO1 O.OO2 O.003 0.004 0.005 O.OO6 0.007 0.008

Aa (m)

Figure 4-8 - Experimental R-curves using Equation 4.1.
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4OO

300-

2OO-

100-

Blunting Line : J = 84.1O3.Aa 

(Equation 4.2)

——— Aa,v
---- Aamax

—•- 15 mm Thick Samples. Aaav
—A- 15 mm Thick Samples, Aa,,,.,,
—•- 25 mm Thick Samples, Aa>v
—*•— 25 mm Thick Samples, Aa^.,

Valid Region (O.15 - 1.5 mm)

O O.OO1 O.OO2 O.003 O.OO4 0.005 O.OO6 O.OO7 O.OO8

Aa (m)

Figure 4-9 - Experimental R-curves using Equation 4.2. 

4.3.3 Evaluation of the Crack Initiation Toughness

Because of the limitations of ASTM E813-89 outlined in Section 2.2.4.4, five methods were con 

sidered for the determination of J!c from the experimental data corresponding to the 25 mm thick 

specimens : (1) Power law fit, intersection with 0.2 mm offset blunting line, 108 (2) Power law fit, 

intersection with 0.2 mm physical crack growth, 123 (3) Linear fit, intersection with blunting line, 108 

(4) Linear fit, intersection with 0.2 mm physical crack growth, 123 (5) Linear fit, intersection with Aa 

= 0, exclusion window from Equations 2.15-2.17. 135 For methods 1-4, the exclusion lines were 

taken at 0.6% and 6% of the unbroken ligament i.e. 0.15 mm and 1.5 mm. For method 5, the 

value of ca was 3. For all methods, both Aaav and Aamax were used. Jtc was also determined for the 

blunting line from both Equations 4.1 and 4.2 (except for method 5), thus representing a total of 18 

methods. The provisional J/c (Jo) and Tm are reported in Table 4.1 for methods 1-5. The minimum 

B and b0 (Equation 2.13) were calculated using a0= UTS instead of ay since UTS is the intrinsic 

yield strength. The R-curves are presented in Figures 4.10-4.11.

Method
1
2
3
4

Method
5

Equation 4.1
based on Aa3*

Jo B, bo >
237.7 182.5
47.3 36.3
233.5 179.3
129.8 99.6

based on Aamax
JQ B, bo >

195.9 150.4
36.5 28.0
189.9 145.8
99.5 76.4

based on Aaav
dJ/dAa JQ B, b0 > Tm

40.55 83.2 49.5 20.31

Equation 4.2
based on Aaav

JQ B, bo >

179.9 107.0
37.6 22.4
158.4 94.2
82.5 49.0

based on Aamax
JQ B, bo >

123.6 73.5
26.5 15.8
112.4 66.9
60.8 36.2

based on Aamax
dJ/dAa JQ B, bo > Tm

38.38 70.8 42.1 19.23

Table 4-1 - Jo for Methods 1-5 and Tm for Method 5 (Jo in kJ/m2, B and bo in mm, dJ/dAa in MPa).
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In general, J0 obtained from Aaav was higher than from Aamax by 20-30%, the difference being 

higher when the UTS alone was used. Equation 4.2 yielded values some 20-30% (Aaav) to 30-40% 

(Aamax) lower than with Equation 4.1. As expected, the lowest values were obtained for the power 

law fitting, intersection with the vertical 0.2 mm line. Immediately higher came the linear fitting for 
the J-controlled crack growth. The differences between methods 1 and 3 reached 2% to 10% de 
pending on the blunting line and crack growth extent. Methods 3 and 5 differed by 47% and 37% 

for Aaav and Aamax respectively. Interpolation to Aa = 0.2 mm and Aa = 0 mm produced almost 

similar results. Generally, the following rules were obtained

Qlaav .02°.a y + UTS > O^amalt ,02',n y ^UTS > Qjaav .UTS > Q lamax ,UTS ' ^

Jo, > JQ, > JQ. > JQS > Jo2 (4-4)

The 0.2 mm offset line overestimated Jfc while the vertical 0.2 mm line underestimated it. The dis 

crepancies recorded between the analytical methods call for concern regarding the accuracy of 
ASTM E813-89 in assessing Jfc . The difference of 37-47% between methods 4 and 5 was caused 

by the inclusion of the blunting line in the former. Narisawa 114 applied method 5 to a Nylon 66 and 
obtained a J/c value 6 times lower than that obtained by Huang and Williams 112 who followed 

method 4. The differences were explained in terms of the measurement of Ja114 although Huang 

and Williams did not agree. 238 The present data suggests that part of the discrepancies is linked to 
the analytical rather than the measurement method.

Two methods produced sensible and conservative values which themselves differed by almost 

40%, namely (a) linear fitting, intersection with blunting line, R-curve from Aamax , blunting line cal 

culated from UTS and (b) linear fitting, J-controlled crack growth (Equations 2.15-2.17). The dif 

ference between these methods lies in the construction of JQ vis-a-vis the initiation point. The for 

mer relies on the blunting effect whereas the latter defines the initiation point at Ja = 0 where 

problems may appear if limited crack growths are included i.e. the slope and Y-intercept are af 
fected at small crack growths where some degree of inaccuracy caused by difficulties in differen 
tiating between damage zone and actual crack growth exists. However, the advantage of this 
method is that it enables the calculation of the tearing modulus. The curvature of the stable crack 
growth regression line remains uncertain, although it was shown that a linear relationship appears 
more appropriate. Depending on the number of specimens tested, this regression line will however 

deviate from the true line, resulting in different values of J/e .

4.3.4 Assessment of the Blunting Line Slope

The definition of J/c is the value of Jat onset of crack initiation. Since the fracture process is com 

plex (plastic deformation, crazing) and initiation occurs at the mid-thickness of opaque samples, it 

is not possible to physically establish the initiation point. Justification of the blunting line is based 
on observations of a stretch zone initiating at the crack tip during the early stages of crack growth.
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The initiation point is thus not at the original notch tip but where it moved by blunting. Crack 

growth is therefore composed of blunting (stretching of primary bonds) and ductile tearing 

(breaking of primary bonds) components (Figure 4.12).238 During the blunting phase, blunting 

alone occurs and the apparent Aa corresponds to the stretch zone width (SZW) (Figure 4.12). Ini 

tiation includes both blunting and tearing along the crack front until the regions of tearing coalesce 

to form a uniform front (non-linear J-Aa relationship). In the ductile tearing phase, the crack front 

uniformly propagates, resulting in a linear rising R-curve. There is therefore no sharp transition 

between the blunting and crack propagation phases, thus prompting Schwalbe and Heeren, 121 and 

thereafter ASTM E813-89, 108 to fit the J-Aa data-points to a power law form. A straight line fitting 

could result in J0 not being on the true R-curve or above the J-initiation value since uncertainties 

in its slope may over-estimate the J-initiation point.

Jlc

Calculated Initiation Point

True Initiation Point

Blunting & Ductile 
Tearing Phase

R-curve

•Aa b=5/2

Figure 4-12 - R-curve and the Crack Tip Blunting Effect.

Applicability of the crack blunting concept is solely based on the existence of a blunting effect. If 

the crack stays sharp during crack growth, the blunting method is not justified. 114122 ' 238 In this in 

stance, Equation 2.17 appears more relevant. Examination of the crack tip during loading revealed 

a rounded character reminiscent of blunting as supported by the stretch zone observed on SEM 

micrographs of fracture surfaces (Figure 4.13). The transition zone between pre-crack and crack 

growth appeared featureless in contrast with the extensive buckling and tear failure present at the 

edges of the diamond shapes crossing the fracture surface. Evidence in the literature corroborates 

the assumption that this area is effectively a stretch zone. For example, Chan and Williams110 ob 

served a good agreement between measured stretch zone sizes from photographs similar to Fig 

ure 4.13 and interpolated values of crack extension at initiation. Elbert et a/. 82 observed initial 

blunting of the notch tip in UHMW-PE centre-cracked fatigue specimens and Swei ef a/. 122 ob 

served blunting followed by collapse upon unloading for a LD-PE.
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Figure 4-13 - SEM Micrograph of the Fracture Surface of a SEN Specimen. The transition zone be 

tween pre-crack and ductile tearing zone was assimilated to a stretch zone 250 nm wide (x23.1).

Figures 4.10 and 4.11 show that the theoretical blunting lines given in Equations 4.1 and 4.2 over 

estimate the apparent crack growth associated with crack tip blunting. Equation 2.12 evolved from 

the theoretical relationship between J, crack opening displacement (COD) and Aa

J = 2mo y Aa (4-5) 

where m is a constraint factor experimentally determined to lie between 1.5 and 2.5 for low

strength, high strain hardening metals. 117,123 Researchers have long suggested modifications of

Equation 4.5 for these metals. 117" 121 ' 123 Mills et a/. 119 determined experimentally that m = 2 and that 

UTS should replace o>. Others117 ' 123 defined the flow stress in terms of the strain-hardening expo 

nent n from considerations of the plastic work necessary to form a ductile fracture surface after 

realising that existing equations under- or overestimate the slope. For polymers, the only modifi 

cation to date has been to use the UTS instead of the average of the 0.2% oy and UTS suggested 

by ASTM E813. A fundamentally correct approach, however, must be based on SZW which would 

yield a blunting line specific to the material under the conditions tested. As shown in Figure 4.14, a 

slope of m = 2 provided a better representation of crack growth corresponding to the blunting 

process. A value of 2 can be justified by the fact that m has been determined to lie between 1.5 

and 2.5, 117 and that it has been previously successfully applied. 119 JQ was therefore calculated us 

ing method 3, a slope of m = 2 and the data-points from the large samples. A JQ value of 67.8 

kJ/m 2 was obtained for Aaav and 56.6 kJ/m 2 for Aamax compared to 158.4 kJ/m 2 and 112.4 kJ/m 2 

respectively with m = 1 (difference of 57% and 50% respectively). Although Figure 4.14 indicates 

that the new blunting line provided a better approximation of the blunting region, an experimental 

justification should be conducted using SZW measurements. 90 It was shown that the slope m = 2 

actually provided a good approximation of J/c calculated from the SZW, prompting the proposition 

that Equation 2.12 should be modified to J = 4UTS.Aa. g°
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Figure 4-14 - Influence of the Blunting Line Slope.

4.3.5 Relevance of the Size Criteria and Exclusion Lines ofASTM E813-89

Direct application of Equation 2.13 yielded invalid Jo for all methods apart from methods 2 and 4 
indicating that plane stress prevailed in most cases. Because of their high ductility and low o>, 
tough polymers exhibit large plastic zones of similar order as the dimensions. Equation 2.13 im 
plies that thick specimens must be used in order to limit crack tip plasticity. This is not however 
realistic in applications such as components for knee arthroplasties which come in thicknesses 
between 5 and 10 mm. This criterion, empirically determined for steels, appears too stringent and 
should be revised. Hashemi and Williams111 for instance proposed the modified condition of Equa 
tion 2.14 which provided the necessary plane strain constraints along the crack front. This problem 
could be overcome by reducing the temperature or increasing the strain rate in order to enhance 
o>. However, modifying the properties of the material is not a solution since it does not depict the 
working conditions. The aim of J-integral tests is not to measure J,c at conditions remote from 
working conditions just for the sake of obtaining a valid result. A compromise must therefore be 
achieved between validity according to the standard and the application.

Another important observation from the test results concerns the exclusion window delimited by 
the 0.6% - 6% offset lines. As evidenced in Figures 4.10 and 4.11, linearity of the R-curves re 
mained beyond the 6% line. The maximum Aa/b0 at which linearity is preserved was therefore cal 
culated using two techniques : (i) the maximum Aa which gives a coefficient of correlation higher 
than an arbitrary 0.98 was calculated and the offset (as a percentage of the initial b0) correspond 
ing to the maximum Aa established, (ii) the maximum Jfrom which the R-curve departed from J- 
controlled conditions was calculated using Equation 2.16 with co > 3. Aa was then estimated from 
the actual R-curve equations. From method (i), the R-curve remained linear for Aa values between
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17.4% and 33.5% of b0 for Aaav and Aamax respectively, corresponding to exclusion lines between 

4.7% and 16.5%. Hashemi and Williams111 obtained linear R-curves for Aa/b0 = 20% for a large 

range of polymers. From method (ii), the J-controlled R-curve was linear up to Aa/b0 values be 

tween 26.2% and 29% for Aaav and Aamax respectively. The Aa/b0 = 6% restriction therefore ap 

pears to be too stringent for this material.

In summary, the minimum amount of crack growth should be limited to Aa/b0 = 0.6% to eliminate 

small crack growths for which measurement errors may be induced. The maximum amount of 

crack growth should be limited to co > 3 rather than the too stringent Aa/b0 = 6%. From these em 

pirical observations, the following technique is recommended for the analysis of J-integral data for 

UHMW-PE. The fitting must be linear, the data restricted to Aa/b0 = 0.6% < data < ca(>3), J0 calcu 

lated at the intersection with the blunting line calculated using m = 2 and the UTS and the extent of 

crack growth taken as Aamax instead of Aaav. Applying this method, JQ equalled 91.7 kJ/m2 which
89 2compares well with earlier results. Using m = 1, JQ reached 140 kJ/m . 

4.3.6 Analysis of the Variance of R-curves and JQ

Fitting of experimental data-points using linear regression only determines the best-fit line through 

these points. By depicting the results as a single R-curve, it is implied that a unique relationship 

exists between J and Aa. However, if a variance analysis is undertaken, a scatter is uncovered, 

resulting in more than one R-curve. Such an analysis is represented in Figure 4.15 where the 

shaded area illustrates the 95% confidence limit (two-tail f test), with the blunting line based on m 

= 1. Statistically, it suggests that JQ actually lies between 110 kJ/m 2 and 170 kJ/m2 rather than the 

unique value of 140 kJ/m 2 given by the initial analysis i.e. a variance of ± 20%. It is important to 

recognise this fact during the analysis of J-integral data and one might suggest that a variance 

analysis such as this be undertaken in conjunction with the normal regression.

400

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008

Aa (m)

Figure 4-15 - R-curve Scatter Associated with a Typical Set of J-integral Data.
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The determination of JQ from experimental data is also based on a series of dimensional meas 

urements including B, b0 and Aamax and other variables such as load, displacement and the UTS. 

In order to analyse the possible variance of JQ and determine the most critical factor, B (or b0 

since both influence J to the same extent) was varied by ± 5% and Aamax and U by ± 10% sepa 

rately and the corresponding JQ calculated (m = 1). From Figure 4.16, for the same percentage 

variation, JQ was more influenced by changes in the area than in Aamax. An increase in Aamax was 

more likely to affect JQ than a decrease. After 5% variation, B influenced JQ by almost 10% which 

was of the same order as the variation caused by a 10% increase in Aamax. In conclusion, it ap 

pears that B (or b0) is the most critical factor in the calculation of JQ.

180 n

16O-

14O

120-

100
Initial B B Aa m., Aam.x U U

(-5%) ( + 5%) (-10%) (+10%) (-10%) ( + 10%)

Figure 4-16 - Variation of JQ with Physical Dimensions, Crack Growth and Area.

4.3.7 Crack Growth Mechanisms

SEM micrographs of fracture surfaces were used to investigate the mechanisms of crack growth. 

The typical appearance of a fracture surface is shown in Figure 4.17 i.e. thumbnail shape caused 

by crack tunnelling phenomenon (Figure 2.1). Diamond and V-shapes crossing the surface were 

observed on all samples (Figure 4.18), the tips pointing either in the direction of crack propagation 

or opposite. The size of the diamonds increased with crack growth i.e. within the non-linear portion 

of the load-displacement curves thus indicating that the material failed following extensive defor 

mation of the crack tip. Buckling, tear failure and wavy crests were evident at the edges of the 

patterns indicating that the material failed after extensive stretching, yielding and deformation and 

possibly when reaching its UTS and also that the crack propagated in layers. 85 ' 89 The wavy pattern 

at the crest of the shapes was caused by heterogeneous relaxation following fracture, a phenome 

non which was previously described in tensile specimens (Section 3.3.2). In ductile polymers, 

cracks grow by nucleation and growth of crazes created by deformation ahead of the crack tip. As 

the crack velocity increases (instability), the crack tends to grow alternatively along one craze- 

matrix boundary interface and then the other, living behind either "islands" or "patches" on either

71



Fracture Properties Testing and Evaluation

half of the fracture surface (Figure 4.18 and 4.19). These zones tend to decrease in size in the 

crack direction since crazes tend to be thinner at the tip, thus creating the diamond-shapes seen 

on the fracture surfaces.

Figure 4-17 - SEM Micrograph of a Typical Fracture Surface (partial view/).

Figure 4-18 - SEM Micrographs of Fracture Surfaces. The opened arrows represent the crack growth 
direction. The closed arrows point at the tips of the V-shaped ramps.

72



Fracture Properties Testing and Evaluation

Higher magnification (Figures 4.19 and 4.20) revealed a failure in layers parallel to the thickness 

and perpendicular to the direction of growth. Those layers were thin compared to the physical di 

mensions indicating that plane stress conditions prevailed. 89 Sometimes, the layering process 

created a pattern conforming with wave-like fatigue striations. Failure occurred in large crevasses 

within the V-shapes indicating crack growth by ductile tearing and craze nucleation. The remaining 

structure resembled a spherulitic morphology although UHMW-PE is not a spherulitic polymer. 

The significance of this mechanism in terms of the in vivo failure of UHMW-PE components is not 

clear but one can postulate that a layered fracture may explain the origin of flake-shaped wear 
particles.29 ' 34 ' 35 " 69 ' 70

Figure 4-19 - Details of Diamond Shapes, Wavy Crests and Crevasses.

Figure 4-20 - Details of Striations, Layering Process and Flake-like Feature.
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On high magnification (Figure 4.21), submicron cracks running between the layers created during 

propagation were visible, indicating sub-microscopic failure during the ductile tearing process. It is 

difficult to tell from these micrographs whether or not particulates were detached but recent studies 

using in particular Low Voltage SEM techniques have verified the presence of sub-micron wear 

debris in soft tissues surrounding failed hip and knee prostheses. 33" 35 ' 49 Therefore, one could postu 

late that these sub-micron fracture propagation mechanisms produce micronsize particles even 

tually released under the action of sliding motion.

5.13 kx-j; 
10pm : "

2 5 KM MD=1«15« s = 00000

_/'

Figure 4-21 - Sub-micron Cracks Perpendicular to Macroscopic Growth Direction. Opened arrow in 
dicates the direction of macroscopic failure and the closed arrows point at the micro-cracks.

4.3.8 Effect of Temperature and Gamma-Irradiation Sterilisation

The proposed modified method was applied to the determination of the effects of temperature and 

sterilisation by y-irradiation on JQ and crack growth stability. Temperature was shown earlier 

(Section 3.3.3) to affect the tensile behaviour of UHMW-PE and it was assumed that comparable 

effects should be measured for the fracture characteristics, y-irradiation sterilisation at 2.5 MRad 

induces radical changes in the structure of UHMW-PE leading to a more brittle behaviour (Section 

2.3.3.2). Since the influence of ionising radiation on the fracture toughness of UHMW-PE has, to 

the knowledge of the author, not been studied, fracture tests were conducted on sterile samples 

and the results compared to virgin material. Four conditions were considered for these experi 

ments : (1) 23°C, unsterile, (2) 23°C, irradiated, (3) 37°C, unsterile and (4) 37°C, irradiated. Fifteen 

specimens were tested per condition. The sterilisation process was conducted by exposure to y- 

irradiation from a 60Co source at a minimum dose of 2.5 MRad. The specimens were stored in a 

freezer (-30°C) following sterilisation in order to minimise oxidative degradation. The samples 

were temperature-conditioned for 12 hours. Five specimens per condition were tested in tension in 

order to determine the blunting line equations (Table 4.2).
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Condition
Unsterile, 23°C
Y-irradiated, 23°C
Unsterile, 37°C
y-irradiated, 37°C

oy(MPa)
23.1 ±0.4
25.0 ±0.3
21. 5 ±0.4
23.1 ±0.2

UTS(MPa)
42.0 ±2.7
44.5 ± 3.9
35.1 ±4.0
42.8 ±0.9

E(MPa)
785
845
660
770

J = 4.UTS.A3
J = 168.103Aa
J = 178.103Aa
J = 140.103Aa
J = 171.103Aa

Table 4-2 - Flow Properties and Blunting Line Equations.

Plots of load versus load-point displacement were similar to those obtained earlier (Figure 4.7). 
The load increased linearly up to 50-60% of the maximum load (Pmax) at 23°C and 40-50% at 37°C 

and Pmax was higher at 23°C than at 37°C and was reached earlier after y-irradiation. Since non- 

linearity originates from the growth of a damage zone ahead of the crack tip at the early stages of 
deformation before crack growth starts, these results indicate a lower degree of plasticity and 
crazing in the irradiated material. These curves also demonstrated stable crack growth although a 
steeper decline in the descending portion for the y-irradiated UHMW-PE tested at 23°C indicated a 

higher degree of instability. 91 ' 126 The counteracting influences of temperature and y-irradiation were 

also characterised by an equivalence in the tensile properties between 23°C/unsterile and 

37°C/irradiated (Table 4.2). A similar equivalence was reached between temperature and strain 

rate.221 J versus Aa plots were generated for the four conditions91 according to the modified 

method and are compared in Figure 4.22. The corresponding JQ values are listed in Table 4.3 with 
the size requirements of Equation 2.13.

Condition
Unsterile, 23°C
y-irradiated, 23°C
Unsterile, 37°C
y-irradiated, 37°C

Jo (kJ/mz), m = 2
91.7
59.4
89.4
68.5

B, bo > (mm)
54.6
33.4
63.7
40.0

Table 4-3 - Influence of Temperature and Gamma-Irradiation on JQ .

400

300-

200-

100- •••••-•• Unsterile, 23°C
--G-- 7-irradiated, 23°C

Unsterile. 37°C 
- 7-irradiated. 37°C

0 0.001 0.002 0.003 0.004 0.005 O.OO6 0.007 0.008

Aa (m)

Figure 4-22 - Influence of Temperature and Gamma-Irradiation on R-curves.
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Jo decreased by almost 35% at 23°C and 23% at 37°C following -/-irradiation sterilisation. Weaver 

et a/. 239 observed a 20% decrease in the double-notch Izod impact strength. Temperature was less 

influential since JQ was unchanged for unsterile UHMW-PE and increased by 15% from 23°C to 

37°C following irradiation (lower than with m = 7). 91 Impact toughness was also found to be stable 

with temperature in the range 10-40°C. 13 dJ/dAa, which represents crack growth stability, de 

creased following y-irradiation by 18% and 23% at 23°C and 37'C respectively. The enhanced 

brittleness following y-irradiation could greatly influence the in vivo behaviour of UHMW-PE com 

ponents. For instance, it is generally accepted that fusion defects and grain boundaries in finished 

components65" 67 accelerate mechanical failure in two829' 47 by increasing the propensity for crack 

propagation at the regions of maximum shear stress47 and that wear rates increase with voids con 

centration29 ' 228 ' 240 and following y-irradiation and ageing. 58 ' 148 From the results of this study, an hy 

pothetical model could be built : y-irradiation-induced embrittlement lowers the stress intensity re 

quired to grow a crack and it is therefore likely that the stresses at the tip of the defects are higher 

than the stress required to initiate a crack, thus facilitating crack propagation. From this hypotheti 

cal model, it is possible to link wear and delamination to a reduced fracture toughness. A more 

detailed analysis will be presented in Section 7.7.

The significance of a reduced fracture toughness for the design of prosthetic components lies in 

the design stress level calculated from geometrical, dimensional and loading considerations. As a 

crack propagates through a structure the residual strength of that structure i.e. its failure strength 

as a function of crack size, decreases until the stress limit is reached and the component fails. If 

the maximum permissible stress is calculated from material properties measured on virgin rather 

than y-irradiated material it will be too high and thus exceeded earlier. Furthermore, as cracks 

propagate more readily in irradiated material, the entire process is further accelerated. Design cal 

culations, which should include assumptions on the presence of flaws in the structure, should ac 

count for the 23-35% drop in fracture toughness.

On a plot of Aa versus applied cross-head displacement, the influence of temperature and y- 

irradiation sterilisation can be further assessed (Figure 4.23). A straight line indicates stable crack 

growth. A non-linear fitting may indicate inhomogeneous deformation and fracture caused by ex 

tensive crazing ahead of the crack tip. 113 Linear fitting for the unsterile material gave lower coeffi 

cients of correlation (Ff = 0.968 and 0.949 at 23 : C and 37 C respectively) than for the y-irradiated 

polymer (Ft2 = 0.995 and 0.987 at 23 C and 37"C respectively) indicating that crack growth is more 

homogeneous in the irradiated material (less crack tip deformation and possibly less crazes) and is 

therefore facilitated. The slope of the curves increased by 30% after y-irradiation at both tempera 

tures. Therefore, in a given stress environment, the amount of crack growth in the y-irradiated 

material is 30% higher than for unsterile conditions.

76



Fracture Properties Testing and Evaluation

9 -

8 - 

7 - 

6

5 -

3 -

2 -

1

0

••••••••••• 23°C. Unsterile
---Q--23°C. -/-irradiated
——*—— 37°C. Unsterile
- *• - 37°C, 7-irradiated

1O 20 30 4O
Displacement (mm)

5O

Figure 4-23 - Effect of Temperature and Gamma-Irradiation on Aa - Applied Displacement Plots.

Comparison of dJ/dAa further demonstrates the loss of ductility following sterilisation. Since its 

calculation is independent of the initiation point, it provides a rapid assessment of the tearing be 
haviour of the material once a crack has been created and could be used to compare various ma 
terials or testing conditions. A higher slope indicates a higher crack growth stability and a lower 
crack growth rate. Here, dJ/dAa was lower for the y-irradiated material (Figure 4.22) which was 

therefore less resistant to crack propagation than virgin UHMW-PE. One could thus assume that y- 

irradiated UHMW-PE would suffer higher levels of damage under'physiological conditions.

Crack growth stability was further assessed by calculating the tearing modulus Tm and applied 
tearing modulus Ta (Equations 2.18-2.20). Ta was obtained from the specimens dimensions, flow 
characteristics and a point on the load-displacement curve. The onset of tearing being at the onset 
of elastic unloading as the load decreased due to crack extension, 126 uc was determined at the on 
set of unloading. Using the flow properties of Table 4.2, a span-to-width ratio of 4 and the dimen 
sions of the samples, Ta was obtained for each specimen (Table 4.4).

Condition
Unsterile, 23°C
Y-irradiated, 23°C
Unsterile, 37°C
Y-irradiated, 37°C

rm
19.2
15.0
23.3
15.1

Average Ta
9.1
7.9
9.2
8.5

Standard Deviation
0.28
0.18
0.38
0.14

Table 4-4 - Instability Criteria.

For all conditions, Ta was lower than Tm thus confirming stable crack growth, y-irradiation resulted 

in a drop in Tm 22% and 35% at 23°C and 37°C respectively, demonstrating a reduced crack 

growth stability caused by the reduced ductility. In terms of the fracture behaviour in vivo, Ta indi-
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cated a slow propagation of existing flaws in unsterile UHMW-PE and a somewhat faster failure in 
the irradiated polymer. This correlates well with results from retrieval studies which indicate that 
the incidence of loosening caused by wear mechanisms increases with time. 23'29 ' 47 In most cases, 
initial clinical results are excellent unless early procedural related complications occur. Since crack 
propagation in UHMW-PE is slow, limited wear through delamination and surface damage can be 
expected, although abrasive wear takes place. After an extended period, delamination wear result 
ing from the faster crack growth will release large quantities of particles to the surrounding tissues, 
causing osteolysis and loosening. Blunn et a/. 55 studied the wear rates of retrieved S* George total 
knee replacements. Wear was limited to deformation only up to four years post-operatively and 
was then followed by delamination. In a study of wear in retrieved hip sockets, a rapid increase of 
wear after three years resulted in thinning of the polyethylene liner followed by complete break 
age. 241 Additional studies have shown that the wear rate of UHMW-PE exhibits a sharp upturn af 
ter 100 km (4x1 06 in) of sliding242 and that delamination occurs after a minimum service life.23 ' 29 ' 47

4.4 Determination of the Specific Essential Work of Ductile Fracture 

4.4. 1 Materials and Methods

3 mm thick DENT specimens (Figure 4.24) were prepared from the same block of GUR 412 as the 
J-integral specimens. Machining of these test pieces was tedious and complicated because of the 
flexibility induced by the limited thickness. The length was chosen to ensure that the stresses gen 
erated around the holes did not extend towards the critical regions surrounding the crack tip. The 
bulk material was limited to 50 mm in width therefore limiting the maximum ligament length to 17 
mm (Equation 2.22). The aim of this investigation being to measure <u/e attention was focused on 

the mixed-mode region and 15 ligament sizes ranging from 14.5 mm to 0.8 mm were tested. "Strip 
chucks" grips with stout serrated washers were used to obtain a positive grip in order to minimise 
displacement errors. The notches were prepared with a fly cutter and the pre-crack with a razor 
blade. All experiments were conducted at 23°C at a cross-head speed of 0.6 mm/sec. 243 Care was 

taken to ensure alignment of the notches and twisting was avoided. The actual ligament lengths 
were measured on a profile projector after the tests.

ZbU

e
- Y'ec'r; Zone

Figure 4-24 - Configuration and Dimensions of DEWTSpecimens for Specific Work Testing.
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4.4.2 Results and Discussion

All the experiments produced geometrically similar load-displacement curves for most specimens 
thus indicating a uniform fracture process (Figure 4.25). The total work of fracture was calculated 
from the area under each curve and plotted against /according to Equation 2.21 (Figure 4.26). The 
data-points corresponding to a compression moulded UHMW-PE Lupolene 5261 Z and tested by 
Mai et a/.243 are also represented for comparison. Since the initial ligament length was deliberately 
limited to / < 5t, there was no data-point outside the mixed-mode transition zone. A good correla 
tion however existed between the two sets of data and a straight line relationship through the data- 
points yielded o>ie = 35.75 kJ/m2 with a coefficient of correlation r = 0.98. o>ie was therefore ap 

proximately 2.5 times smaller than Jo .

16 mm

8 10 12 14 16

Figure 4-25 - Load - Displacement Curves for DE/vrSpecimens at 23°C. 
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Figure 4-26 - Plot of Total Specific Work of Ductile Fracture versus Ligament Length (the shaded area 
represents the 3-5t transition zone according to Mai and Cotterelr 3).
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Cotterell et a/. ' 127 ' 243 developed the specific essential work of ductile fracture in order to describe 

plane stress fracture processes as opposed to the J-integral which represents plane strain condi 

tions. In their effort to justify it as a fracture criteria, Mai et a/. 88 correlated (oe with a theoretical Jte 

and obtained good correlations. Various comments can however be made on this approach : (i) we 

describes a crack propagation process whereas J,c is an initiation toughness, (ii) Equation 2.21 is 

only valid for plane stress conditions and (iii) Mai et a/. 88 calculated Jlc from experimental results 

obtained from the same DENT specimens as those used for (ae i.e. a plane stress state dominated 

the stress field and it is therefore not surprising that the correlation was valid. There are however 

two instances when the comparison may be viable i.e. (i) wg (plane stress) may be compared to J0 

obtained from standard J-integral tests when Equation 2.13 is not satisfied and (ii) m,e should equal 

Jic provided J/c is a true plane strain value. Concerning (i), Figure 4.26 showed that the data ob 

tained by Mai et al. correlated well with our experimental results, allowing a prediction of the 

value of (oe (plane stress) to be of the order of 80 kJ/m 2 had larger ligaments been tested. This is 

close to the experimental JQ of 91.7 kJ/m 2 established earlier. This prediction was validated using 

the double-extrapolation technique of Saleemi and Nairn 128 and consisted of fitting a power law 

curve through the mixed-mode data and use this power law to extrapolate the data into the plane 

stress region. The new plane stress points were then used to calculated cog . A value of aje = 73.2 

kJ/m2 was obtained which is close to our prediction. An equivalence therefore exists between coe 

(plane stress) and JQ (plane stress). A fundamental difference between both approaches however 

remains i.e. crack propagation for &je and initiation for JJC and although the equivalence exists, 

there is no theoretical support for it. As far as (ii) is concerned, the equivalence between w/8 and J/c 

was not satisfied. This may be explained by the initiation / propagation distinction. High energy 

levels are reached ahead of the crack tip before the onset of sub-critical crack growth in this duc 

tile material. Once the crack is propagating it requires lower levels of energy, thus explaining the 

lower caie.

In this discussion, a transition zone of 3-5t was used to determine the stress state of the ligaments. 

However, the change in slope of the cot versus /curve was not dramatic around that zone (Figure 

4.26). The data was therefore fitted to / < 3t and / < 2t. Variations in coe did not exceed 10% of the 

value from / < 5t. From these results it appears that the transition zone is not below 5t. This hy 

pothesis was tested using Mai's data. If the fitting was conducted at 3t, Mai's results yielded a 

negative &j,e while a value of 8 kJ/m 2 was indicated in Reference 243. Our data yielded 37.8 kJ/m 2 . 

These observations clearly suggest that the transition zone proposed by Mai et a/.' is not fully 

justified. The double-extrapolation method developed by Saleemi and Nairn 128 reduces the di 

lemma by minimising the length of the extrapolation. Further work is however needed to corrobo 

rate the justification of the 3-5t transition interval.
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4.5 Discussion

Both methods based on L.E.F.M. concepts were found to be unsuitable for UHMW-PE. Ductile 
tearing and crack tip plasticity resulted in spurious K,c values and overestimated values of G,c and 
Jfc . Vu-Khanh's method produced a low Gfc but the result could not be considered reliable since the 
specimens did not break through and the extrapolation of the data-points to zero ligament area 
was too long.

The conditional critical J-integral J0 was analysed according to ASTM E813-89 and other methods 
from the literature. Differences between the analytical methods reached almost 50%. The concept 
of the blunting line introduced in ASTM E813-89 was found to be suitable for this material although 
the slope was modified to 4UTS instead of cry + UTS since it provided a more accurate represen 

tation of the blunting phase of the R-curves and corresponded to SZW. The range of the exclusion 
lines recommended by ASTM E813-89 was found to be too stringent and was replaced by Aa/b0 = 

6% < J-Ja < co(>3). The following modified method for the analysis of J-integral results for UHMW- 

PE was therefore proposed : the data based on Aamax between Aa/b0 = 6% and co > 3 is fitted line 

arly and JQ calculated at the intersection of the R-curve with the blunting line calculated using the 
UTS and m = 2. A value of JQ = 91.7 kJ/m2 was thereafter obtained for compression moulded 
UHMW-PE. A variance analysis of JQ vis-a-vis experimental errors in the measurement of key 
parameters and the 95% confidence limits of the linear fitting revealed that the thickness of the 
samples is a determinant factor in the calculation of JQ and that the scatter of the J-Aa data-points 

may result in a 20% variation.

A SEM analysis identified mechanisms involved in the propagation of macroscopic cracks in this 
ductile material. A pattern of diamond and V-shapes was apparent for those samples tested be 
yond JQ. Yielding, crack tip deformation and heterogeneous relaxation were also observed in all 
samples. Crack propagation involved deformation and yielding of the crack tip followed by ductile 
tearing trough craze nucleation and growth in layers parallel to the fracture surface, a mechanism 
which may be related to the release of flakes through delamination in vivo.

The proposed modified method was applied to the assessment of the effects of y-irradiation and 

temperature on JQ. y-irradiation significantly affected the fracture behaviour of UHMW-PE by re 

ducing JQ by 23 to 35% and its tearing modulus by 20 to 35% (depending on the testing tempera 
ture). This reduction in fracture toughness resulted in an unstable and faster crack propagation 
compared with similar circumstances for unsterile material. It appeared that the sterilisation proc 
ess had a greater effect on the fracture toughness than on the tensile properties of the material 
since both the Young's modulus and the UTS only varied by approximately 7%. Tensile tests 
should not therefore be used to give an "apparent" fracture toughness since information regarding
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crack propagation and stability is not assessed. Standard fracture mechanics tests, on the other 

hand, provide a global image of the fracture behaviour of the material tested.

The stability of crack propagation was further examined using the ductile stability criterion given by 

the tearing modulus. The results suggested a non-linear relationship between wear volumes and 

time of implantation for ^irradiated material. This technique complemented the J-integral analyti 

cal procedure especially in terms of the assessment of the fracture stability and was more rapid 

since it provided a direct estimation of the ductility of the material from the slope of the R-curve. 

Furthermore, since dJ/dAa does not depend upon the evaluation of the crack initiation point, it 

eliminates the uncertainties linked with the construction of J,c .

Contrarily to earlier conclusions, 88 ' 128 ' 243 estimation of the specific essential work of ductile fracture 

did not provide a positive correlation with the J-integral method under plane strain conditions. It 

was found that both methods are specific in their functions and are not complementary. Finally, 

limitations of the specific essential work of ductile fracture in differentiating between plane stress 

and plane strain conditions were highlighted, especially in terms of the hypothetical transition zone 

3-5?. Further work is needed to resolve these difficulties.
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5. PROCEDURES AND TESTING PARAMETERS FOR PHYSICAL

PROPERTIES EXPERIMENTS

In the course of Section 2.5, numerous references were made to physical properties such as den 
sity, crystallinity, gel content, molecular weight and oxidation. Analytical polymer chemistry pro 
vides various procedures to measure and analyse these parameters. The exact molecular weight 
of UHMW-PE cannot be measured directly by gel permeation chromatography techniques and is 
usually given as a function of intrinsic viscosity (Margolie's equation). Density measurements are 
straightforward and involve plunging small samples in a density gradient column of isopropanol 
and water calibrated with known standards. Crystallinity of polymers can be measured by either 
density, infrared spectroscopy or differential scanning calorimetry (DSC). The latter technique is 
the most accurate but presents a number of difficulties associated with methodology. Whilst a de 
tailed review of the literature is presented elsewhere, 244 certain aspects associated with testing 
methodology are analysed in this Chapter. Techniques for gel content and oxidation measure 
ments are also described below.

5.1 Differential Scanning Calorimetry

5.1.1 Introduction

A survey of the literature on the thermal behaviour of UHMW-PE determined from DSC tests 
highlighted inter-laboratory disparities in DSC results. 244 In order to check the reliability of DSC 
results a series of tests was conducted on 22 batches from three resins from one supplier. Since 
various factors associated with samples and methodology can significantly affect DSC results, 
variations in melting temperature (Tcm) and degree of crystallinity (%C) between first and second 
heating/cooling scans and the influence of sample weight were estimated for the 22 batches.

5.1.2 Materials and Methods

18 mg samples from 13 batches of compression moulded GUP 412 and 8 batches of ram ex 
truded Himont 1900 (Perplas Medical) were investigated. The effects of sample weight were de 
termined by measuring Tcm and heat of fusion (Hi) on samples of weights 4.4, 8.8, 17.9 and 27.1 
mg taken from a batch of ram extruded GUR 415 (Westlake Plastics). The tests were conducted 

on a Perkin Elmer DSC-7 differential scanning calorimeter calibrated with high purity indium stan 

dard (MTS Pendar). The samples were heated from 50 : C up to complete melting at a controlled 

rate of 10°C/min and then allowed to cool down at a rate of 50 : C/min. The process was then re 

peated, with a cooling rate of 2°C/min. Calculations of the peak melting temperature and heat of
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fusion were carried out by a computer software (Perkin Elmer) which determined the best suitable 
baseline and tangents. The degree of crystallinity was calculated by assuming the heat of fusion of 
perfectly crystalline polyethylene to be 289.74 J/g.245

5.1.3 Results and Discussion

Table 5.1 presents Tcm , H,, and %C obtained for GUP 412 and Himont 1900. Results showing the 
effect of sample weight on Tcm , Hf and %C for the four GUR 415 samples are presented in Table 
5.2 and illustrated in Figure 5.1.

Tcm (°C)

Hf (J/g)

%C (%)

Run 1 
Run 2
Run 1 
Run 2
Run 1 
Run 2

GUR 412
138.6 ±1.5 
134.6 + 1.6
157.9 ±5.2 
140.1 ±3.3
54.5 ± 1.8 
48.3 ±1.1

Run 1 
Run 2
Run 1 
Run 2
Run 1 
Run 2

Himont 1900
139.2 ±0.8 
136.8 ±0.8
155.9 ±5.7 
141. 9 ±4.8
53.8 ±2.0 
49.0 ±1.6

Table 5-1 - DSC Results for 21 Batches of UHMW-PE from Two Resins.

Weight (mg)
4.4

8.8

17.9

27.1

Run 1 
Run 2
Run 1 
Run 2
Run 1 
Run 2
Run 1 
Run 2

Tern (°C)

136.4 
133.0
135.7 
132.8
137.9 
134.8
138.3 
135.1

Hf(Jlg)
127.2 
112.9
124.3 
108.7
137.4 
123.8-
139.7 
125.8

%C(%)
43.9 
39.0
42.9 
37.5
47.4 
42.7
48.2 
43.4
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Table 5-2 - Effect of Sample Weight on DSC Results.
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Figure 5-1 - Influence of Sample Weight and Double Melting/Recrystallisation on the Thermal Prop 
erties and Degree of Crystallinity of UHMW-PE.

84



Procedures and Testing Parameters for Physical Properties Experiments

From run 2, the maximum variation in Tcm was 5.3°C for GUP, 412 and 2.9°C for Himont 1900. 

Differences in H, reached 12.9 J/g for GUP 412 (difference of 4.5% in %C) and 4.8% for Himont 

1900. These variations are of the same order of magnitude as y-irradiation and ageing-induced
, 149-151,161,163,166.169,-, . ,149151changes. Roe et al. ' measured an increase in crystallinity of 3% (relative in 

crease of 5%) for a Himont 1900 after irradiation at 2.5 MRad, which is less than the batch-to- 

batch differences. After irradiation at 10 MRad and ageing in bovine serum for 24 months, %C 

increased by 9% (relative increase of 15%). 149 Irradiation at 2.5 MRad resulted in an increase of 

Tcm and %C of 2°C and 6% (relative increase of 14%) respectively. 163 Although conditions and 

materials in each study were different, the data may only be partially significant. The variations 

could be caused by the discrepancies between the batches of material. This conclusion empha 

sises the fact that one must be cautious when presenting data on polymers such as UHMW-PE. 

What appears to be significant may only be borne out of experimental errors or batch-to-batch 

differences. It is important to remember that various factors such as sample weight and heating 

rate can induce experimental errors which could account for these discrepancies.

Tcm was independent of sample weight (Figure 5.1). Hf was found to increase notably from 124.3 

J/g at 8.8 mg to 139.7 J/g at 27.1 mg, a relative increase in %C of 5% equivalent to the batch-to- 

batch differences previously established. On the thermograms no differences in the peak resolu 

tion and shape could be observed. However, following melting in the first scan, the sharpness of 

the peaks was refined noticeably because of the enhanced thermal contact with the sample con 

tainer. Harrison246 also observed an enhanced resolution with lower weight samples for a high 

molecular weight polyethylene. At a weight of 2.76 mg, a broad fusion curve was obtained which 

exhibited a single peak. However, when the weight was reduced to 0.07 mg, the thermogram ex 

hibited three discernible peaks. An important consequence is that samples of identical sizes 

should be used for comparison purposes.

The effects of re-heating on the DSC results are clearly seen in Figure 5.1 in which both Tcm and 

/-/, dropped after run 1. The difference in Tcm was approximately 3°C and did not vary with sample 

weight. Similar variations were observed between batches. Although not significant in itself, an 

error of 3°C added to a batch-to-batch error of 5°C and to a variation of 2°C depending on sample 

weight yields a total of 10°C. In terms of Hf, the re-scan resulted in a decrease of 14.5 J/g corre 

sponding to a 5% error in %C, again corresponding to batch-to-batch variations. From Table 5.1, 

Tcm consistently dropped by 3-4°C in run 2 for GUP 412 and by 2-3°C for Himont 1900. The aver 

age heat of fusion of GUP 412 decreased by 17.8 J/g and that of Himont 1900 by 14 J/g corre 

sponding to differences in crystallinity of 6.2% and 4.8% respectively. Again, those values com 

pare well with -^irradiation and ageing-induced changes.
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The proportion of papers which present DSC results from both scans is limited within the reviewed 

literature. 244 Haas et a/. 247 observed a difference of 4°C in Tcm and 12% in crystallinity between run 

1 and 2. Interestingly, this difference did not vary with ageing time. On the other hand, a general 

increase in the differences was measured when the y-irradiation dose was increased to 50 

MRad. 166 This was explained in terms of cross-links hindering recrystallisation. Narkis 163 also justi 

fied a stable crystallinity in run 2 by an a priori presence of entanglements behaving similarly to a 

cross-linked network. Although the cross-linking yield of polyethylene increases with radiation 

dose, 131 ' 132 the growing difference is likely to be due to the higher magnitude of changes taking 

place during high energy irradiation and measured in the first scan. Looking back at Birkinshaw's 

results, 166 the crystallinities calculated from run 2 were rather constant thus demonstrating a 

somewhat identical structure. If the base for the calculation of the difference between run 1 and 2 

is fixed, the increasing variation with dose may therefore only be caused by the original sterilisa 

tion process and not by hampered chain mobility after recrystallisation. It was discussed earlier144 

that melting and recrystallisation during run 1 eliminate thermal and mechanical history and that 

the crystallisation process in run 2 is controlled, therefore resulting in a structure considered as an 

"idealised" image of the as-received material. It is this physical state which is recorded in run 2. 

Therefore, the results from run 1 are a true representation of the state of the material as-received 

and thus as it would be implanted. Results of run 2 provide an accurate identification of the mate 

rial under investigation and can be used to assess the quality of the original resin.

5.2 Extraction by Hot Solvent

5.2.1 Introduction

The solubility of network polymers in organic solvents is governed by the cross-linking index and is 
obtained from a sol-gel analysis which consists of extracting soluble constituents with a solvent. 

For instance, when in contact with a solvent near its boiling point, polyethylene imbibes the solvent 

and swells, separating the chains and enabling the extractable matter to dissolve until an extrac 

tion equilibrium is attained. If intermolecular covalent bonds are created by irradiation for instance, 

only the portions of the polymer which are not cross-linked and which are accessible to the solvent 

are extracted and dissolved. The degree of cross-linking is therefore calculated from the weight 

after extraction related to the weight of the original sample.

The entangled structure, high molecular weight and partial crystallinity of UHMW-PE inhibit full 

dissolution and only the short length segments not bound to the main structure and portions of 

molecular weight below 6.106 are flushed out. 150 ' 164 Inter-laboratory gel values can be highly in 

consistent. For example, Dijkstra 138 and Roe 149 obtained a 0% gel content for virgin UHMW-PE 

whereas Kurth et a/. 169 measured a gel content of 60% in an unsterile GUFt 412. In addition, gel 

content and degree of cross-linking are distinct properties as shown in Figure 5.2. If one cross-link
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is created per molecule, a single-molecule is created, gel content reaches 100%. If more than one 
cross-link is formed per molecule, gel content is still 100% while the degree of cross-linking is 
higher. If one or more cross-links are formed, but not between each molecule, gel content is less 
than 100% while the degree of cross-linking is high. Gel content therefore provides a quantitative 
rather than qualitative assessment of the existence of cross-links.

Gel : 100% Gel : 100% Gel : <100% 
X-link : A X-link : B>A X-link : C=B

Figure 5-2 - Gel Content versus Degree of Cross-Linking.

The extractor used for sol-gel analysis is of the Soxhlet type in which the vapour from boiling sol 
vent passes through a condenser and falls onto the polymer sample at a near-boiling temperature. 
Extraction of UHMW-PE has been conducted in xyienei32.i3e.iso.is2.is3.i63 Qr decaNn_i«.i64 There js

no evidence to suggest that one is preferred over the other, although decalin is used in viscosity 
measurements. 145 Xylene is available in various grades, o/trto-xylene providing a higher degree of 
soluble constituents than p-xylene. 248 The extraction may require up to 64 hours138 during which 
the polymer is constantly in contact with air and trapped free radicals may react with O2, artificially 
reducing the gel content by causing chain scission. BS 2782-455A249 therefore recommends to use 
an anti-oxidant such as 2,6-di-terf-butyl-4-methyl phenol together with a blanket of nitrogen gas 
during extraction. Extraction time is therefore crucial since oxidation will eventually dominate, 
leading to an asymptotic gel content versus time curve (swelling equilibrium). However, if extrac 
tion is too short, all soluble constituents may not be extracted. 248 Sample preparation is also impor 
tant for the success of extraction tests. Finely cut samples are recommended 149' 152 ' 249 in order for 
the solvent to penetrate easily and swelling to occur freely. Franck et a/. 248 recommended an opti 

mum weight of approximately 200 mg although smaller weights have been employed. 149152

Since the effects of extraction time and anti-oxidant are not well defined, this investigation was 
intended to determine the optimum extraction time and assess the influence of anti-oxidant by 

measuring the gel content of unsterile and y-irradiated UHMW-PE over various periods of time, 

with or without anti-oxidant. The conclusions will be applied to the accelerated ageing testing pro 

gramme of Chapter 7.

5.2.2 Materials and Methods

Thin shavings (=200 u.m) were prepared with a sharp knife from a ram extruded rod of medical 

grade GUR 4150HP (Perplas Medical) and samples weighted to approximately 150 mg. Sol-gel
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analysis was conducted on a 12-stations single-tube Soxhlet extractor (DePuy International Ltd) 

using 200 ml of xylene low in sulphur. An average of 20-25 siphoning per hour were achieved and 

the glassware was cleaned from residual debris prior to use. The undissolved solution was filtered 

through a sintered glass extraction thimble of grade 2. The fraction trapped on the filter was dried 

in an oven at 115°C for 4 hours and weighted. Half of the material was tested in the as-received 

state and the other half was sterilised with y-rays from a 60Co source following industrial proce 

dures. Gel content versus extraction time curves were determined over a period of 24 hours, with 

and without anti-oxidant, with readings at 1, 3, 5, 7, 9, 12, 15, 18, 21 and 24 hours. Four samples 

of each condition were tested at each time period. The anti-oxidant was a 2,6 di-ferf-butyl-p-cresol 

GPR (Merck Ltd) at a concentration of 0.5% w/v.

5.2.3 Results and Discussion

Gel content versus extraction time curves are presented in Figure 5.3. Unsterile UHMW-PE exhib 

ited a higher degree of swelling than the y-irradiated material and was only partially dissolved after 

24 hours indicating that the results are not true gel values. The gel content of irradiated UHMW- 

PE reached a constant value of approximately 80% after 7 hours when anti-oxidant was used 

(Figure 5.3). There was a statistically significant difference (p<0.005) between unsterile and irra 

diated material after 3 hours of extraction. Soluble portions consist principally of low molecular 

weight structures. Since the samples originated from the same block, one would expect that the 

portion of low molecular weight material is similar in all samples and would therefore be extracted 
at the same rate. Since differences in gel content were observed, a spatial network must have 

been created upon y-irradiation. 132 ' 163 The irradiated samples were packaged in inert atmosphere 

until testing and were therefore shielded from oxidation. These results therefore clearly indicate 

that y-irradiation created molecular cross-links. Use of anti-oxidant significantly affected the re 

sults, especially for long extraction times for which oxidation was likely to induce artificial soluble 

constituents. Up to 12 hours, the reproducibility was good and the results statistically significant. 

After 12 hours, problems occurred with clogging of the filters and the increased effects of oxidation 

even when anti-oxidant was used. The difference between unsterile and irradiated material in 

creased up to 12 hours and appeared to stabilise thereafter. At 12 hours, the difference reached 

55% without anti-oxidant and 30% with anti-oxidant. Finally, large confidence limits may originate 

from batch-to-batch variations in molecular weight distribution of the raw material caused by the 

fact that the Ziegler process does not produce a particularly narrow molecular weight distribution, 

the low molecular weight tail exhibiting large variations.
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Figure 5-3 - Gel Content versus Extraction Time (the vertical error bars represent the 95% confidence 
limits. Values forn = 4 specimens at each extraction time).

The extraction technique presented above was satisfactory for comparison purposes under speci 
fied conditions i.e. extraction time limited to 12 hours and use of an anti-oxidant. A compromise 
has to be reached between obtaining true gel content values (which would require much longer 
extraction periods) and reproducible values (for which unwanted oxidation is limited and compari 
sons are still meaningful).

5.3 Fourier Transform Infrared Spectroscopy

Post-irradiation oxidation can be assessed using infrared spectroscopy which denotes the study of 
absorption spectra between wave number limits of 12,500 and 10 cm" 1 . Absorption of infrared de 
pends on increasing the vibration energy associated with a covalent bond. Upon interaction with 
infrared radiation, portions of the incident radiation are absorbed at particular wavelengths depend 
ing on the nature of the vibrating bond. The infrared beam detector tracks the reflected fraction 
and transfers the data to an analyser. In a compound, interaction with the infrared radiation creates 
multiple vibrations at particular wavelengths, producing a complex spectrum. Since qualitatively 
no two compounds have identical spectra, interpretation of a spectrum enables the quasi-certain 
identification of the functional groups present and of the compound.

Oxidation of UHMW-PE is determined in the mid-infrared region (4000-200 cm" 1 ) where carbonyl 
functional groups, methyl and methylene vibration modes show strong absorption. Since it is often 
the strongest band, the carbonyl group is easy to recognise although its position depends upon the 
double bond character of the carbonyl group (ketones, esters, etc.). The specific carbonyl absorp 
tion frequency ranges from 1800 to 1600 cm" 1 although many workers143 ' 171 have limited that range
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to 1800 - 1660 cm" 1 since the spectrum may be distorted below that by C=C stretching. Assess 

ment of oxidation involves the measurement of the amount of carbonyl groups relative to, for in 

stance, the amount of methyl groups. The techniques employed for UHMW-PE are disparate and 

the results not comparable. Eyerer and Ke 152 used a normalised extinction calculated as the ratio 

of the peak height of the carbonyl band to the height of a CH2 signature peak at 1365 cm" 1 . Sun et
1 58at. calculated an oxidation index by taking the ratio of the carbonyl area to a methyl in plane- 

bending signature at 1458 cm' 1 . Others normalised the carbonyl absorption to the asymmetric vi 

bration of C/-/3 at 1376 cm" 1 . 142 ' 152 McKellop et a/. 156 chose a reference frequency at 2022 cm" 1 . 

Finally, y-irradiation and mechanical stressing result in C-C chain scission, producing new end- 

groups such as methyl (1370 cm" 1 ), aldehydes (1735 cm" 1 ) and unsaturated end-groups such as 

vinyl (909 and 990 cm" 1 ) and vinylidene (895 cm" 1 ). 135 ' 139 ' 140 The concentration and structure of 

these groups enable the determination of the extents and mechanisms of chain scission 135 ' 139 ' 140 

and is usually measured as a function of the concentration of carbon atoms. 143

Since absorption intensity is a function of sample thickness, it is essential that the reference peak 

used for the calculation be calibrated for sample thickness. For example, Nagy and Li 143 used the 

overtone band at 4250 cm" 1 for normalising the carbonyl absorption for thickness. Note that the 

peaks at 1376 or 1458 cm" 1 are not known to be correlated to sample thickness. Part of the inves 

tigation presented in Section 7.4.4 is based on the use of FTIR spectroscopy to measure oxidation 

and unsaturation. Since no internal standard was available, it was necessary to determine a cali 

bration band for thickness normalisation. A series of tests on oxidised and non-oxidised samples of 

various thicknesses was conducted in a Perkin Elmer Spectrometer 2000 (University of Glamor 

gan) at a spectral resolution of 4 cm" 1 for a total of 16 scans. Each spectrum was acquired via a 

Perkin Elmer proprietary quantitative analysis software (Windows Spectrum). The CH-symmetric 

stretching for aliphatic compounds such as UHMW-PE is around 2850 cm" 1 . However, close ex 

amination of the spectra indicated a very broad peak which extended out of the range of the FTIR. 

It was observed that the peak at 2019 cm" 1 (as McKellop 156 ) only varied in intensity with thickness 

and was independent of oxidation. Its position and shape were constant and it was sharp and of 

medium intensity. The thickness of the slices was measured with a digital micrometer at the areas 

scanned by the FTIR and plotted against the calculated area under the 2019 cm" 1 peak. A best fit 

linear relationship was obtained (Figure 5.4) from which a mathematical correlation was calcu 

lated. Each peak area calculated thereafter can be normalised for sample thickness by simply di 

viding the result by the thickness calculated from the peak area of the 2019 cm" 1 group, therefore 

eliminating the effect of thickness on the peak intensity.
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Figure 5-4 - Calibration of 2019 cm Absorption Peak for Sample Thickness.
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6. DEVELOPMENT OF AN ACCELERATED AGEING METHOD

Shelf and in vivo ageing of UHMW-PE components were shown to produce distinct mechanisms of 

oxidation, the former inducing a more extensive oxidation and the latter involving processes such 

as enzymatic attack, chemical degradation by components of the synovial fluid and absorption of 

matter, creating different carbonyl species such as esters (Section 2.3.4.2). Artificial ageing of 

UHMW-PE should therefore simulate both environments consecutively in order to accurately 

model the life of UHMW-PE components. This Chapter presents results from preliminary tests de 

signed to determine suitable parameters for a dual accelerated ageing procedure.

6.1 Simulation of Shelf Ageing

Shelf storage involves packaging in impermeable polyethylene pouches the UHMW-PE inserts 

following irradiation. Review of data on shelf aged UHMW-PE and existing methods of accelerat 

ing shelf ageing revealed that a temperature of less than 80 : C should be used in order to prevent 

annealing and melting of lower order crystallites (Section 2.3.4.3) since UHMW-PE is affected by 

annealing at temperatures above 100°C. 137 Taking as an estimate that for every 10°C increase the 

rate of chemical reactions involving oxygen is doubled, 250 a temperature of 60°C would require 

almost 90 days to reach oxidation levels comparable to those of Sun et a/. 179 A period of 12-13 

weeks to obtain an oxidation equivalent to 7-9 years remains an acceptable compromise while the 

lower temperature ensures against melting. In order to test the oxidative power of this method, 

tests were conducted on unsterile and y-irradiated in air and nitrogen UHMW-PE and the density, 

oxidation and crystallinity profiles compared with published data.

10 mm thick samples of GUR 412 (Perplas Medical) machined from a compression moulded sheet 

were subjected to ageing in air at 60°C for 12 weeks following y-irradiation in air and nitrogen at 

2.5 MRad. The temperature of 60°C was reached slowly (rc/min) in a fan assisted oven to allow 

enhanced diffusion of oxygen. 179 Unsterile material also received this treatment and as-received 

material served as control. Following treatment, each sample was microtomed in 250 urn thick 

slices down to mid-thickness. DSC measurements were conducted on a Perkin Elmer differential 

scanning calorimeter (DSC-7) following the procedure described in Section 5.1.2. Density was 

measured in a density gradient column (Section 7.3.4.2). Finally, the extent of oxidation was de 

termined by FTIR as described in Section 5.3. Note that only the surface and mid-thickness re 

gions were examined by DSC and FTIR, with two samples for each region. Three samples were 

tested for density every 250 u.m.
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In order to check the capacity of the proposed method to simulate shelf ageing and determine ac 

celerating factors, the oxidation and density were compared with naturally shelf aged material. 

Eight Enduron liners for Duraloc™ Porous Coated acetabular cups (DePuy Inc.) were studied fol 

lowing ageing on the shelf for five years or more (sterilisation date between 5/88 and 11/90). The 

series included 28 and 32 mm cups between 8 and 11 mm thickness. Note that these inserts were 

over the maximum 5 years shelf life limit and were not for implantation. Density was measured on 

250 u,m slices microtomed from a 5 mm diameter core machined perpendicular to the articulating 

surface. Oxidation was assessed on 250 urn slices cut perpendicular to the articulating surface 

(Section 7.3.4.4). In addition, published data was used for further comparison.

Upon microtoming slices perpendicular to the concave surface of the liners, a layer 0.8 mm deep 

and 1.2 mm thick was seen around the edges of the cup (Figure 6.1). Within that layer, micro- 

cracks created by the blade were observed, indicating an embrittlement of the material. From the 

literature (Section 2.3.4.1), this layer corresponds to a "white-band" and reflects the formation of a 

layer of oxidised material which appears whiter than the core under microtomy.

Oxidised
Sub- 

Surface 
Layer

0.8 mm

1.2 mm

Figure 6-1 - Transmission Micrograph of a 250 jam Thick Slice Microtomed Perpendicular to the Ex 
posed Surface of a 71 Months Shelf Aged Liner (x2.5).

The oxidation profiles for the 8 liners exhibited sub-surface maxima at approximately 0.85 mm 

depth (Figure 6.2). Oxidation at 4 mm depth was in most cases higher than at the surface, indicat 

ing a deep penetration of O2 allowed by over 70 months of ageing. These profiles are typical of 5-6 

years shelf aged UHMW-PE. 154 ' 157 For instance, Furman et a/. 185 reported a carbonyl yield of 1.876 

for an 84 months old shelf aged cup compared with 1.942 for liner 4 (85 months). The values for 

the other liners are higher than for a 55 months old component. 157 The longer ageing period of 

liner 8 is clearly reflected by the higher levels of oxidation throughout the thickness and the peak 

of 2.6, indicating that oxidation continues with time. This was further demonstrated by a more se 

vere embrittlement observed during microtoming.
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Figure 6-2 - Carbonyl Area Profiles for UHMW-PE Liners Shelf Aged for Over 70 Months.

Density exhibited a pronounced sub-surface maximum at 1.2 mm depth which corresponds to the 
location of the oxidation peak (Figure 6.3). Each profile is typical of UHMW-PE shelf aged for 5 
years178 or shelf and in vivo aged for a total of 2 years or more. 155 ' 178 9 years old retrieved hip cups 
also exhibited similar density profiles. 152 In most cases, the density of the core was higher than at 
the surface, further demonstrating the deep diffusion of O2 and the presence of long-lived free 

radicals throughout the components. Contrarily to the oxidation profiles, liner 8 did not exhibit a 
higher density than the other samples unlike liner 4 which showed a marked increase.
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Figure 6-3 - Density Profiles for UHMW-PE Liners Shelf Aged for Over 70 Months.
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The density profiles for the artificially aged material are shown in Figure 6.4 together with pub 
lished profiles and those from the naturally aged liners. The density of the as-received material 
(0.937 g/cm3) increased by 0.001 g/cm 3 with ageing and was homogeneous throughout the thick 

ness as previously observed for an unsterile UHMW-PE shelf aged for 3 years. 152 The y-irradiated 

in air specimens demonstrated a significant increase at the surface (+0.007 g/cm 3) followed by a 
decrease and plateau at the control levels. 154 A longer exposure or a higher temperature would 

have resulted in a sub-surface peak following the scheme of Figure 2.3. Rimnac et a/. 154 observed 

a density increase following shelf-ageing for 378 days of 0.01 g/cm3 compared with the 0.007 

g/cm 3 increase in 84 days obtained here, representing an acceleration factor of 4. Bostrom et a/. 155 

measured an increase of 0.007 g/cm 3 after 47 months on the shelf, an acceleration factor of 15. 
Compared to results by Eyerer and Ke, 152 the factor reaches 36. From Figure 6.4, the profiles lie 
between 31 and 44 months of shelf-ageing, indicating a factor between 5 and 7. When compared 

with the liners examined here, the density levels are much lower, the peak location discrepancy 
exists and the accelerating factor is below 20. The estimated 16-fold increase in the oxidation re 

action rate between 20°C and 60°C appears over-estimated. The reactions may not be of first- 

order and the availability of oxygen may play a more important role than originally envisaged. 
These observations only indicate the oxidising power of the method and cannot be used for cali 
bration. Indeed, oxidation levels vary due to processing method, sterilisation and storage condi 
tions. Furthermore, the initial values of density were not provided in the literature. Nevertheless, 
Figure 6.4 demonstrates that the proposed method enables a rapid simulation of several years of 
ageing (accelerating factor of the order of 10 corresponding to 2.5 years). It is opened to discus 
sion whether this is enough, especially when compared to Sanford's results157 and it is proposed at 

this stage that a temperature of 70°C should be used.

0.960- 

0.955-

-jj 0.950- 
o

_CT

j. 0.945-
(/I
C

Q 0.940- 

0.935- 

0.930

0.970 g/cc, 6 mos. O 1.0% H2O2 [177]

6 yrs. shell [1691

os. 19 37°C [163]

N 13 mos. 6 37°C [169] 
in vivo [152] 
•s. in vivo [152]

7-air, 12 Weeks & 60°C 
7-N2, 12 Weeks @ 60°C 
Unsterile, 12 Weeks & 60"C

31 mos. shelf [155] 
'~~"~---1d mos. shelf & in vivo [155]

,' ~ ~ - - -y-irr. only [178]

4 6 8 10 12 14 

Depth (mm)

Figure 6-4 - Density Profiles for Accelerated Shelf Aged Samples - Comparison with Naturally Shelf
Aged Material and Published Profiles.
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Oxidation levels in the surface and mid-thickness regions are illustrated in Figure 6.5. Typically, 
little or no oxidation was seen in the unsterile material, with no difference between the surface and 
core. ' |1 • 160 ' 168 The material packaged in nitrogen did not suffer more degradation although
there was evidence of a limited gradient between surface and core. 150,153,160,170 y-irradiated in air

material exhibited a marked surface oxidation (4-fold increase over the unsterile material) mainly 
created by ketones following C-H bond scission. Evidence of an oxidised surface layer whose 
thickness increases with time has been reported elsewhere160 ' 173 and is confirmed here by the 
significant surface/core gradient. Since the examination was limited to surface and core, it was not 
possible to compare the results with published profiles or those from the liners. One can however 
hypothesise that there also exists a sub-surface oxidation maximum and that the difference be 
tween the core and that layer is even more pronounced. Sanford et a/. 157 measured a bulk average 
carbonyl area / mil of 0.39 in a 17 months old component which compares well with the value of 
0.38 obtained here, giving an accelerating factor of 6. Saum et a/. 175 observed a peak value of 
0.51 after 3 years on the shelf while Furman ef a/. 185 obtained a value of 0.44 after 24 months, 
giving an average factor of 10. Although the data was limited, an accelerating factor of 10 was 

obtained and a strong surface oxidation was observed in the y-irradiated in air UHMW-PE. A more 

oxidising environment is however required and a more accurate FTIR technique such as that used 
for the liners needed.
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Figure 6-5 - Variation of Oxidation, Crystallinity and Melting Temperature with Ageing and Depth
Following Accelerated Shelf Ageing.

The DSC results are displayed in Figure 6.5. The as-received degree of crystallinity was measured 
at 45.4% which is lower than previously measured (Section 5.1.3). Additional tests indicated that 
this low value was not induced by experimental errors. An explanation is that the samples could 
have been machined from a section of the sheet with higher molecular weight created by hetero 
geneous processing. The degree of crystallinity increased upon ageing, even for the unsterile ma 
terial. A relative increase of 26.5% was recorded for the irradiated in air material, representing an
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accelerating factor of 4 over natural ageing. 149 ' 167 Differences between the surface and core 

reached 6% which is of the same order as those observed on y-irradiated samples shelf aged for 

76 months, 160 providing a factor of almost 25. DSC thermograms usually display a double melting 

endotherm when low-melting structures are created following post-irradiation recrystallisation. 137 ' 163 

This investigation did not however indicate a bimodal DSC trace, even for y-irradiated in air mate 

rial. In summary, it appears from this DSC data that 60°C was not high enough to create signifi 

cant structural changes.

The proposed ageing simulation technique provided lower than expected acceleration factors of 

the order of 10. In addition, the density profiles did not match those of naturally aged material 

since no sub-surface peak was created. A temperature of 70°C should therefore be used which 

should theoretically provide a factor of almost 20 corresponding to 5 years ageing at which the 

most critical changes are known to take place. 152 ' 159 ' 183

6.2 Simulation of in vivo Ageing

In addition to the y-irradiation-induced cross-linking and chain scission of shelf ageing, in vivo 

ageing includes contact with synovial fluid at 37°C and mechanical stressing (Section 2.3.4.2). 

Synovial fluid is associated with enzymatic attack by foreign-body giant cells and fluid sorption, 

involving highly oxidative species such as H2O2, O2 and OH'. Amongst these, H2O2 was shown to
1 77 1 88induce oxidation of UHMW-PE at concentrations between 0.1% and 1% v/v. ' Furthermore, 

inorganic salts present in the synovial fluids and Ringer-Locke solution (NaCI, NaSO4 ) also create 

oxygenated compounds in UHMW-PE. 188 Finally, Weightman et a/. 42 showed that the fatigue resis 

tance of UHMW-PE was 3 times lower in Ringer's than in air. From this experimental evidence it 

was decided that an aqueous solution of 0.5% v/v H2O2 and Ringer's solution be used as the oxi 

dising medium for the simulated in vivo accelerated ageing. This technique provides improve 

ments over existing methods 177 by including two forms of oxidising agents, thus simulating closely 

the physiological environment.

H2O2 is a strong oxidising agent which degrades rapidly at elevated temperatures and under UV 

light. Being inorganic, it also reacts with organic species to degrade faster. Tests were therefore 

undertaken to investigate the possible use of the Ringer's solution with H2O2 as an oxidising 

agent. 251 This study was not intended to quantify the oxidising capacity of the solution since this 

has been partly done elsewhere 177 but rather to quantify the degradation rate of H2O2 in solution 

and develop a practical method to be used in a simulation study. The concentration of H2O2 in 4 

aqueous solutions (Ringer-Locke, saline, d-glucose and water) was monitored at 23 C and 37~C 

over 18 days and degradation rates determined. 251 An indirect iodometric method was used to 

measure the concentration of H2O2 and it was found to be reproducible. 251 Initially, H2O2 degraded
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rapidly to almost 50% of the original concentration. This process stabilised thereafter to approxi 

mately 3% per day. The degradation was more pronounced in the saline solution than in d- 

glucose. It appeared that the ions from the salts acted as catalysers to the degradation. Weekly 

replenishments of H2O2 and bi-monthly replacements of the Ringer's solution were deemed suffi 

cient to provide a highly oxidising environment capable of inducing high oxidation levels. This 

method comprises a broader range of oxidising agents than earlier studies 152 ' 177 whilst conserving 

hydrolysing powers.

6.3 Conclusions

Two methods of accelerated ageing of UHMW-PE simulating shelf and in vivo ageing were pre 

sented. Combined, these methods should provide a dual ageing environment capable of simulat 

ing the complete life of a UHMW-PE insert. The following ageing programme was therefore final 

ised :

1) Shelf ageing simulation : storage of UHMW-PE at 70°C for 12 weeks in a fan-assisted oven for 

homogeneous heat distribution. The heating rate should allow progressive oxygen diffusion into 

the polymer (1-C/min was used here).

2) In vivo simulation : storage of UHMW-PE at 37°C in an aqueous solution of 0.5% v/v of H2O2 

and Ringer-Locke solution for 24 weeks. Replenishment of H2O2 should be conducted at least 

weekly and the Ringer's solution changed bi-monthly. The specimens should then be cleaned of 

solution residues and dried.

3) In the period between the end of ageing and testing, the samples should be packaged in barrier 

pouches flushed with nitrogen gas and stored at -30°C to avoid uncontrolled oxidation.

Advantages of the dual ageing procedure over existing methods include the simulation of the 

complete life cycle, a reduced possibility of annealing effects whilst retaining strong oxidising pow 

ers and a closer simulation of the physiological environment when giant cells and macrophages 

are present in the synovial fluid (enzymatic attack). Some limitations are however recognised. 

Firstly, the accelerating factors obtained from the ageing at 60°C for 12 weeks were relatively low 

compared to existing procedures. 157 ' 179 Secondly, mechanical degradation (Section 2.4.3.2) is not 

simulated although it is known to induce changes such as chain scission and creation of new end- 

groups. In that respect, Rimnac's method 177 was more satisfactory since it involved the low fre 

quency (0.2 Hz) cyclic loading of the samples during ageing in H2O2 .
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7. ASSESSMENT OF THE INFLUENCE OF STERILISATION AND

OXIDATIVE AGEING ON THE PHYSICAL AND MECHANICAL

PROPERTIES OF UHMW-PE

7.1 Introduction

Review of the literature indicated that y-irradiation sterilisation and subsequent ageing were re 

sponsible for dramatic changes in the chemical and physical properties of UHMW-PE and that 

these changes were primarily responsible for the deterioration of the mechanical behaviour. Criti 

cal characteristics such as impact toughness and wear resistance were shown to decrease to lev 

els unacceptable for the application in total joint replacements. From a clinical point-of-view, 

UHMW-PE components have become the weak link in total joint prostheses because of excessive 

in vivo wear leading to surface damage, osteolysis and aseptic loosening. The mechanisms by 

which wear debris are created are reasonably understood and it is generally believed that a com 

bination of high contact stresses and cyclic loading is responsible for pitting and delamination 

processes leading to surface damage.

Recent evidence suggests a link between y-irradiation-induced material degradation and the occur 

rence of pitting and delamination. Basically, experimental data and clinical observations converge 

to a scenario explaining delamination i.e. high contact stresses create maximum shear stresses in 

areas below the surface of the components where degradation is maximum. However, and this 

was suggested in the introduction, this scenario is questionable in some aspects and many ques 

tions need answers. In this view, the hypothesis that" the failure of UHMW-PE components in vivo 

through excessive wear, delamination or gross fracture is caused by a fracture process induced by 

an oxidation mechanism" was put forward and it is the objective of this Chapter to prove this hy 

pothesis and resolve some of the problems evoked in Introduction.

Based on the knowledge of the viscoelastic, tensile and compressive properties of virgin UHMW- 

PE and following the development of a method for the determination of J,c , a testing programme 

was devised whose objective was to prove the hypothesis. This programme includes :- 

(i) Investigation into other forms of sterilisation such as gas plasma and y-irradiation in nitrogen, 

(ii) Analysis of the influence of sterilisation on the physical, chemical and mechanical properties, 

(iii) Assessment of the influence of shelf, in vivo and combined ageing on the physical, chemical 

and mechanical properties.
(iv) Establishment of empirical relationships between physical, chemical and mechanical proper 

ties leading to a modellisation of delamination and wear processes from a fracture mechanics 

view-point in order to prove the hypothesis.
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7.2 Testing Programme

Following the discussion on accelerating ageing methods (Chapter 6) and the presentation of the 

various techniques available for the sterilisation of UHMW-PE components (Section 2.3.5), a 

testing programme was designed to incorporate the variables discussed i.e. 4 sterilisation and 

ageing conditions (Table 7.1). The aim of this programme was to determine the individual and joint 

contributions of shelf and in vivo ageing on the oxidation and subsequent changes in mechanical, 

fracture and physical properties of UHMW-PE following various methods of sterilisation. The influ 

ence on mechanical properties will be determined from tensile and compressive tests. Changes in 

fracture toughness and crack stability will be measured from J-integral experiments. The extent of 

oxidation will be measured by FTIR while the changes in structure will be assessed through den 

sity, crystallinity (DSC) and degree of cross-linking (extraction).

Sterilisation 
Method

Unsterile

y-AIR, 
2.5MRad

Y-N 2 , 
2.5MRad

Gas
Plasma

Reference

000 
0720 
0024 

01224
AOO 
A120 
A024 
A1224

NOO 
N120 
N024 

N1224
GOO 

G120 
G024 
G1224

Simulated Shelf Ageing : 
70°C, Air, 12 Weeks

No 
No 
Yes 
Yes
No 
No 
Yes 
Yes
No 
No 
Yes 
Yes
No 
No 
Yes 
Yes

Simulated in vivo Ageing : 
0.5% H2 O2, Ringer's Solu 

tion, 37°C, 24 Weeks
No 

Yes 
No 
Yes
No 

Yes 
No 
Yes
No 
Yes 
No 
Yes
No 

Yes 
No 

Yes

Table 7-1 - Accelerated Ageing Testing Programme.

7.3 Materials and Methods 

7.3.1 Materials

Ram extruded Hostalen GUR 4150HPwas supplied by Westlake Plastics Company in 3" diameter 

by 120" long rods. Typical characteristics included a molecular weight above 3.10b , a density of 

0.932 g/cm 3 , an intrinsic viscosity of 27. No stabiliser or processing aids were used and the rods 

were annealed after processing.
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7.3.2 Sterilisation, Packaging and Storage

y-irradiation in air and nitrogen were conducted at a dose of 29.0 kGy (2.9 MRad). Gas plasma 

sterilisation was conducted in an AbTox Plazlyte gas plasma sterilisation system (AbTox) de 
scribed in Section 2.3.5.3. Different packaging materials and methods were used depending on the 
sterilisation condition. For the y-irradiation in air, standard peel pouches made of permeable poly 

ethylene mesh and a clear polyethylene sheet were used. These pouches are impermeable to gas 
at atmospheric pressure. For the irradiation in nitrogen, tri-laminate barrier bags were used 
(Sudpack). The inner laminate made of LLDPE is resistant to moisture and has good sealing prop 
erties. The centre laminate serves as an oxygen barrier while the other laminate (SARAM coated 
PET) is resistant to moisture and abrasion. The oxygen permeability is less than 3 cm 3 /m 2 at 1 
atm, 20°C for 24 hours. It is also impermeable to water vapour. The samples were placed in the 

pouches flushed with nitrogen under vacuum before heat-sealing. Following irradiation or after 
removal from the ageing environment, all samples were re-packaged in tri-laminate pouches in 
nitrogen and stored at -3CFC in order to eliminate uncontrolled oxidation.

7.3.3 Equipment and Procedure for Accelerated Ageing

The oven described in Section 6.1 was used for the shelf ageing. For the simulation of in vivo 
ageing, the samples were placed in wide-neck HD-PE bottles containing the aqueous solution of 
Ringer's and 0.5% v/v H2O2 . Homogeneous temperature distribution in the bottles was achieved by 
circulating heated water around the bottles in a thermostatic bath equipped with a water recycling 
pump, heating element, thermocouples and digital temperature controller maintaining a tempera 
ture of 37°C ± 0.5°C. A chart recorder enabled to verify the constancy of temperature. The con 

centration of H2O2 in solution was measured weekly using the previously described technique251 
and the Ringer's solution changed bi-monthly.

7.3.4 Physical Properties Testing

7.3.4.1 Specimens

Rectangular samples (40x40x10 mm) were machined from the extruded rods and subjected to the 
treatments of Table 7.1. The thickness of 10 mm was chosen to approximate that of typical tibial 
components. Figure 7.1 represents the technique employed for the samples preparation. Each 
sample was embedded in PMMA resin prior to microtomy.
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Sample Microlomed in 250 \am Slices 
from Top Surface to Mid-Thickness

Sample Cm into 2 Pans 
Following Treatment

Sample Microtomed in 250 \nn Slices 
from Top Surface to Mid-Thickness

Sample Microtomed Perpendicutart\ 10 
Top Surface in a 250 \iin Slice

Each slice is cut into four eaual parts

Each slice is cut into mo pans

Figure 7-1 - Preparation of Samples for Physical Properties Experiments.

7.3.4.2 Density

Approximately 250 jam thick slices were microtomed from the surface down to mid-thickness of the 

specimens of Figure 7.1 (reference A). Density was measured in a density gradient column of iso- 

propanol and water giving a range of 0.870-0.970 g/cm 3 . These tests were conducted at Perplas 

Medical. Each slice was divided into 2 samples (640 tests).

7.3.4.3 Differential Scanning Calorimetry

Approximately 250 urn thick slices were microtomed from the surface and at the mid-thickness of 

the specimens of Figure 7.1 (reference B, D, £). Only the unaged and double-aged conditions 

were analysed (48 tests). 18 mg ± 1 mg of each slice were analysed following the procedure de 

scribed in Section 5.1.2. Only the results from the first scan will be reported.
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7.3.4.4 Extraction

Approximately 250 u,m thick slices were microtomed through the thickness of the specimens of 

Figure 7.1 (reference F). Each slice was then divided into 2 or 3 small sections approximately 100 

mg each (minimum weight prescribed by Franck248 ) and trimmed into small rectangular pieces 

(950 tests). Each set of pieces was extracted on the 12-stations Soxhlet extractor at DePuy Inter 

national Ltd for 12 hours in low sulphur boiling xylene and 0.5% w/w anti-oxidant using the tech 

nique described in Section 5.2.

7.3.4.5 Fourier Transform Infrared Spectroscopy

Approximately 250 u.m thick slices were microtomed from the surface and every 500 um thereafter 

down to the mid-thickness of the specimens of Figure 7.1 (reference C). FTIR spectrometry was 

conducted using the Perkin Elmer Spectrometer 2000 (University of Glamorgan) at a spectral 

resolution of 4 cm" 1 for 16 scans. Thickness normalisation was obtained from the 2019 cm 0 band. 

In addition, microspectrometric measurements were conducted on two 250 u.m slices microtomed 

perpendicular to the top surface of each specimen (Figure 7.1). A Digilab 60A FTIR-M spectrome 

ter with a LIMA 300 IR microscope attachment (DDO) enabled absorption spectra to be measured 

as a function of depth using a variable aperture of 50 x 200 u-m. 143 ' 157 This technique requires only 

1 sample per condition instead of the 8 used for FTIR and is more accurate in terms of depth. The 

following fundamental absorption frequencies were analysed :.-

1) Reference peak 4250 cm" 1 (FTIR-M) and 2019 cm" 1 (FTIR) for thickness normalisation.

2) Carbonyl band between 1800 and 1660 cm" 1 , referred to as carbonyl area / mil after normalisa 

tion for sample thickness. Measure of total oxidation. FTIR and FTIR-M.

3) Mono-ketone R-C(=O)-Ra\. 1720 cm" 1 (ketone area / mil). Chain branching oxidation. FTIR.

4) Normal saturated ester CH3-C(=O)-OCH3 at 1740 cm" 1 (ester area / mil). Chain scissioning oxi 

dation. FTIR.
5) Aldehydes R-C(=O)-H at 1735 cm" 1 (aldehyde area / mil). Chain scissioning oxidation. FTIR. 

Note that aldehydes can be distinguished from esters by 2 additional sharp bands at 2941 cm' 1 

and 2720 cm" 1 corresponding to C(=O)-H stretching.

6) Carboxylic acid R-C(=O)-OH at 1698 cm" 1 (acid area / mil). Chain branching oxidation. FTIR.

7) frans-vinylene RCH=CHR, at 965 cm" 1 , expressed as frans-vinylene groups per 1000 carbon 

atoms. 143 Measure of unsaturation (double bond, equivalent to cross-linking). FTIR-M.

8) Vinyl 1,2 unsaturation CH=CH2 at 909 cm" 1 (vinyl groups per 1000 carbon atoms). Measure of 

unsaturation (end-group, chain scission). FTIR-M.
9) Vinylidene R 1 R2C=CH2 at 895 cm" 1 (vinylidene groups per 1000 carbon atoms). Measure of un 

saturation (end-group, chain scission). FTIR-M.
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7.3.5 Mechanical Properties Testing

7.3.5.1 Uniaxial Tensile Tests

Dumbbell-shaped tensile specimens were machined from the ram extruded rods and tested for 
tensile behaviour at 37°C following the procedure outlined in Section 3.3.1 at a cross-head speed 

of 2 mm/sec (8%/sec). Each specimen was temperature-conditioned for 12 hours prior to testing. 
Three specimens were tested per condition (48 tests).

7.3.5.2 Uniaxial Compressive Tests

Prismatic samples (50.8x12.7x12.7 mm) were machined from the ram extruded rods and tested in 
uniaxial compressive mode according to the procedure described in Section 3.4.1. The tests were 
conducted at a cross-head speed of 1.3 mm/min and 37"C. Similarly to the tensile samples, each 
specimen was temperature-conditioned for 12 hours prior to testing. Four specimens were tested 
per condition (64 tests).

7.3.5.3 J-integral Tests

SEN three-point bend samples (0 = 15 mm, W = 30 mm, a/W = 0.6) were tested according to the 
multiple specimen method described in Section 4.3.1, at a loading rate of 2 mm/sec and 37°C. 
Ten specimens were tested per condition (160 tests). The experimental results were analysed ac 
cording to the modified method (Section 4.3.5), the resulting JQ being referred to herein as Jo/m0di 
with the value of the UTS taken from the tensile test results. In addition, the J-controlled crack 
growth theory 125 was applied by calculating JQ at the intersection of the linear R-curve with Ja = 0 

(termed Jcy,a;), particularly in cases where UTS became lower than cry , thus producing under 

estimated blunting line slopes.

Besides the notched specimens, an unnotched specimen of identical dimensions was tested per 
condition for indentation correction. Indeed, coincidal displacements created by elastic deforma 
tion of test fixture components and elastic/plastic indentation of specimens by the ram and support 
rollers induce errors in the load-displacement records, 252 resulting in erroneous J-values. Buzzard 
and Fisher252 developed a technique for correcting for coincidal displacements based on the test 
ing of an unnotched specimen. The correction area obtained from the load-displacement plot is 
substracted from the original area and the corrected area is then applied in Equation 2.10. Maxi 
mum variations between initial and corrected area did not exceed 3%.
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7.4 Results

7.4.1 Density

The density results are presented in Figures 7.2 and 7.3 and Appendix B. Density values for the 
reference material were : bulk average : 0.9318 g/cm 3 , surface : 0.9340 g/cm3 , mid-thickness : 
0.9310 g/cm 3 . Following simulated shelf or in vivo ageing, the density of the unsterile material did 
not change (Figures 7.3) and was homogeneous throughout the thickness. A substantial sub 
surface increase occurred after combined ageing, the bulk average value increasing by 0.0045 
g/cm3 and the 2 mm value by 0.007 g/cm 3 . These results indicate that unirradiated UHMW-PE 
reacted with O2 possibly because of the presence of trapped, long-lived free radicals created dur 
ing processing. Indeed, in their conversion to fabricated end-products, polymers are subjected to 
high temperatures and it is impossible to exclude O2. In addition, considerable shearing forces 
cause some degree of chain scission with formation of alkyl radicals. Oxidation of unirradiated 
UHMW-PE following extensive ageing would therefore be expected. Others also observed oxida 
tion in unsterile UHMW-PE accompanied by an increased density and crystallinity. 145 ' 157 It is also 
likely that water and H2O2 penetrated into the bulk to cause hydrolysis. Similar observations were 
made on gas plasma sterilised material indicating that this sterilisation method does not modify the 
resistance of UHMW-PE to chemical changes.

0 925

Air. Simulated Shelf Ageing

Air. Simulated in vivo Ageing

Air. Dual Ageing

Nitrogen. Simulated Shell Ageing

Nitrogen. Simulated m vivo Ageing

Nitrogen. Dual Ageing

All Other Conditions

Liner #4 85 mos

Liner ftQ. 1 00 mos.

Liner #6. 71 mos.

2 3 4
Depth (mm)

Figure 7-2 - Effects of Sterilisation and Ageing on Density as a Function of Depth.
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Figure 7-3 - Variation of Bulk Average Density with Sterilisation and Ageing.

y-irradiation in air did not affect the density (Figure 7.3). Following ageing at 70°C, it increased by 

0.02 g/cm 3 in the first 0.5 mm layer and by 0.004 g/cm3 in the core. During microtoming, micro- 

cracks were created in a layer approximately 500 u.m thick which position corresponded to the 

density peak (Figure 7.2). When compared to the results from the naturally aged liners (Figure 7.2) 

or from published profiles (Figure 6.4), 155 ' 168 the density peak was located closer to the surface. In 

fact, the profile resembled that obtained at 60°C but at a higher magnitude. Density trends are ir 

regular from one study to another (Figure 6.4) since they reflect variables such as dose, dose rate, 

morphology, molecular weight distribution, experimental technique, ageing duration and environ 

ment, etc. It is therefore not surprising that only a surface effect was obtained here and this does 

not reflect the unsuitability of the ageing procedure. The maximum density at 0.5 mm depth 

(0.9589 g/cm 3) is similar to that obtained after 168 months on the shelf. 185 The maximum increase 

of 0.02 g/cm 3 is higher than after 56 months ageing. 178 Generally, the values obtained here corre 

spond to liners 4 and 8 aged for 85 and 100 months respectively. In addition, the density increase 

is equivalent to 3.1 to 5.1 ml/g of oxygen intake. 145 The only higher recorded change was +0.035 

g/cm 3 following ageing for 6 months in 1% v/v of H2OZ at 37°C. 177 The densities obtained for this 

condition therefore correspond to at least 85 months of shelf ageing which is beyond the period at 

which dramatic changes occur. 183

Following ageing in H2O2, density increased at the surface by 0.01 g/cm 3 from the control and the 

average increase was lower than for A120 (difference of 0.022 g/cm 3 at 0.5 mm depth). Core 

density (2-5 mm) was however higher indicating that degradation occurred in deep layers possibly 

because of the longer exposure time i.e. the profile presented a superficial sub-surface peak 

(Figure B2a). The maximum values correspond to between 40 and 90 months implantation. 185 The 

relative changes are higher than after 5 months on the shelf and 27 months in vivo 55 or after 9
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years in vivo 152 and lower than after an average of 70 months In i//W 53 or 3 months in 1% v/v 

HsOs. It was difficult to obtain an accurate comparison with retrieved components since their 

origin and shelf life are unknown. Nevertheless, an accelerating factor of 6, equivalent to 3 years, 
appears reasonable. Added to the 7 years from the shelf ageing, the dual method should achieve 
at least 10 years ageing in 36 weeks.

Upon microtoming perpendicular to the surface of the dual aged samples, a surface layer ap 

proximately 0.8 mm thick appeared whiter and extremely friable (Figure 7.4). The location of this 

layer corresponded to the density peak (Figures 7.2, B2a) although it is surprising that the density 

was not higher since one would have expected the simulated in vivo ageing to extend the changes 

further. It is not known at this stage why the density did not increase to levels equivalent to the 
predicted 10 years.

Oxidised
Surface
Layer 0.8 mm

Figure 7-4 - Transmission Micrograph of a 250 |im Thick Slice Microtomed Perpendicular to the Ex 
posed Surface of a Specimen Subjected to Gamma-Irradiation in Air and Dual Ageing (x2.5).

Since the packaging was opened prior to ageing, no significant differences were observed be 

tween y-air and y-N2 UHMW-PE (Figures 7.2, 7.3). As for the y-air material aged at 70°C, density 

was maximum at 0.5 mm depth. A more pronounced sub-surface peak was created during simu 
lated in vivo conditions and this is reasonably close to published profiles (Figure 6.4). Examination 

by transmission microscopy of slices microtomed perpendicular to the exposed surface of the 

samples subjected to dual ageing revealed a dark region corresponding to oxidised material. It 

was located at approximately 0.4 mm depth and had a thickness of 1.0 mm (Figure 7.5a). This 

"white band" resembled that observed in the naturally shelf aged liners (Figure 6.1) although with a 
higher degree of embrittlement. During microtoming, the outside "less oxidised" layer was de 

tached from the core, indicating that the strength and fracture toughness of that oxidised layer was 

affected. The corresponding density profile revealed a sub-surface peak approximately 1.5 mm 

thick starting at 0.5 mm depth (Figures B2b, B4). The oxidised region where delamination and
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cracking occurred was therefore a region of high density where chain mobility was considerably 

reduced. This observation reveals that oxidised UHMW-PE has a reduced ductility accompanied 

by cracking and friability.

Oxidised
Sub- 

Surface 
Layer

0.4 mm

1.0 mm

(a)

Cracking of 
Sub-Surface

Oxidised 
Layer Upon 
Microtoming

Figure 7-5 - Transmission Micrographs of a 250 jxm Thick Slices Microtomed Perpendicular to the 
Exposed Surface of a Specimen Subjected to Gamma-Irradiation in Nitrogen and Dual Ageing, (a)

Integral Layer, (b) Cracked Layer (x2.5).

7.4.2 Thermal Properties

Results from the DSC experiments are presented in Figure 7.6 in the form of bargraphs illustrating 

the influence of sterilisation and ageing on %C and Tcm . The reference values for crystallinity were 

49% and 53% at the surface and core respectively and 136°C for Tcm in both regions. The higher 

%C in the core probably resulted from experimental errors. 244 Following dual ageing, %C in-
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creased significantly at both the surface and core by 11% and 9% respectively. Note also that the 

difference between surface and core has decreased (Figure 7.6b). Tcm also significantly increased 

in both regions (+4°C). An increase in %C and Tcm could originate from a spontaneous growth of 

new lamellae or from an increased lamellar thickness facilitated by the elevated thermal energy. 

The second option is more likely to apply here since lamellar growth is unlikely in unirradiated 

UHMW-PE. There were no significant differences between the unsterile and gas plasma sterilised 

material following the simulated ageing thus confirming the density results.
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Figure 7-6 - Variation of (a) Melting Temperature and (b) Degree of Crystallinity with Depth, Sterilisa 
tion Method and Ageing Method.

The following observations are based on the y-air material. Similar observations were made for the 

nitrogen packaged material and will not be included here. Following y-irradiation alone, both %C 

and Tcm decreased by 2% and 4°C respectively at the surface and by 7% and 3°C respectively in 

the core (Figure 7.6). This decrease was accompanied by a 2.5 fold increase in bulk average gel 

content (Figure 7.9) created during storage at -30°C in the barrier pouches. Cross-links altered the 

geometry of the long-chains molecules, prevented their reorientation by restraining molecular 

mobility thus inhibiting recrystallisation. %C increased by 52% (p<0.001) at the surface of the dual 

aged y-air material to reach 74%. The core remained at 57% which is equal to that obtained for 

01224. A value of 82% was reached in the zone considered most degraded (Figure 7.4) indicating 

a relationship between the visual extent of degradation, presence of micro-cracks and high %C. A 

good correlation existed between these values and the associated density trend (Figure 7.2). 

Chain scission of tie molecules at entanglements sites triggered a spontaneous growth of new la 

mellae in the amorphous interstices between the primary lamellae and an increased perfection of 

existing lamellae. 145 ' 161 This was accompanied by an increased in Tcm of 3°C and 6"C at the sur 

face and core respectively. The apparent discrepancy between the trends of %C and Tcm origi 

nates from the antagonistic mechanisms of scission and re-establishment of the population of tie
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molecules. 161 Tcm is sensitive to the inter-molecular strain energy generated by the tie molecules 

whereas %C is sensitive to the actual degree of molecular ordering which determines the level of 
enthalpy changes recorded during a DSC scan.

Growth of new lamellae was confirmed by the presence of a low-temperature melting process on 

the DSC traces of the surface layer of all y-irradiated and aged samples (Figure 7.7). Crystals 

formed during solid-state recrystallisation melt at lower temperatures than melt-crystallised crys 
tals since the new lamellae are thinner, 161 ' 226 resulting in the bimodal traces of Figure 7.7. Note 

that the secondary peak was eliminated in the second DSC run since melt-recrystallisation took 

place under controlled and homogeneous conditions. Choudhury et a/. 226 explained the lower 

thickness of the new lamellae in terms of a transition of the original orthorombic crystal structure to 
monoclinic by martensitic transformations and this was upheld by Birkinshaw et a/. 166 Part of the 

increase in %C was evidently related to these low-temperature melting crystals as evidenced by 

the lower %Cof the core associated with a normal single-peak trace (Figure 7.7).

o
TJ
C

7-irradiated in Air, Dual Ageing
---- Unsterile

Secondary Melting Process

r
50 70 90 110 

Temperature (°C)
130 150

Figure 7-7 - Typical Bimodal DSC Traces Following Dual Ageing and Gamma-Irradiation in Air.

The relative change in the surface %C achieved here (+25%) is higher than any published val- 
ues. 149 ' 151 ' 163 ' 166' 253 For instance, Birkinshaw et a/. 253 recorded a 14% increase after 335 days shelf 

ageing. Recently, a 9% increase following 360 days shelf ageing was measured. 167 Favourable 
comparisons can be obtained from retrieved material. For instance, an average of 4 years in vivo 

resulted in a maximum %C of 71 %. 247 In terms of Tcm , the maximum increase (mid-thickness) was 

6°C which is within the range of irradiation effects. 150 This is expected since Tcm increases upon 

irradiation but decreases with ageing. 161 The maximum value of 142°C corresponds to 2 to 4 years 

in vivo. 247 From these observations, it appears that the dual ageing procedure has accelerated 

natural ageing by a factor of 6 (4 years) although it is expected that this factor is actually much
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higher, maybe around 9 (6 years). Indeed, a crystallinity of 82% is very high for this usually low 
crystallinity polymer and it falls within the range of HD-PE.

7.4.3 Gel Content

Gel content was homogeneous throughout the thickness of the unsterile samples, with a bulk av 
erage value of 36% (Figures 7.8, C1a). Simulated shelf ageing resulted in a 10% decrease in gel 
content throughout the depth but this was within the range of experimental errors obtained 
throughout this testing programme. Furthermore, in view of the density and FTIR results, it is un 
likely that these discrepancies were the consequence of structural changes. Ageing in H2O2 did not 
affect the solubility of the material. Following dual ageing, the UHMW-PE became 100% soluble 
over the 12 hours extraction period, confirming the significant increase in density and crystallinity 
observed earlier. Shorter chains were seemingly created by an hydrolysis mechanism following 
water and H2O2 absorption. Little data is available in the literature concerning the solubility of aged 
unsterile UHMW-PE. In one study, 153 The gel content was found to increase by 9% following age 
ing for 9 months in either air or water, representing a relative increase of 5% over the original 
value. This increase is therefore likely to lie within experimental errors limits. Again, the results 
from the gas plasma sterilised samples could not be distinguished from the unsterile material. 
Notably, full dissolution in xylene occurred following combined ageing.
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Figure 7-8 - Effects of Sterilisation and Ageing on Gel Content as a Function of Depth.
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Figure 7-9 • Variation of Bulk Average Gel Content with Sterilisation and Ageing.

The bulk average gel content of UHMW-PE reached 92% (+56%) upon y-irradiation in air and 

storage in nitrogen flushed pouches at -30°C (Figure 7.9, C2a). This is more than some published 

data56' 149' 153 and of the same order as others. 138' 153' 163 It is higher than following stabilisation of j- 

irradiated in nitrogen UHMW-PE. 170 Because of the limited contact with oxygen, cross-linking 

dominated over chain scission, creating an entangled structure, thus inhibiting solubility. These 

results confirm the lower %C previously observed (Figure 7.6b) and indicate that a high degree of 

cross-linking can be achieved upon y-irradiation in air providing that adequate storage conditions 

are met. For instance, low temperature storage could be an alternative solution for limiting post- 

irradiation oxidation in the manufacturing industry. Note that the surface layer started to degrade 

during the irradiation process (gel content of 61%) as noticed elsewhere170 and that oxidation 

would be triggered as soon as the component is removed from the package.

Extensive chain scission took place in an approximately 1.5 mm thick layer following artificial shelf 

ageing, the material being 100% soluble at the surface and becoming progressively insoluble with 

depth until a plateau corresponding to the unaged condition is reached (Figure C2a). The cross 

links created upon irradiation were destroyed as oxygen diffused in the polymer and started oxida 

tion. The profile can be superimposed on the density profile of Figure 7.2 in which a density pla 

teau was reached at approximately 1.5 mm depth and this is a typical illustration of an oxygen 

diffusion mechanism governing the location and magnitude of chemical degradation in this mate 

rial. It is likely that the material in the first 0.5 mm (gel below 20%) is highly brittle and more sus 

ceptible to wear because of the lower molecular weight constituents created by chain cleavage. 56 

The presence of micro-cracks in that layer confirms this idea.
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Simulated in vivo ageing resulted in a bulk average gel content equal to that of A120 although the 

profiles differed greatly (Figures 7.9, C4). The surface layer (20%) was more degraded than the 

core (70%) itself more soluble than in condition A120 as reflected by the significantly higher den 

sity (Figure C3). This profile indicates that the initial degradation of the surface layer caused by 

irradiation alone continued in the aqueous solution and its front moved further in the bulk.

The combined effects of successive shelf and in vivo ageing are clearly visible from the profile of 

the dual aged UHMW-PE where the degraded layer became thicker and more degraded and the 

core became affected (Figure C2a). This is again a reflection of the increased surface and bulk 

effect on density (Figure B4) and crystallinity (Figure 7.6b). y-irradiated UHMW-PE components 

are therefore susceptible to a continuous increase in the degree of degradation which gradually 

becomes homogeneous throughout the thickness, resulting in a weak and brittle component in 

creasingly susceptible to surface damage.

Expectedly, ' y-irradiation in nitrogen resulted in a significant increase in cross-linking, the 

bulk average gel reaching 97% (Figure 7.9). Absence of oxygen during irradiation created a ho 

mogeneously cross-linked polymer with no surface effect. However, free radicals decay switched 

to chain scission as soon as the material was placed in an oxidising environment, be it air at 70°C 

or H2O2 at 37°C. Dual ageing produced further degradation, combining the strong surface effect of 

the shelf ageing and the sub-surface effect of the in vivo ageing i.e. wider and more extensive sub 

surface peak. The principal difference with y-air was the presence of sub-surface rather than sur 

face peaks, their position coinciding with the density peaks. In the case of N120, the peak was lo 

cated at a depth of 0.5 mm with a minimum gel of 20% and was followed by a rapid increase in the 

next 1.5 mm to join the core value of almost 90% (Figure C2b). In N024, the changes were less 

dramatic (minimum gel of 55%) but spread over most of the core. It therefore appears that the 

initial cross-linking protected the surface from oxidation while the core became progressively de 

graded. This is explained in terms of the concentration of free radicals which is maximum sub 

surface, where the soluble constituents are maximum. Proportionally to the initial concentration, 

more radicals have been used at the surface than at 1 mm depth, providing less active sites for 

oxygen to recombine. Finally, the soluble constituents peak in N1224 envelopes the sub-surface 

white band shown in Figure 7.5a which cracked under the microtome blade, indicating that local 

ised degradation is associated with mechanical damage.

Little data is available in the literature on which to base an accurate determination of accelerating 

factors. Eyerer and Ke 152 observed a 3 fold decrease in gel content following 10 years in vivo. Gel 

versus depth profiles following 9 years in vivo resembled that of A1224, with a strong increase to 

wards the mid-thickness (90%) and a minimum at the surface (25%). 152 Streicher 153 observed a 

32% decrease in gel content following 9 months ageing in water. The profile of N024 closely
152

matches that of a y-irradiated UHMW-PE aged for 13 months in bovine serum at 37 : C. In all
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cases however, the changes observed here were more dramatic than in the literature. From this 

limited data, the accelerating factor was estimated as being between 4 and 8, equivalent to 3 to 6 

years ageing.

7.4.4 Oxidation

Equivalence between the FTIR and FTIR-M instruments and associated analytical methods used 

to quantify oxidation in the UHMW-PE samples was determined by plotting the carbonyl area per 

mil obtained per instrument and per condition. As shown in Figure 7.10, a good correlation was 

obtained between both techniques, with a slope of 1.02 and F? = 0.94. It was decided that the car 

bonyl area per mil values should be taken from the FTIR-M method since it offers a more accurate 

description of the variation with depth. Nevertheless, the FTIR spectra were also used to assess 

the concentration of ketones (Figure E1) and to determine whether or not esters, aldehydes and 

acids were created during the various treatments. Refer to Appendix E for a detailed description of 

the ketone absorption results.

4.5 —,

0.0

4 0 4 5

FTIR - Carbonyl Area / mil

Figure 7-10 - Comparison of Carbonyl Areas / mil from FTIR and FTIR-M Techniques.

Unsterile and gas plasma sterilised UHMW-PE exhibited little oxidation as shown in Figures 7.11 

and 7.12. A limited increase in the carbonyl yield occurred following dual ageing but this was in 

significant compared with the total oxidation obtained for the y-irradiated material. This is however 

related to the increase in density, crystallinity and gel content described earlier. Overall, no differ 

ences were obtained between the unsterile and gas plasma sterilised materials (Figure 7.12).
j VLL. L.I- L. -j -j t 143.156,157,175,250

These results are in accordance with published data.
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Figure 7-11 - Effects of Sterilisation and Ageing on Oxidation as a Function of Depth.
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Figure 7-12 - Variation of Bulk Average Oxidation with Sterilisation and Ageing.

y-irradiation in air resulted in a small increase in bulk average oxidation (Figure 7.12), this increase 

being more prominent at the surface of the samples (Figures D2a, D4), thus explaining the sub 

stantial surface degradation in gel content (Figure 7.8). Ageing at 70°C resulted in a 12 fold in 

crease in the surface oxidation, the bulk average oxidation reaching levels comparable to the liner 

aged for 85 months (Figure 7.12). The strong surface peak was followed by a gradual decrease
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with depth, oxidation reaching levels of the unaged material at approximately 2 mm depth (Figure 

7.11). This profile is consistent with the density and gel content profiles described above, demon 

strating the strong relationship between the propensity of the material to oxidise and the corre 

sponding changes in physical properties. The simulated in vivo ageing environment was clearly 

less oxidising, with a maximum oxidation index of 0.75 compared with 3 for A120. However, oxi 

dation occurred over the entire thickness of the samples as demonstrated by the higher bulk level 

(Figure D3). Again, similar conclusions were reached for the density and gel content and this sup 

ports the concept that penetration of oxygen in UHMW-PE is diffusion-controlled. The surface 

peak was caused by the existing surface oxidation created during the irradiation process. The 

highest oxidation index was obtained after dual ageing, with a surface index (4.2) substantially 

higher than the maximum value obtained for Liner 8 shelf aged for 100 months. Combination of 

the strong oxidising power of the simulated shelf ageing environment and of the deeper oxygen 

diffusion permitted by the in vivo ageing resulted in a more pronounced oxidation front (Figure 

D2a) and a bulk oxidation higher than for A120 (Figure 7.12).

Contrarily to y-air, UHMW-PE packaged in nitrogen did not exhibit any oxidation during the irradia 

tion process (Figure 7.12) thus explaining the homogeneous cross-linking yield described earlier 

(Figure 7.9). A marked difference was earlier obtained between the density and gel content pro 

files of Y-air and Y-N 2 materials. As shown in Figure 7.11, the sub-surface effect in the latter is as 

sociated with a strong sub-surface oxidation at approximately 0.5 mm depth. Note when compar 

ing Figures D2a and D2b that the maximum oxidation level in both materials was identical while 

the oxidation front penetrated deeper into the bulk for the j-N 2 UHMW-PE.

One aspect of this investigation was to determine the proportion of chain branching and chain 

scissionning carbonyl species created during oxidation. The FTIR spectra were therefore analysed 

specifically for this purpose by determining whether or not such species were present. Significant 

quantities of esters, aldehydes and acids could not be recorded in this investigation although a 

slight shoulder at 1740 cm' 1 (esters) and 1698 cm' 1 (acids) could be seen in some instances 

(Figure 7.13). If oxidation was high, the width of the ketone absorption masked adjacent bonds and 

it was impossible to measure other absorptions. Since one would expect that esters or acids would 

be created during extensive oxidation, it was impossible to obtain a relationship between the ap 

parition of esters or acids and the sterilisation/ageing conditions. This would have been interesting 

in terms of comparing the in vivo simulation method with retrieved components in which esters are
, 152 153 167,176,185,187

usually seen.
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Figure 7-13 - FT/fl Spectra as a Function of Depth into the Samples Following Dual Ageing, (a) Un 
sterile, (b) Gas Plasma Sterilised, (c) r-irradiated in Air and (d) Y-irradiated in Nitrogen.

Analysis of unsaturated bonds present in the polymer again revealed the absence of C-C chain 

scission mechanisms (Figure 7.14). In fact, the concentration of unsatuated end-groups (vinyl and 

vinylidene) decreased upon y-irradiation. On the contrary, the concentration of unsaturated trans- 

vinylene groups increased by 5 fold as expected in view of the literature. 132 ' 134 ' 139 ' 141 " 143 Note that 

ageing did not significantly affect the concentration of frans-vinylene since unsaturated double 

bonds formation is suppressed during oxidation whereas it always accompanies cross-linking 

(Figure 2.2) 142 as demonstrated by the higher frans-vinylene yield in y-N2 UHMW-PE (Figure 7.14). 

Hydrogen atom evolution following C-H chain scission results in either double bonds or intra-chain 

cross-linking which rigidify the molecular structure by limiting vibration and mobility of bonds, ren 

dering the entire structure stiffer. Finally, unsaturation was relatively constant with depth into the 

samples indicating homogeneous alkyl decay.
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Figure 7-14 - Variation of Bulk Average Unsaturation with Sterilisation and Ageing.

Determination of accelerating factors generated by the simulated ageing conditions was only pos 

sible by comparing the results with the liners of Section 6.1 and published data obtained from 

similar analytical methods i.e. use of thickness normalisation. 143JS617S As shown in Figures 7.11 

and 7.12, the maximum oxidation levels obtained for A1224 were significantly higher than liner 8 

while the bulk averages were equal. In any case, the carbonyl index was higher than following 36 

months, 175 55 months157 or 85 months of shelf ageing (liner 4) or 168 months in wVo. 185 Sanford250 

obtained a much higher peak index (9.1) in a component shelf aged for 128 months. The bulk av 

erage for the simulated in vivo aged material corresponded to that of a 17 months old component 

(Figure 7.12). 157 The maximum value of 3 provided by the simulated shelf ageing corresponded to 

that obtained after 14 days at 70°C and 5 atm,250 indicating that the proposed method is as oxidis 

ing whilst remaining closer to natural conditions. An accelerating factor of the order of 13 corre 

sponding to almost 10 years of ageing therefore appears to be satisfactory.

In terms of shape of the profiles, it could be argued (as for the density profiles) that oxidation lev 

els in naturally aged components are variable due to differences in irradiation dose, processing 

conditions, etc. It is therefore conceivable that the location of the oxidation peak obtained from the 

simulated ageing does not correspond to naturally shelf aged or retrieved components. Most pub 

lished studies indicate a sub-surface peak143 ' 154" 160 although some workers observed strong surface
152 , 154

maxima following either shelf 160 or in vivo ageing. 1 " Rimnac et a/.' 3" showed that a surface peak is 

initially created and that it moves towards sub-surface areas as the ageing continues (Figure 2.2). 

It is not clear why no sub-surface peak was obtained for y-air. One reason could be that the oxida 

tion reaction rate was too high to allow a deeper diffusion of oxygen.
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7.4.5 Uniaxial Tensile Tests

Various patterns of breaking and associated stress/strain curves were obtained depending on the 

sterilisation / ageing condition (Figures 7.15, 7.16). The unsterile, gas plasma and unaged y-a\r 

and y-N2 materials exhibited a Type V behaviour (Section 3.3.2). Each stress/strain curve was toe- 

compensated and oy, UTS and eb calculated according to Section 3.3.1 (Table 7.2). Each value is 

an average of 3 samples and the 95% confidence limit was obtained using Student's t distribution. 

Finally, Figures F1-F3 in Appendix F present the data in the form of bargraphs for visualisation of 

the effects of testing conditions on the tensile parameters.
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Figure 7-15 - Various Breaking and Recovery Mechanisms in Tensile Specimens.
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Figure 7-16 - Influence of Sterilisation and Ageing on the Tensile Stress/Strain Curves.
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Condition
000

0120
0024
01224
AOO
A120
A024
A1224
NOO
N120
N024
N1224
GOO
G120
G024
G1224

oy(MPa)
21.43(0.61)
21.39(0.58)
21.03(0.75)
21.62(0.84)
22.39 (0.52)

0
19.68(1.79)

0
22.10(0.49)

0
21.66(0.25)

0
21.35(0.60)
21.71 (0.33)
21.14(0.71)
21.72(0.58)

UTS (MPa)
37.82(1.57)
34.23(1.78)
28.01 (0.26)
25.03(2.13)
39.18 (0.99)
14.32(1.10)
19.68(1.79)
5.80 (2.38)

39.31 (1.88)
24.68(1.00)
23.44(1.78)

2.77 (0)
36.91 (1.59)
33.68(2.17)
31.82(1.29)
22.98(0.13)

£» (%)

704(142)

674(130)
549 (36)
453(128)
753(41)

3(1)
65 (27)
2(1)

661 (105)
9(4)

566 (24)
1 (0)

700 (49)
652 (56)
616(31)
440(104)

Power Law
180.56e°-699

184.58eova)
177.82ea692
188.83ea709
191.39ea699

781.25e
135.79e°'596

782 .24e
182.99ea689
316.20e°791
189.73ea687

750.64e
215.65ea763
159.77ea662
190.48e0 ' 719
221.83e°'756

2%E(MPa)
586.3 (54.6)

552.6 (32.0)
592.5 (23.8)
590.0 (44.6)
621.6(26.8)
781.3(67.5)
660.3 (40.0)
782.2 (33.9)
618.6(6.0)
716.5(30.5)
646.1 (15.5)

750.6 (0)
545.4 (59.2)
598.5 (49.2)
571.7(10.8)
576.5 (7.0)

Table 7-2 - Tensile Parameters and Master Power Law Equations.

7.4.5. 1 Unsterile Material and Gas Plasma Sterilised UHMW-PE

All fracture surfaces exhibited typical features for similar conditions (Figure 3.6). Ageing at 70°C 

did not significantly affect the tensile parameters (p<0.2) while simulated in vivo ageing resulted in 

a decrease in UTS and eb of 26% and 22% respectively (p<0.025). These changes were mani 

fested by a surface cracking process in the post-yield region. Observation of these surfaces re 

vealed that a surface layer approximately 100 u.m thick cracked under the tensile stresses while 

the core deformed in a ductile manner (Figure 7.17). Micron-size particles (100 u.m) were formed 

and remained attached to the core (Figure 7.18). It was possible to reconstruct the original surface 

from the shape of these particles, demonstrating the brittleness of the fracture. Figure 7.19 illus 

trates schematically the processes involved in this unexpected phenomenon.

Figure 7-17 - Micrograph of Surface of Unsterile Tensile Specimen After in vivo Ageing (x52.9).
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Figure 7-18 - Details of the Flakes and Underlying Deformed Material of Figure 7-17 (x270).

Machining Marks

I

Flakes'

Figure 7-19 - Schematic Representation of the Surface Cracking Mechanism.

Eyerer254 observed intergrain cracking on the surface of retrieved hip cups 11 years post- 

implantation and attributed it to the peroxide constituents of the synovial fluid which triggered an 

environmental stress cracking (ESC) process. In addition, ESC is known to be accelerated by oxi 

dation and low molecular weight fractions. 164 The results of this investigation clearly favour an 

ESC phenomenon which became increasingly noticeable in the strain hardening region. Surpris 

ingly, the density, gel content and oxidation did not vary within the first 2 mm (Figures 7.2, 7.8, 

7.11) and it is thus difficult to pin-point the cause of this phenomenon which is likely to occur in 

vivo where tibial plateaux are subjected to stresses above ay. Under the influence of sliding and 

rocking motions, the flakes could be detached and released to the surrounding tissues (clinical 

evidence suggests that micron-size flake-like particles are present in the synovium of failed knee

implants). 26,33-35 To the knowledge of the author, such an event has not been previously reported in

tensile samples. One may suggest that the ageing environment was too powerful. However, the 

density, gel and oxidation results indicate no physical changes following the simulated in vivo 

ageing suggesting that this phenomenon is related to ESC caused by hydrolysis.
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Results for the double-ageing procedure indicated a cumulative effect on the post-yield parame 

ters in that eb decreased by -36% (p<0.05) and UTS reached levels not significantly different from 

oy (p<0.2), indicating that oxidation continued in vivo. Furthermore, twisting and kinking were less 

pronounced than in the unaged condition. Therefore, although UHMW-PE is classified as inert, 

these results demonstrate that simulated ageing affects its post-yield behaviour to such an extent 

that the material may fracture at stresses below 30 MPa. Physical tests results support these find 

ings with substantial increases in the 0-2 mm average density (+0.004 g/cm 3 ), degree of crystallin- 

ity (+11% at surface), melting temperature (+4°C at surface) and complete dissolution in boiling 

xylene. Ageing of virgin polymers through processes such as UV or chemical degradation are 

known phenomena. However, it has always been accepted in the orthopaedic community that this 

material does not age unless it has been y-irradiated. The phenomena observed here indicate that, 

on the contrary, degradation of unsterile UHMW-PE in vivo is not only a product of irradiation but 

also of the break-down of the structure following hydrolysis. Confirmation of this hypothesis comes 

from a recent publication 188 in which 50 urn slices of unirradiated UHMW-PE were placed in solu 

tions of NaCI, H2O2 and prosthesis metals. High levels of esters and ketones were recorded.

Sterilisation by gas plasma was introduced in Section 2.3.5.3 as the next generation method since 

available data indicated limited oxidation and mechanical properties changes. Data on the physi 

cal properties and oxidation have already indicated that gas plasma sterilised UHMW-PE does not 

suffer changes others than those occurring in unsterile UHMW-PE. The results of Table 7.2 cor 

roborate this opinion to an extent where there were no significant differences in the tensile pa 

rameters with the unsterile material regardless of the ageing environment.

7.4.5.2 Gamma-Irradiated UHMW-PE

Unaged y-air samples exhibited Type V stress/strain curves and fracture surfaces similar to Figure 

3.6. o-y increased by 5% (p<0.025) while the other parameters remained unchanged. Surprisingly, 

the significant increase in gel content did not affect the tensile properties although one would ex 

pect a reduced ultimate deformation and increased strength. On the other hand, simulated shelf 

ageing resulted in dramatic changes. Firstly, the samples were difficult to handle. Secondly, there 

was no yield point (Figure 7.16), UTS was reduced by 64% (p<0.001) and cb was reduced to 3% 

compared to 753% for the control. These results compare favourably with those from Sun et a/. 179 

following artificial ageing at 80°C for 23 days. In that study, a 51% decrease in UTS was accom 

panied by an increase in wear rate of 284%. It is therefore expected that the material tested here 

would also exhibit such a reduction in wear resistance. The fracture surfaces resembled that of a 

linear elastic material broken in tension, with little ductile features and 45° shear lips forming a 

"cup and cone" (Figure 7.20). These observations indicate that the tensile behaviour was trans 

formed from plastic to quasi-linear elastic by ageing. It is unlikely that this conversion can take
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place in thick components since extensive oxidation cannot penetrate the thickness. However, the 

thickness of the tensile specimens (2 mm) corresponds approximately to twice that of the width of 

the density, soluble constituents and oxidation peaks (Figures 7.2, 7.8, D2a) i.e. the density in the 

gauge section is likely to be 0.96 g/cm3 (equivalent to 7 years of ageing), the gel content between 

0% and 50% and the carbonyl index an average of 2.5. This indicates that the transformation to a 

quasi-linear elastic behaviour was related to a significant degradation through chain scission 

mechanisms and creation of carbonyl species and that the behaviour of the highly oxidised sub 

surface layer (1 mm thick) reported elsewhere 158 ' 160 and in Figure 7.5 may be described by the 

curve of Figure 7.16. Surface and sub-surface delamination of tibial plateaux could thus be related 

to this elastic layer enveloping a plastic core.

Figure 7-20 - SEM Micrograph of Fracture Surface of Tensile Specimen After Gamma-Irradiation in
Air and Simulated Shelf Ageing (x19.8).

Ageing in 0.5% v/v H2O2 for 24 weeks resulted in a reduced strength with eb decreasing by 91% 

(p<0.001) from AOO and UTS corresponding to oy which was itself not significantly affected. No 

strain hardening took place (Figure 7.16) and a marked neck restricted to a localised section of the 

gauge length and exhibiting the characteristic surface cracking appearance of the H2O2 aged un- 

sterile samples (Figure 7.17) was formed. Contact with H2O2 appeared to be the primary factor in 

the creation of surface cracking. It is probable that H2O2 only penetrated a few hundred u,m thus 

producing a composite material. Although this ageing condition did not result in such a marked 

embrittlement as at 70°C, the decrease in UTS and eb indicates a substantial loss in ductility result 

ing from chain scission mechanisms and increased crystallinity as demonstrated by the substantial 

density and oxidation increase (Figures 7.3, 7.12) and supported by an homogeneous deterioration 

of cross-links concentration throughout the thickness (Figure C2a).
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Dual ageing resulted in an extremely brittle material. The specimens were discoloured (yellowing) 
and were difficult to handle : one broke at the gauge section when being taken out of a bottle. 
Upon cutting with a hacksaw, fine debris were created accompanied by large fragments broken by 
the force of the sawing. "Wear tracks" could be produced with finger nails. None of the materials 
previously dealt with in this study behaved in such a brittle manner. The stress/strain curves ex 
hibited no yield point (Figure 7.16) and UTS was reduced from the unaged condition by 85% 

(p<0.001) and eb to 2% compared to 753% for the control. UTS was 60% and 70% lower than af 

ter shelf and in vivo ageing respectively. Again, the effects of both ageing environments were 

found to be additive. The fracture surfaces displayed the characteristic "cup and cone" (Figure 
7.20). The necking phenomenon exhibited by the samples of A024 did not occur. Again, it was 

possible to relate this behaviour to the physical properties profiles i.e. density, crystallinity and oxi 
dation exhibited strong surface peaks (Figure 7.6, 7.8, 7.11) where the amount of insoluble con 
stituents was nil (Figure 7.8). The material in those surface areas presented physical characteris 
tics similar to HD-PE which could explain the transformation into a quasi-linear elastic polymer. 

For example, an increased crystallinity produces a stiffer and brittler material because of localised 
constraints on the molecular motion. Accelerating factors of the order of 10-13 were obtained for 
this ageing condition i.e. the material tested here corresponded to 8-10 years of implantation in 
terms of its physical properties. From these results, UHMW-PE in vivo for 8-10 years is likely to be 
extremely brittle and cannot sustain stresses above 6 MPa. It should be noted that these effects 
would be amplified in vivo under the influence of cyclic stresses.

y-N 2 did not significantly affect the tensile properties of UHMW-PE, with a maximum variation of 

3% and 4% for cry and UTS respectively (p>0.2) although the degree of cross-linking was more 

than doubled. Upon ageing at 70°C, considerable embrittlement occurred to a point where £b was 

hindered to 9% and UTS decreased by 35% (p<0.01) from 000, although it was significantly less 

pronounced than for y-air material (p<0.001). The higher degree of cross-linking in the first 1 mm 

layer probably accounts for this lesser loss in strength. A simple experiment was conducted follow 
ing fracture of the specimens i.e. the gauge length was bend by hand until complete fracture. For 

the y-air samples, the outside denser and soluble layer (500 urn) broke first while the cross-linked 

core remained relatively ductile. In y-N 2 samples, on the other hand, the outside layer fractured 

following ductile deformation, rapidly followed by failure of the core which stopped at the opposite 
side, leaving an unbroken ligament. Observation of the fracture surfaces in the SEM revealed an 

area approximately 200 urn thick sandwiched between an outside layer and the core (Figure 7.21) 

which presented a different texture. On further magnification (Figure 7.22), this region displayed a 
brittle appearance and a demarcation line which separated it from the surface layer. Analysis of 
the density, gel content and oxidation profiles (Figures 7.2, 7.8, 7.11) indicated sub-surface peaks 
in density, soluble constituents and carbonyl bonds concentration which locations coincided with 

the brittle region (between 0.3 and 0.7 mm). In addition, the texture of the bulk was progressively
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transformed from brittle to more ductile as shown by the torn fibrils in the centre of the fracture 

surfaces (Figure 7.21).

Figure 7-21 - SEM Micrograph of Fracture Surface of Tensile Specimen After Gamma-Irradiation in
Nitrogen Simulated Shelf Ageing (x22.1).

«t'^t* '•> ft-.^/W, •Sterur -- ->,:- 3- -*i?--L&

Figure 7-22 - Details of the Brittle Zone and Demarcation Line. Note the bridging fibrils (x183).

Following ageing in H2O2, the UTS decreased by 40% from NOO (p<0.01) to levels comparable to 

<3y (p<0.1) while £b remained high. Again, the pre-yield behaviour was not affected by this oxidising 

environment (p>0.2). Inert gas packaging offered a definite improvement over air packaging in this 

instance with changes significantly less prominent. During testing, two necks formed and coa 

lesced to form a single neck which, contrarily to A024, extended along the gauge length until frac 

ture, thus explaining the reduced UTS whilst retaining a high eb .
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Extensive embrittlement took place following dual ageing, resulting in effects such as those seen 

lor A1224. Table 7.2 indicated a decrease in UTS and eb of 93% and 99.8% respectively from the 

unsterile, unaged condition. These changes were comparable to those for the air-irradiated mate 
rial (p<0.001). Similar observations were made on the density, thermal properties, gel content, and 

oxidation, indicating that packaging in nitrogen did not significantly reduce the physical and me 
chanical properties changes when the environment was highly oxidising.

7.4.5.3 Mathematical Modelling

Each tensile stress/strain curve below 4% was reduced using Equation 3.1, the coefficients k and 

m averaged for each condition and empirical equations for "master" curves obtained. Table 7.2 

presented these equations together with the secant modulus calculated at a nominal strain of 2%. 
The corresponding curves are illustrated in Figure 7.23.
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Figure 7-23 - Influence of Sterilisation and Ageing on the Empirical Tensile "Master" Curves.

As indicated by the power law equations (Table 7.2) and the plots of Figure 7.23, the tensile be 
haviour below 4% was virtually identical for all conditions, except for the highly oxidised cases 

when simulated shelf ageing of the y-irradiated samples was involved (experimental data reduced 

to a straight line). For the unsterile material, Edid not vary significantly with ageing (p<0.2). The 

highest E was obtained for conditions A120 and A1224 with an increase of 34% (p<0.001) for the 

latter. Ageing in H2O2 alone also resulted in a significant increase of 13% (p<0.01). Therefore, the 

loss of strength caused by the contact with the aqueous solution was partly counteracted by a 

substantial increase in stiffness for the y-air material. For y-N 2 , E significantly increased by 22% 

(p<0.005) from 000 after ageing at 70°C and by 28% (p<0.01) after combined ageing but remained 

unchanged after ageing in H2O2. As for the other tensile parameters, Eof the gas plasma sterilised 

material did not vary significantly from the unsterile condition.
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7.4.6 Uniaxial Compressive Tests

Type 3 stress/strain curves were obtained for all testing conditions apart from A1224 and N1224 

(Figure 7.24) for which the specimens failed partly by cleavage fracture (typical of a more brittle 

material although full cleavage fracture was not reached since the specimens ultimately buckled). 

Each stress/strain curve was toe-compensated and the 5% offset oy calculated according to Sec 

tion 3.4.1. The results for 4 specimens per condition are presented in Table 7.3.

35i 

30
7-N2 . 12 W. @ 70°C -i- 24 W. in H 2O2

7-air, 12 W. @ 70°C + 24 W. in H 2O2

10 15 20 
Strain (%)

25 30 35

Figure 7-24 - Influence of Sterilisation and Ageing on the Compressive Stress/Strain Curves.

Condition
000
0120
0024
01224
AOO
A120
A024
A1224
NOO
N120
N024
N1224
GOO
G120
G024
G1224

(Ty(MPa)
16.18(0.83)

17.20(0.66)
16.48(0.44)
18.78(0.31)
16.71 (0.41)
20.81 (0.83)
19.99(1.08)
20.13(0.62)
16.83(0.50)
19.42 (0.31)
18.77(0.19)
21.25(0.30)
16.96(0.65)
16.84(0.72)
16.26(0.41)
18.01 (0.47)

Power Law
99.71 e0555
89.98e° b"
108.19e066b
110.86e0617
83.92e° b5°
134.43eobb9
110.51e0607
121.76e° ba6
81.83e0546
135.79e05 ' 5
102.90e° b8/
123.82eob89
1 1 1 .82e° 684
86.09e° bb6
109.70e° b '8
103.86e0613

2%E(MPa)
384.4 (32.8)

470.3 (8.3)
400.6 (20.8)
496.2(12.4)
470.1 (17.0)
610.9(17.5)
515.1 (12.8)
615.1 (18.2)
482.6 (25.0)
484.2 (4.3)
518.0(28.9)
618.6(3.7)
384.9(11.3)
469.8(27.1)
386.0(21.9)
471.5(24.3)

Table 7-3 - Compressive Parameters and Master Power Law Equations.
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7.4.6.1 Unsterile and Gas Plasma Sterilised UHMW-PE

Ageing at 70°C of the unsterile material resulted in a significant increase in ay (6%, p<001), E 

(22%, p<0.005) and overall strength (increased load carrying capacity and buckling stress). Note 

that no changes were observed in tension. Homogeneous deformation and absence of surface 

cracking resulted in unchanged compressive parameters following in vivo ageing (p<0.1), thus 

confirming the hypothesis that surface cracking must play an important role in the deformation 

behaviour of UHMW-PE (Section 7.4.5.2). The absence of surface cracking in compression may 

originate from a preferential failure in tension upon stretching of the weakened bonds. The cumu 

lative effects of the double ageing procedure were again apparent here. These changes (improved 

yield resistance, stiffness and strength) could be advantageous for joint replacement inserts since 

surface damage could be attenuated. They also suggest that the changes observed in the tensile 

parameters were not an artefact of either specimen thickness/geometry nor test method but rather 

tangible evidence of the potential for changes in virgin UHMW-PE.

There were no significant differences between gas plasma and unsterile material for all the condi 

tions tested. The stress/strain curves were virtually indistinguishable. Adding to the conclusions 

from the physical and tensile tests, gas plasma sterilisation and subsequent ageing in oxidising 

environments resulted in a behaviour in compression identical to unsterile material.

7.4.6.2 Gamma-Irradiated UHMW-PE

Y-irradiation in air did not significantly affect oy (p<0.05) whereas E and the overall strength were 

increased by approximately 25% (p<0.001) and this was caused by the dramatic increase in gel 

content affecting the bulk of the samples (Figure 7.8). Ageing at 70°C resulted in an increase in 

the compressive parameters, the larger variation being 59% for E. This significant stiffening was 

accompanied by a reduced strain at buckling (-20%), exposing a tendency to fail earlier under 

similar loads. Furthermore, the portion of the stress/strain curves between the two peaks was rela 

tively flatter than for the control, illustrating a more brittle deformation process. A substantially 

lower increase was provoked by ageing in H2O2 i.e. o> increased by 20% (p<0.001) and E by 11% 

(p<0.001) from 000. Substantially lower increases in gel content and density were associated with 

this condition (Figures 7.3, 7.9). Again, no surface cracking was observed. As for the unsterile 

material, the significant increase of both ay and E following ageing could be regarded as advanta 

geous, not withstanding the fact that the load carrying capacity was greatly reduced. Finally, Y- 

irradiation in an inert atmosphere only slightly reduced the changes compared with y-irradiation in 

air, with the maximum difference reaching 7%.

Important observations arose from the dual ageing simulation. Firstly, the stress/strain behaviour 

changed from a double peak shape to a yielding followed by stress softening form (Type 1 234 ).
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Secondly, upon loading, considerable surface cracking took place, resulting in the release of large 

debris and crack formation. The "skin" of the samples was pealing off under the compressive 

loads. Following the tests, the samples resembled an explanted UHMW-PE insert which suffered 

extensive pitting and delamination. 34 This phenomenon was attenuated in the nitrogen specimens 

but was nevertheless extensive at the areas of contact with the machine plate. This was possible 

because of the presence of sub-surface density, soluble constituents and oxidation peaks as op 

posed to the surface maxima in air-packaged samples (Figures 7.2, 7.5, 7.8, 7.11). In terms of the 

compressive properties, ay increased by 24.4% and 31.3% from the control for A1224 and N1224 

respectively and Eby 60.1% and 61.1%.

7.4.6.3 Mathematical Modelling

Each stress/strain curve was reduced using a power law form (Section 3.5) and empirical "master" 

equations obtained from coefficients k and m (Table 7.3) and plotted in Figure 7.25. Although dif 

ferences were noticeable between the 16 curves, no additional information was available from 

these curves. However, the equations themselves are highly significant in that they can be used in 

FEA models in conjunction with the tensile "master" curves, therefore providing a comprehensive 

description of the behaviour of UHMW-PE at low strain levels.
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Figure 7-25 - Influence of Sterilisation and Ageing on the Compressive "Master" Curves. 

7.4.7 J-integral Tests

All load-displacement curves corresponded to those of Figure 5.7. The slope of the descending 

portion, which depicts crack growth stability, depended upon the ductility of the material i.e. the 

lower the Jo the steeper the decline. For example, the y-irradiated material subjected to double 

ageing exhibited the higher declining slope associated with the lowest JQ and lower crack propa-

129



Influence of Sterilisation and Ageing on Physical and Mechanical Properties

gallon resistance. Results for Jo(m0d), Jo(Aa> and dJ/dAa are presented in Table 7.4 and Appendix G. 

The R-curves corresponding to the double ageing procedure are compared in Figure 7.26.

Condition
000
0120
0024
01224
AOO
A120
A024
A1224
NOO
N120
N024
N1224
GOO
G120
G024
G1224

Jo(mod) (kJ/m2)
77.0
72.0
73.2
64.6
48.5
...

42.8
...

47.6
...

38.7
...

79.3
67.4
62.3
58.3

JOM (M/m2)
58.2
50.7
49.4
35.3
39.2
18.1
18.3
13.0
39.0
21.6
21.1
16.2
61.0
46.3
43.0
25.0

dJ/dAa (MJ/m3)
36.96
40.68
36.43
45.41
30.10
35.56
40.25
31.65
30.62
36.17
41.18
30.62
34.22
42.14
39.36
52.53

Behaviour
Initiation resistant

Initiation resistant - Ductile
Initiation resistant

Initiation resistant - Ductile
Brittle - Initiation resistant

Brittle
Brittle
Brittle

Brittle - Initiation resistant
Brittle
Brittle
Brittle

Initiation resistant
Initiation resistant - Ductile

Initiation resistant
Ductile

Table 7-4 - Fracture Parameters and Behaviours.
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Figure 7-26 - Influence of Sterilisation Method on R-curves following Dual Ageing.

7.4.7.1 Classification of the Fracture Behaviour

Although J0(mod> was higher than JQM , a satisfactory correlation was obtained between the two 

methods with a slope of 0.88 and coefficient of correlation of 0.87. The relationship between 

dJ/dAa and Jo was not straightforward since materials can be resistant to crack propagation but
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not initiation, or vice versa. In order to simplify the analysis of the experimental data, four catego 

ries were defined : (1) Brittle : low dJ/dAa, low J0 i.e. low resistance to initiation and propagation, 

fracture facilitated by reduction in chain mobility. (2) Propagation Resistant : high dJ/dAa, low JQ 

i.e. limited initiation toughness through surface embrittlement for instance and propagation re 
quires high levels of energy (composite behaviour). (3) Initiation Resistant : low dJ/dAa, high JQ 

i.e. reduced tearing stability after JQ is reached. (4) Ductile : high dJ/dAa, high JQ i.e. strong mate 

rial which resists both initiation and propagation because of extensive deformation, crazing and 

ductile tearing. J0 versus dJ/dAa plots were divided accordingly and the fracture behaviour cate 

gorised qualitatively according to this scheme (Figure 7.27 and Table 7.4).
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Figure 7-27 - Classification of Relationships between dJ/dAa and (a) Ja(mod) and (b) Jo <•„*>.

From Figure 7.27 and Table 7.4, the 16 conditions were divided into two main groups i.e. unsterile 
and gas plasma lie predominantly in regions 3 and 4 corresponding to a ductile material while the 
y-irradiated samples demonstrated a markedly increased brittleness following ageing (region 1). 

Interestingly, J0 (,a) corresponding to the dual aged unsterile and gas plasma sterilised materials 

lied in region 2, indicating a composite behaviour. The physical and chemical properties for these 
conditions showed a substantial increase in density, crystallinity and gel content which would ex 

plain this phenomenon.

The fracture surfaces of the "initiation resistant" materials exhibited morphologies similar to Figure 
4.18. Propagation involved a succession of surface separations by crack nucleation forming 
stripped patterns and blisters in diamond and V-shapes. The rim of these structures were edged 
with fibrils and wavy crests indicating slow ductile tearing. These features were only visible above 
Jo and individual growth appeared to stop at inhomogeneities in the material. Joimod) values for the

91reference, y-air and unaged materials were equivalent to those previously obtained.
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7.4.7.2 Unsterile and Gas Plasma Sterilised UHMW-PE

As expected from the tensile and compressive behaviours, shelf ageing of virgin UHMW-PE did 

not affect either its fracture properties (maximum decrease in JQ M of 13%) nor its behaviour 

("initiation resistant - ductile"). Similar changes were observed following ageing in H2O2 , with a 

slightly higher decrease in JQM (-15%). Absence of surface cracking indicated that the deleterious 

effects of H2O2 must only implicate a thin layer and that this failure mode occurs preferentially in 

tension. The cumulative effects of double ageing were again perceptible here with a decrease of 

16% and 39% for Jo/mod, and JQ^a) respectively. It is probable that under these circumstances the 

value of JQLal is a better reflection of the processes involved since JQ(m0d) strongly depended upon 

the 39% decrease of UTS . The substantial increase in bulk average density (Figure 7.3), crystal- 

Unity (Figure 7.6b), melting temperature (Figure 7.6a), carbonyl concentration (Figure 7.12) and 

complete solubility (Figure 7.9) must be responsible for this significant reduction of fracture tough 

ness. The denser, more crystalline structure and carbonyl moieties considerably reduced the 

amount of free volume available for segmental motion thus reducing plastic deformation, crazing 

and ductile tearing at the crack tip and therefore fracture toughness. From the classification, it ap 

peared that the material however retained its resistance to stable crack growth despite its limited 

embrittlement. Results for the gas plasma sterilised UHMW-PE could not be differentiated from 

the unsterile material.

7.4.7.3 Gamma-Irradiated UHMW-PE

•^irradiation in air resulted in a significant decrease in JQ (-35%) and dJ/dAa (-19%) and a trans 

formation to "brittle - initiation resistant" behaviour. It is not clear why these changes took place 

since the fracture surfaces displayed the distinctive diamond features and the density and oxida 

tion results did not indicate any changes. Both %C and Tcm dropped below the control levels but 

these changes were not extensive enough to produce such a reduction in the fracture toughness. 

The gel content, on the other hand, significantly increased to reach 95%, therefore limiting plastic 

deformation, encouraging crack growth and thus reducing Jo and dJ/dAa.

Before starting the analysis of the influence of shelf ageing on the y-air material, it is important to 

recall that the tensile results indicated a conversion of UHMW-PE to a quasi-linear elastic mate 

rial, with a UTS of 14 MPa. Here, clear evidence of extensive embrittlement was observed imme 

diately upon testing the displacement correction specimen. Normally, these samples bend without 

macroscopic evidence of surface cracking. However, cracks on the tension side spread radially 

towards the load application point (Figure 7.28) and surface cracks were seen at the loading areas. 

Quantitatively, JQI^> dropped by 69% to 18.1 kJ/m 2 which is within the range of HD-PE at -60°C 111 

and higher than the decrease in Izod impact strength (double-notch) caused by artificial ageing at
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80°C for 23 days (-33%).' 70 Compared to condition AGO, the changes amounted to -54% and +18% 

for JQM and dJ/dAa respectively. JQ being a crack initiation value of toughness, it primarily de 

pends upon the nature of the material at the tip of the crack while dJ/dAa is more a function of the 

structure the crack is propagating through. Applying this concept to J0 obtained here and to the 

corresponding density, gel content and oxidation profiles (Figures 7.2, 7.8, 7.11), it is clear that the 

lower JQ was directly related to the strong surface effects in those properties while dJ/dAa was 

significantly less affected. A more detailed discussion of this phenomenon is given in Sections 

7.5.3-7.5.5.

Figure 7-28 - Correction Displacement Specimen after Gamma-Irradiation in Air, Simulated Shelf 
Ageing and Testing in the Three-point Bend Rig.

Upon testing of the SEN samples cracks initiated at the free surface rather than at the mid- 

thickness plane. Observation of the fracture surfaces in the SEM revealed slanted shear lips on 

the free surfaces while the mid-thickness plane remained flat (Figure 7.29). Shear lips are usually 

formed in linear elastic metals when the tip is in plane stress while the flat surface reflects plane 

strain. When plane stress prevails, the fracture assumes a ± 45' orientation with respect to the 

load axis and sheet thickness. This is the second piece of evidence relating this condition to a 

quasi-linear elastic behaviour.
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Fracture 
Surface

45 Shear Lip

Crack Growth Direction

Figure 7-29 - SEM Micrograph of the Fracture Surface of a SEN Sample Following Gamma-Irradiation
in Air and Simulated Shelf Ageing. Note that the crack propagated heterogeneously from the free sur

face to the core. Also note the brittle appearance of the crack growth area (x21.2).

As shown in Table 7.4, there were no significant differences between J0 for A120 and A024 while 

dJ/d^a was significantly higher in the latter. Furthermore, no physical features reminiscent of the 

linear elastic behaviour of the shelf aged material were observed. Although surface cracking was 

not observed, it is likely that it occurred over a thin layer, resulting in early crack initiation at low J 

values. As indicated by the high dJ/dAa in relation with the lower core density and higher core gel 

content, the protected core was less affected

Transformation to a quasi -linear elastic and brittle material also occurred following combined age 

ing as evidenced by 45 shear lips, absence of diamonds and a relatively flat crack front. JQ,^, 

decreased by 78% from the control, the final value of 13 kJ/m 2 being the smallest value recorded 

during this investigation and of the same order of magnitude as J,c of HD-PEat 80 C. 11 ' 1 This was 

accompanied by the highest density, soluble constituents, crystallinity and oxidation values ob 

tained during this study. Surface embnttlement was evidenced upon loading by extensive surface 

cracking at the areas of contact and in regions remote from the load. Cracks were created in the 

areas under tensile stresses, for example in the displacement-correction sample.

Significant differences were obtained between the air and nitrogen packaged materials y-iMj had a 

Jo 20% and 15% higher after ageing at 70 C and in H_>Oj respectively This difference reached 

25% for the dual ageing condition. Note however that the values of JQ were still very low and in the 

higher range of HD-PE. '" In all cases, dJ/dAa did not vary significantly. From a behavioural point 

of view, the nitrogen samples did not appear as brittle as the air samples, especially following the
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shelf and double ageing simulations. Shear lips were formed but were less pronounced. The dis 
placement correction specimen exhibited moderate macroscopic cracking.

Plots of Aa versus applied cross-head displacement further illustrate the influence of sterilisation 

and ageing on the fracture behaviour of UHMW-PE (Figure 7.30). Data for the unsterile and gas 

plasma conditions was indistinguishable regardless of the ageing procedure, further demonstrating 

that ageing has limited influence on the fracture behaviour of gas plasma sterilised UHMW-PE 

relative to unsterile UHMW-PE. The slope and magnitude of the curves corresponding to y-air and 

y-N2 materials were higher than the unirradiated materials, indicating that the resistance to crack 

propagation was clearly reduced under these sterilisation methods. From these plots, and with re 

gards to JQ, ageing in H2O2 was as deleterious to the fracture resistance of y-irradiated material as 

ageing as 70°C. The resistance to crack propagation was the lowest for the y-irradiated material 

subjected to combined ageing, thus supporting the assumption of increased crack propagation in 
oxidised UHMW-PE.
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Figure 7-30 - Influence of Sterilisation and Ageing on Aa • Applied Load-point Displacement Plots.

An attempt was made to correlate the fracture parameters with the tensile and compressive prop 
erties described in Sections 7.4.5 and 7.4.6 since one would assume that changes in the deforma 

tion behaviour of UHMW-PE would reflect changes in the fracture properties. The best correlation 

was obtained between the tensile E and Ja(m0d) and the compressive oy and JQ M with coefficients 

of correlation of 0.88. Trends giving coefficients of the order of 0.83 were obtained between JQ and 

E (compression) and UTS and eb . Interestingly, tensile oy did not correlate with JQ . Despite these 

moderate correlations, the use of tensile or compressive tests as a measure of the fracture tough 

ness of UHMW-PE is not recommended since different processes of crack initiation and propaga 

tion are involved.
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7.5 Discussion

7.5.1 General Comments

The results obtained from the physical properties testing programme were expected with regards 

to the published literature i.e. density, gel content, thermal properties and concentration of car- 

bonyl moieties changed dramatically as a function of depth within the samples following y- 

irradiation and ageing. Density, gel content and oxidation followed similar profiles and relative 

magnitude changes, demonstrating the suitability of the testing methods and reliability of the re 

sults. Degradation occurred via a chain scission mechanism producing a lower molecular weight, 

denser and more crystalline polymer containing chain branching and chain scission type carbonyl 

groups and new unsaturated end-groups such as frans-vinylene.

One of the aims of this investigation was to create a simple and reliable method capable of accel 

erating the ageing mechanisms in UHMW-PE in order to determine the physical properties 

changes caused by a long period on the shelf and in vivo and the corresponding effects on the 

fracture behaviour of UHMW-PE. From the comparison with liners shelf aged naturally for 70 

months or more and the data available in the literature, an accelerating factor of 10-13 was esti 

mated for the dual ageing method, corresponding to approximately 8-10 years. Over this period of 

8-10 years, ^irradiated UHMW-PE became progressively more oxidised in the surface areas while 

the core remained relatively untouched. The localised nature of degradation mechanisms and the 

continuous aggravation in terms of intensity and depth suggest that more extensive deleterious 

changes will occur with time.

In most cases, the variations of the mechanical properties with sterilisation and ageing were ex 

pected in view of the physical properties. The tensile tests were particularly interesting because 

half of the thickness of the samples (1 mm) corresponded to the most oxidised regions and it was 

therefore possible to directly correlate the behaviour of that oxidised layer with the tensile proper 

ties. Overall, the tensile oy was the less sensitive to the sterilisation and ageing method while UTS 

was most sensitive to the nature of the oxidising environment. Two dramatic effects were ob 

served during the investigation : surface micro-cracking upon in vivo ageing and transformation 

into a quasi-linear elastic polymer upon shelf ageing of the y-irradiated UHMW-PE. Finally, no 

significant differences in the stress/strain models were observed between the sterilisation / ageing 

methods while E increased significantly upon double ageing following y-irradiation in air. The com- 

pressive properties of UHMW-PE were also greatly affected by the various sterilisation and ageing 

methods. Generally, these properties were enhanced following irradiation and ageing when com 

pared with the virgin material, resulting in a stiffer material although the post-yield behaviour was 

in some cases degraded. Differences with the tensile behaviour included lower values of oy and E, 

absence of surface cracking following ageing in H2OZ and enhanced rather than deteriorated ma-
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terial constants. One could argue that such discrepancies in both the values of crK and E and their 

variation with oxidative degradation could cause an inhomogeneous deformation of UHMW-PE 

tibial components which are subjected to both tensile and compressive stresses. 4 The J-integral 

testing programme enabled the development of a new classification scheme from which a rapid 

assessment of the fracture behaviour of UHMW-PE was possible. When applied to the 16 condi 

tions tested in this investigation, it indicated that unsterile and gas plasma UHMW-PE remained 

ductile with ageing while y-irradiation followed by ageing resulted in a transformation from "ductile 

- initiation resistant" to "brittle". This transformation was explained by the conversion of UHMW-PE 

from plastic to quasi-linear elastic as demonstrated by 45° shear lips and a fracture toughness 

some 78% lower than for the virgin material. This investigation was the first of its type known to 

the author and it was therefore impossible to compare the results to published data. Finally, limited 

correlation between fracture and tensile / compressive properties were obtained, prompting a rec 

ommendation for not using tensile tests for assessing the "toughness" of UHMW-PE since these 

tests do not simulate crack propagation processes or multi-axial loading patterns.

7.5.2 Limitations of the Accelerated Ageing Method

Simulation of long-term behaviour through a short-term procedure is appropriate only if it models 

all aspects of the simulated situation. In vivo, UHMW-PE components are subjected to a chemical 

environment composed of water, low concentration of oxygen, anti-oxidants, free radical scaven 

gers, free radicals such as superoxide, hydrogen peroxide, salts, proteins, immunogens, reticu- 

loendothelial cells, enzymes and numerous other products. In addition, elevated stresses are ap 

plied to the material under normal physico-mechanical conditions and stimulate chain scission 

mechanisms associated with cyclic stressing (Section 2.3.4.2). Significant levels of ester bonds 

were not recorded in this investigation whereas they are highly prominent in retrieved implants. In 

that respect, the present simulation is incomplete and one would expect a higher oxidation yield if 

the samples had been subjected to cyclic loading. Rimnac ef a/.'s 177 proposed procedure which 

involves low frequency cyclic loading of samples plunged in H2O2 and water is therefore more 

satisfactory from that point of view. It is unlikely that oxidation stops in vivo simply because of the 

high stresses and trapped long-lived free radicals and the results of this investigation support this 

statement. However, the concept that UHMW-PE cross-links at the articulating surface as a result 

of hysteretic ageing in the presence of the physiological anti-oxidants is interesting and deserves 

further investigation. For instance, it is known that the concentration of free radicals in the loaded 

areas of hip cups is lower than in the non-loaded zones as a result of hysteretic heating. 57 The 

authors did not determine the fate of the radicals and it is not possible to ascertain whether car- 

bonyl species or cross-links were created. However, the correlation between the low free radicals 

regions and high wear areas indicates that material degradation has occurred and one could 

therefore argue that chain scission dominated. Although this is only a limited evidence, the hy 

pothesis that cross-linking occurs under high cyclic stresses in vivo does not appear to be founded.
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Finally, instead of removing the samples from the barrier packages following y-irradiation in nitro 

gen, the samples should have been aged at 70°C in their packaging, thus simulating more closely 

shelf storage of such components. It is evident that had such a procedure been followed, the proc 

ess of "stabilisation" described by Sun et a/.' 70 would have taken place. This was not however the 

objective of this investigation and removal of the packaging appeared the only solution if acceler 

ated ageing was to be achieved.

7.5.3 Influence of Sterilisation and Oxidative Ageing on the Physical and Mechanical Prop 
erties of UHMW-PE

7.5.3.1 Unsterile and Gas Plasma Sterilised UHMW-PE

The results of this investigation indicated extensive differences in the reactions to various oxidis 

ing environments of UHMW-PE sterilised by various methods. Unsterile UHMW-PE, though prac 

tically inert, suffered extensive changes in its physical and mechanical properties following pro 

longed contact with the pseudo extracellular solution. The material appeared denser and more 

crystalline, showed some level of oxidation and was completely soluble in boiling xylene. In ten 

sion, a surface micro-cracking phenomenon was accompanied by a substantial loss of strength, 

resulting in a composite material with a brittle surface layer enveloping a ductile core. This micro- 

cracking resulted in the release of large flakes of material under the tensile stresses. Contact with 

H2O2 appeared to be a dominant factor in the development of this surface micro-cracking. The 

compressive properties were also affected, although to a lesser extent since micro-cracking was 

not observed in those thicker samples. Unsterile and unaged UHMW-PE was classified as a 

"ductile-initiation resistant" material in which cracks were difficult to form and propagate under the 

testing conditions used in this investigation. Dual ageing resulted in a substantial decrease in the 

J-initiation fracture toughness although the material remained within the "initiation-resistant" class. 

All these changes indicate that unsterile UHMW-PE is susceptible to some degree of degradation 

and that a fraction of the degradation observed in explanted components may originate from 

chemical breakdown through hydrolysis. For the four ageing conditions tested in the course of this 

investigation, no significant differences were observed between unsterile and gas plasma sterilised 

material. Changes in gel content, density and mechanical properties occurred but were always of 

the same order of magnitude as those in the unsterile material. Gas plasma sterilised UHMW-PE 

aged for the equivalent of approximately 10 years on the shelf and in vivo therefore does not suf 

fer changes in either its physical or mechanical characteristics which could be detrimental for the 

application in total joint replacements. It is therefore recommended that, on the basis that physical 

and mechanical degradation is problematic for the long-term stability and behaviour of UHMW-PE, 

the non-irradiating, low-temperature process of gas plasma sterilisation be envisaged as an alter 

native method to y-irradiation. Such an implementation could be costly and require comprehensive 

clinical trials prior to full industrial use.
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7.5.3.2 Gamma-Irradiated UHMW-PE

Y-irradiated in either air or nitrogen UHMW-PE suffered the most dramatic changes in its physical 

and mechanical properties recorded in this study, their magnitude increasing with the duration and 

oxidising power of ageing. In addition, the mechanisms of these changes were strongly affected by 

the nature of the ageing environment, y-irradiation alone resulted in a substantial increase in crys- 

tallinity and gel content while the density and oxidation levels remained relatively unchanged. This 

was accompanied by a substantial decrease in the J-initiation fracture toughness. Simulation of an 

estimated ten years of combined shelf and in vivo ageing caused a transformation from the normal 

non-linear viscoelastic to a quasi-linear elastic behaviour by creating a highly oxidised surface 

layer whose density and crystallinity corresponded to a HD-PE and which was completely soluble 

in boiling xylene. The behaviour of that layer corresponded to a quasi-linear elastic polymer and 

possessed a fracture toughness equivalent to HD-PE. Overall, the material became excessively 

fragile, friable, brittle and susceptible to surface damage under tensile and compressive stresses 

and bending mode. The presence of lower order crystallites and lower molecular weight material 

resulting in an increased density and the rapid deterioration of the cross-linking initially created 

during the irradiation process indicate that chain scission mechanisms occurred and accompanied 

the diffusion of oxygen (increased oxidation). Overall, y-irradiated and aged UHMW-PE possessed 

a dramatically reduced resistance to crack initiation and propagation. Failure by a fracture 

mechanism therefore required a much lower stress level in y-irradiated and aged material than 

unsterile UHMW-PE. The likelihood of failure by a fracture mechanism is therefore significantly 

increased in shelf aged or implanted UHMW-PE. In addition, since the remarkable wear resistance 

of UHMW-PE is related to its high ductility and toughness, 22 it is expected that shelf aged irradi 

ated UHMW-PE would suffer higher wear rates than unsterile UHMW-PE, as confirmed by various 

workers. 58 ' 59 Finally, note that the tensile properties following ageing are below ASTM F648233 

specification of 27 MPa for UTS and 200% for eb .

It is interesting to note that the effects of simulated shelf and in vivo ageing on both the chemical 

and mechanical properties were somewhat different but additive. Shelf ageing resulted in distinc 

tive surface effects with little changes in the core while in vivo ageing produced a less extensive 

but more homogeneous distribution of the damages. Dual ageing resulted in both a surface peak 

and a deeper penetration of the degradation front. Oxygen concentration and chemical reaction 

rates (Equation 2.24) were much higher in air at 70 : C than in an aqueous solution at 37°C while 

the ageing duration was double in the latter. Simulated shelf ageing was therefore characterised 

by a rapid and extensive degradation affecting only the surface layer where oxygen had time to 

penetrate in large quantities. On the other hand, a slower diffusion of less oxygen resulted in a 

lower oxidation over a wider zone in the bulk of the samples. Earlier studies indicated that the 

density profiles could not be differentiated between shelf aged components and explants.' 55 ' 178 In 

all cases, the ageing times were limited to less than 56 months and in vivo ageing lasted approxi-
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mately double shelf ageing. The results of this investigation suggest on the contrary that differ 

ences exist under similar conditions, that the profiles corresponding to shelf ageing and dual age 

ing are distinct and that oxidation is indeed retarded in vivo. Adding the effects of mechanical deg 

radation would probably limit the differential but it is nevertheless certain that both environments 

should be considered separately. This poses a problem for the study of retrieved implants whose 

irradiation date and shelf ageing duration are not usually known. Finally, a simple and effective 

way of limiting oxidation would be to minimise the shelf duration to less than 5 years as is current 

practice in Europe (just-in-time system). A more satisfactory alternative however would be to 

abandon y-irradiation altogether and use gas plasma instead, and this despite recent studies in 

which the authors failed to correlate the extent of oxidation with the extent of mechanical dam-
60.62.201,210age.

Differences appeared between the air and nitrogen packaged materials. Firstly, cross-linking was 

more intense in nitrogen and the final gel content following dual ageing was therefore higher. Sec 

ondly, the location of the maximum changes in physical properties was deeper within the samples. 

From a mechanical properties point of view, this resulted in a generally less brittle material with an 

improved fracture toughness over y-air UHMW-PE since the relatively less degraded surface layer 

provided a protection against crack initiation in the SEN samples. Furthermore, the transformation 

to a quasi-linear elastic behaviour was less pronounced and the lower degradation of surface lay 

ers protected the samples from extensive surface damage in tension and compression. Despite 

these improvements, the material was still extremely degraded when compared to unsterile or gas 

plasma sterilised UHMW-PE. Furthermore, the fact that a sub-surface rather than surface degra 

dation existed is not likely to reduce the propensity of tibial or acetabular components to fail by 

delamination. Indeed, the material in the sub-surface layer presents physical properties compara 

ble to those in the surface layer of the y-air material and one could therefore safely assume that its 

Jo is lower than at the surface. If structural defects such as voids or impurities are present within 

that layer, the low fracture toughness would enable their development in the same manner as if 

they were located at the surface. Further discussion is given in Sections 7.5.4 and 7.5.5.

7.5.4 Qualitative Correlation Between Chemical, Physical and Mechanical Properties

It was possible during the analysis of the mechanical properties to relate the results and various 

phenomena observed either during the tests or in the SEM with the chemical and physical proper 

ties corresponding to the particular condition. Specifically, the shapes of the physical properties 

profiles were helpful in explaining certain fracture processes in the tensile samples and the 

changes in the fracture toughness and crack growth stability. In this Section, some arguments will 

be put forward which qualitatively correlate the physical and fracture properties and provide an 

explanation for the surface pitting and sub-surface delamination mechanisms observed in tibial 

components in vivo. In the next Section, these correlations will be analysed quantitatively.

140



Influence of Sterilisation and Ageing on Physical and Mechanical Properties

The results from the shelf aged y-irradiated in air UHMW-PE suggested that mostly the resistance 
to crack initiation was affected and this is explained on the basis that only a surface layer was 
oxidised (Figures 6.11, B2a, B3, C2a) i.e. dense, crystalline and oxidised surface layer with low 
toughness enveloping a cross-linked, less oxidised and crack propagation resistant core. The con 
sequences of this transformation in terms of surface and sub-surface delamination in tibial pla 
teaux could be described as follows. Envisage a component aged for 8 years in which a surface 
oxidised layer approximately 0.8 mm thick is created. From the tensile and fracture tests results, 
that layer behaves as an elastic shell enclosing a ductile core. Under loading in vivo, this shell will 
remain rigid while the core will absorb the strain energy through deformation. Two mechanisms 
could then arise : (i) if the stresses remain low, a separation of the shell and core will occur be 
cause of the inhomogeneous response to the cyclic stresses, resulting in large particles of material 
breaking off and being released ; (ii) if the stresses exceed UTS, fracture of the shell will be instan 
taneous, creating a multitude of small debris, like shattered glass. These hypotheses could partly 
explain surface pitting. If that layer was located sub-surface, the response of the component to 
stress would also be heterogeneous, producing an heterogeneous strain field at the interface be 
tween the layer and the surrounding less oxidised material. Under cyclic loads, this would rapidly 
lead to the creation of a demarcation line at the zones of strain inhomogeneities, resulting in sub 
surface delamination. A quantitative analysis of this model will be presented in Section 7.5.5. In 
any case, these results indicate that shelf aged UHMW-PE is more susceptible to failure by frac 
ture, especially when degradation is maximum in the surface layers.

Observations from the fracture behaviour of dual aged y-irradiated in air UHMW-PE suggest that 
the extreme structural degradation suffered by the material resulted in a low toughness material 
susceptible to surface damage under bending mode, as demonstrated by the cracking of the un- 
notched SEN sample. Significant chain scission in the surface layers, resulting in oxidation, 
shorter chains, increased density and crystallinity, and therefore lower free volume reduced the 
resistance to crack initiation and propagation by limiting the mobility of the molecular chains, thus 
reducing crazing and plastic deformation ahead of the crack tip. Absence of a blunting phase dur 
ing the fracture process supports this model. In addition, it was observed that the fracture tough 
ness of UHMW-PE y-irradiated in nitrogen was higher than for y-air while dJ/dAa remained of the 
same order. Associated density, gel content and oxidation profiles indicated a sub-surface effect 
rather than the surface effect in y-air with core values approximately equal. Combining the obser 
vations from the y-air and y-N 2 results, it is proposed that a correlation exists between the J- 
initiation fracture toughness, crack growth stability and the location of the peak in density, soluble 
constituents and oxidation i.e. the presence of an oxidised surface layer in a SEN sample results 
in a lower JQ than if that layer is located sub-surface. It therefore follows that the J-initiation frac 
ture toughness of UHMW-PE is directly dependent upon the degree of oxidative degradation suf 
fered by the polymer. This idea is supported by the presence of micro-cracks in the white bands 
and not in other less oxidised areas after microtoming of aged UHMW-PE components. 15616018S
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The location of the oxidation band, be it surface or sub-surface, is not actually important in terms 

of the failure by fracture of UHMW-PE samples. It will only determine the nature of the failure i.e. 

surface pitting and wear or sub-surface delamination which are equally deleterious in terms of 

surface damage and overall wear rates.

In conclusion, these results provided a qualitative correlation between (i) the levels of oxidation 

and the fracture toughness and (ii) between the location of the maximum degradation and the 

fracture toughness. It is therefore proposed that pitting and delamination must be related to the 

reduced fracture toughness in the areas of extensive oxidation. It was also indicated that inhomo- 

geneous strain fields caused by a fracture toughness and strength differential would be created at 

the interface between the highly oxidised layer and less oxidised surrounding material. Combining 

the effects of strain inhomogeneities and reduced fracture toughness, a demarcation line could 

form under cyclic loads at the interface between the two layers, leading to either pit formation or 

delamination depending on the location of the oxidation peak.

7.5.5 Quantitative Correlation Between Chemical, Physical and Mechanical Properties

An objective of this study was to investigate the relationships between physical and mechanical 

properties in order to assess the hypothesis that excessive wear, sub-surface delamination and 

surface pitting in tibial plateaux are related to a decrease in fracture toughness at the areas de 

graded by oxidation. A qualitative correlation between the extent and location of maximum oxida 

tion and the fracture toughness was proposed above. The following Section discusses the mathe 

matical correlations obtained during the course of this investigation. The density, thermal proper 

ties, gel content and oxidation at the surface, 1 mm depth, 5 mm depth and over the whole depth 

(bulk average) were plotted against the corresponding value of each mechanical parameter for 

each condition. Mathematical relationships were then obtained, wherever possible, by fitting vari 

ous basic expressions through the data-points.

One could argue that crack growth stability (dJ/dAa) is correlated to the physical characteristics of 

the core material rather than the surface i.e. typically between 1 and 3 mm. No such correlation 

however existed with any of the physical properties. Firstly, the changes in the core were limited 

and therefore the data spectrum for correlation was also limited. Secondly, dJ/dAa is a function of 

Ja. Depending on Aa, the crack may have propagated within a few hundreds of microns or deeper 

into the core. Since the recorded J values correspond to the total energy absorbed to create the 

entire crack, it does not differentiate between the different material structures the crack goes 

through and dJ/dAa is therefore not a reflection of the physical properties as a function of depth. 

On the other hand, J0 is likely to be dependent upon the properties of the surface layer since J0 is 

primarily a function of the local plastic deformation at the crack tip. Some correlations are pre 

sented below. In terms of the tensile and compressive parameters, one could again argue that a
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relationship exists with the physical properties, as can be expected from Tables 7.2-7.4 in which it 

is clearly visible that oy or UTS or eb decreased dramatically for the more oxidised materials. How 

ever, these properties reflect the whole structure of the samples and do not distinguish the local 

ised changes that occurred in the material. Furthermore, the variables of the testing programme 

imply that only a limited number of conditions result in significant physical and mechanical proper 

ties changes i.e. 6 out of the 16 conditions. Nevertheless, it was possible to obtain a number of 

mathematically significant relationships and these are described below. In addition, apparent but 

not significant trends are also mentioned.

7.5.5.1 Trends

JQ decreased with increasing density, crystallinity, melting temperature and oxidation over the 

range tested. No trend was obtained with the gel content and this is surprising since a qualitative 

correlation was perceptible. It appeared however that a complex relationship existed. For instance, 

a gel value of 50% corresponded to a high J0 while 0% or 100% corresponded to a lower value. It 

is not actually surprising that no correlation was obtained since the reference value of gel was 

neither a minimum nor a maximum. Since gel increased or decreased depending on the condition 

rather than following a more definite trend, and since JQ followed such a trend, the result is a 

complex trend from which it is difficult to establish mathematical relationships. This was also true 

for the other mechanical properties.

Tensile and compressive modulii increased with density, crystallinity, melting temperature and 

oxidation as expected from the reduction in free volume and formation of chain branching and new 

end-groups which significantly hamper chain mobility. The compressive ay showed an exponential 

increase with density and crystallinity and a logarithmic increase with oxidation while the tensile cry 

did not show any definite trend. This is due to the absence of a yield point in the four most oxidis 

ing conditions, thus limiting the range of changes in the physical properties. Over the range tested, 

there was however a well-defined critical value of density and carbonyl area beyond which the 

material did not exhibit a yield point (Figure 7.31). Since the absence of a yield point corresponds 

to a transformation from a non-linear viscoelastic to a quasi-linear elastic behaviour. Figure 7.31 

suggests that when density and oxidation reach these critical levels, UHMW-PE becomes quasi- 

linear elastic and one could expect radical changes in its behaviour in vivo, namely rapid surface 

failure under the high contact stresses, increased wear volumes and complete fracture of the 

components. This is a very interesting concept since it could partly explain why some components 

fail earlier than others under similar physiological conditions.
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Figure 7-31 - Variation of Tensile Yield Strength with (a) Density and (b) Oxidation.

The UTS and £b decreased with increasing density, crystallinity, melting temperature and oxida 

tion. The UTS is the most complex tensile characteristic in terms of dependence upon the struc 

ture or physical state of the polymer since depends upon the deformation and strength of the cova- 

lent bonds and the integrity of the material in the gauge section. If micro-flaws are present, the 

UTS will be much lower than if the material is flawless. It is therefore quite conceivable that only 

general trends could be observed with the density or gel content for instance.

7.5.5.2 Mathematical Correlations

Plots of JQ versus density and oxidation are shown in Figure 7.32. The density and oxidation val 

ues correspond to the surface, 1 mm depth and bulk average for the 16 conditions since it is in 

those areas that most changes occurred. An empirical relationship was determined by fitting the 

experimental points to an hyperbolic expression of the form
C

JQ = P-k (7-1)

where P is either density or carbonyl area / mil, C is an empirical constant and k is an asymptotic 

value of P. C and k were determined by linearising Equation 7.1 and plotting JQ 'P versus P. the 

slope giving k and C being the intercept. Two empirical equations were thereafter obtained for 

density (surface and 1 mm depth) and one for oxidation (surface) and the corresponding curves 

plotted (Figure 7.32). As indicated by R2 the fittings were good and one can argue that within the 

range tested, the three equations are an acceptable representation of the dependence of JQ on 

density or oxidation. A hyperbolic relationship indicates that significant changes in J0 only exist at 

a critical level of density/oxidation has been exceeded. This joins the earlier conclusions on the 

tensile o and suggests that the mechanical properties of UHMW-PE remain stable until a critical 

level of physical degradation has been reached. It is likely that this critical degradation is related to 

the amount of free volume remaining in the structure and to the degree of chain branching.
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Figure 7-32 - Variation of JQ with (a) Density and (b) Oxidation.

A linear relationship existed between the tensile secant modulus and density at the surface of the 

samples (Figure 7.33a). Models of this nature have been proposed by Kurtz et a/. 190 ' 255 The pres 

ent model predicts lower E values for a given density. It should be noted that the density range in 

that study was obtained for an annealing temperature of 127"C which is within the melting range of 

UHMW-PE and that the predicted values were high compared to accepted values. Here, the 

modulus was also related to oxidation by a logarithmic expression of the form

E,=aln(X) + b (7-2)

where X is the carbonyl area / mil and a and b are empirical constants (Figure 7.33b). A logarith 

mic relationship of the form

UTS = aln(c-Tcm ) + b (7-3)

where a and b are empirical constants and c is a limiting value of Tcm was obtained between UTS 

and Tcm and the corresponding curves are presented in Figure 7.34a. A similar relationship was 

obtained between eb and Tcm . No other mathematically significant relationship was obtained be 

tween Tcm and the mechanical properties.

Et = 7603 2'(den j - 6497 ' 
R«2 = 0 85

(a) (b) 

Figure 7-33 - Variation of Tensile Secant Modulus with (a) Density and (b) Oxidation.
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In addition, a linear relationship of the form

UTS = m(%C) + b (7-4)

where m and b are empirical values, was obtained between UTS and %C (Figure 7.34b). Again, a 

similar relationship was obtained between eb and %C (Figure 7.34d) and no other correlation ex 

isted with the remaining mechanical properties. It therefore emerges that only the post-yield tensile 

properties of UHMW-PE are sensitive to the thermal properties. Since Tcm is sensitive to the mo 

lecular strain energy created by the renewal of the tie molecules population following recrystallisa- 

tion (Section 7.4.2) and since cb is dependent upon the restraints on molecular motion, it is con 

ceivable that an increase in Tcm would result in a decrease in eb .

UTS = 11 69'ln.141 92-Tcm) * 14 07

UTS =11 49't1|140 16-Tcm] + 1606 
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Figure 7-34 - Variation of (a) UTS with Melting Temperature, (b) UTS with Crystallinity, (c) eb with 
Melting Temperature and (d) eb with Crystallinity.

The empirical relationships obtained above were thereafter used to determine the variations of the 

mechanical properties with depth. The results for density, oxidation, Crystallinity and melting tem 

perature corresponding to the dual aged y-irradiated in air and dual aged gas plasma sterilised 

materials were imputed in the empirical relationships and the corresponding mechanical parameter
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plotted as a function of depth (Figures 7.35 and 7.36). In addition, the shear stress distribution cor 

responding to a metallic cylinder indenting a flat UHMW-PE surface and obtained from FEA 

analysis is shown.217 Although the conditions under which it was obtained do not correspond to 

those of the physical and mechanical properties, the trend is typical of shear stresses in tibial in 

serts and is therefore indicated as a reference for the purpose of analysis. Finally, the zone of 

highly oxidised material as determined by transmission microscopy (Figure 7.4) is indicated to 

gether with accepted areas of white bands and sub-surface delamination.

Figure 7.35 indicates that the areas of oxidative degradation resulting in increased density, crys- 

tallinity, concentration of carbonyl species or soluble constituents correspond to areas where the 

fracture toughness is minimum and the modulus is maximum. Comparison of Figures 7.35 and 

7.36 also indicates that the extent of degradation reflects the changes in the mentioned mechani 

cal properties. This analysis therefore provides a quantification of the relationships between (i) 

localisation of degradation and fracture toughness and (ii) extent of degradation and fracture 

toughness. In addition, the zones of low fracture toughness correspond to the white band observed 

in the samples and to the published zones of delamination. In conclusion, this study has revealed 

that Y-irradiation-induced degraded UHMW-PE is highly susceptible to failure by fracture and that 

this mechanical failure will occur in the most oxidised areas, be them surface or sub-surface.
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Figure 7-35 - Variation of Chemical, Physical and Mechanical Properties of UHMW-PE as a Function 
of Depth Following Gamma-Irradiation in Air and Simulated Dual Ageing.
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Figure 7-36 - Variation of Chemical, Physical and Mechanical Properties of UHMW-PE as a Function 
of Depth Following Gas Plasma Sterilisation and Dual Ageing.

Two studies known to the author have attempted such a modellisation of the mechanical proper 

ties as a function of physical properties and location within a component. Kurtz et a/., 190 from the 

aforementioned relationship between Eand density, determined the variation of Ewith depth as a 

function of shelf life and obtained a sub-surface peak. When applied to FEA models, the tensile 

stresses within 1 mm of the articulating surface were highly sensitive to changes in E distribution 

due to ageing. In the second study conducted by the group of John Collier, 182 '256 the tensile prop 

erties of UHMW-PE were measured as a function of depth within shelf aged components using 

200 |im thick specimens in a micro-tensile machine. The UTS and Q> profiles as a function of 

depth exhibited a marked minimum in the areas of maximum degradation. The results of the pres 

ent investigation extended those findings to a description of the fracture properties and to a more 

extensive range of ageing conditions. For example, using the same method as for Figures 7.35 

and 7.36, the variation of JQ with depth and ageing environment can be readily determined as illus 

trated in Figure 7.37.
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7.5.6 Is a Fracture Mechanism Responsible for Pitting, Delamination and Wear ?

It was shown in Figure 7.35 that the areas of low fracture toughness correspond to the areas of 

maximum shear stress, low strength and maximum oxidation. It was also shown that these regions 

correspond to areas of delamination in implanted tibial inserts. It was therefore proposed that the 

reduced fracture toughness is responsible for these failure mechanisms. In this Section, the gen 

eral mechanisms of pitting, delamination and wear will be introduced and some explanation on the 

cause of the increase of these failure modes in aged y-irradiated UHMW-PE will be given based 

on the qualitative and quantitative correlations obtained earlier.

Pitting involves the initiation and propagation of cracks at the surface or in a near surface layer 

until macroscopic particles detach to form pits. Surface crack initiation is associated with local 

plastic deformation at surface asperities while sub-surface failure occurs at the position of maxi 

mum shear stress around sub-surface inhomogeneities such as fusion defects or inclusions. Under 

the alternating shear strains created by the sliding/rolling contact at the articulating surface, the 

cracks initiated at the tip of the inhomogeneities propagate and ultimately coalesce with adjacent 

cracks. The rate at which these micro-cracks propagate primarily depends upon the stress field but 

also obviously on the crack growth stability of the material. The propensity of a crack to initiate by 

plastic deformation at a stress concentration zone depends upon the strain energy created by the 

applied stress and the minimum energy per unit area necessary to create a crack. Embrittlement 

of UHMW-PE generates a dense structure which does not readily deform and possesses a low 

critical fracture strain energy per unit area. It is therefore proposed that the reduced fracture 

toughness and plastic deformation of highly oxidised UHMW-PE will encourage the initiation and
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growth of cracks under sliding/rolling contact, increasing the rate at which cracks coalesce and 

therefore the extent of pitting. Because of the highly reduced fracture toughness, it is unlikely that 

a fatigue mechanism be responsible for pitting in oxidised UHMW-PE since the local strain energy 

is conceivably much higher than the critical fracture energy. In non-oxidised UHMW-PE, crack 

initiation and propagation are difficult because they involve considerable plastic deformation and 

craze formation. In this case, a fatigue mechanism may be involved if the local strain energy re 

mains below the critical value

Delamination wear, as described by Suh, 257 ' 258 is based on the removal of an asperity following 

deformation and is accompanied by sub-surface deformation. In metals, this mechanism gener 

ates a surface free of a coherent oxide layer and thus allows the image force to drive out disloca 

tions located near the surface to the surface. At the contact interface, adhesion and penetration 

create surface traction forces which encourage the dislocations to form voids below the surface. 

These voids then produce sub-surface cracks which again coalesce to form large sheets of mate 

rial. The extent of delamination depends upon the depth at which cracks propagate, the magnitude 

of the surface traction and the material properties. Mosleh ef a/. 259 attempted to relate an in 

creased delamination with changes in the friction coefficient of UHMW-PE following y-irradiation 

up to 5 MRad. They showed that while the wear increased linearly with dose, the coefficient of 

friction plateaued after 2.5 MRad. They observed crack nucleation beneath the surface of the test 

disks and concluded that the increased coefficient of friction was responsible for increasing the 

stress intensity factor K which is determinant in the crack propagation rate in delamination wear. 258 

However, they did not explain the increasing wear even after the coefficient of friction plateaued. 

This investigation suggests that -^irradiated UHMW-PE has a significantly reduced fracture tough 

ness in oxidised areas. If the crack propagation rate is the determinant factor, the decrease in JQ 

and crack growth stability will increase the propagation rate of the crack per load cycle which 

would explain the increased crack propagation and nucleation in surface layers as the dose in 

creased. It is therefore proposed that the propensity for delamination wear is increased by the re 

duction in fracture toughness and crack growth stability and that delamination wear should occur 

preferentially in areas of lowest toughness.

Fisher40 defined three types of wear on the basis of the scale of the cyclic stress field, namely mi 

croscopic counterface asperities wear, macroscopic polymer asperity wear and structural failure 

followed by wear (delamination). The first two processes involve the cyclic deformation of either 

the polymer surface or the macroscopic polymer asperities. In both cases, wear particles are cre 

ated by a fatigue failure following repeated deformation and production of local stress concentra 

tions at the tip of the asperities. Two parameters are therefore critical (i) the yield and ultimate 

strength of the polymer and (ii) the resistance to fatigue failure. In terms of (i), it was shown that j- 

irradiated and aged UHMW-PE presents a quasi-linear elastic behaviour and does not yield in 

tension The UTS is below 6 MPa and with contact stresses exceeding 30 MPa in tibial inserts, 4 723
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it is evident that the polymer will readily fail at the stress concentration zones. In terms of (ii), it 

was proposed above that the fatigue resistance of aged UHMW-PE is greatly affected by the dra 

matic reduction in fracture toughness and crack growth stability. Under cyclic loading, the stiffer 

and weaker polymer will deform less and cracks will form immediately as the strain energy ex 

ceeds the critical fracture energy. Wear rates are known to significantly increase following y- 

irradiation and ageing either on the shelf 148 or following accelerated ageing. 5863 Although y- 

irradiation and oxidative degradation have always been regarded as the cause of such dramatic 

changes, the exact mechanisms by which these processes influence wear have not been fully de 

termined. This investigation demonstrates that the significant reduction in the resistance to frac 

ture of UHMW-PE associated with high levels of oxidative degradation creates a propensity for 

crack initiation and propagation which does not exist in unirradiated UHMW-PE and is responsible 

for increased pitting, delamination and micro/macroscopic wear processes, thus proving the hy 

pothesis that these mechanisms are related to a fracture mechanism induced by oxidative degra 

dation. Further support is provided by an analysis of what has been termed "brittle fracture wear" 

in an early study by Nusbaum et a/. 260 From in vitro wear tests of y-irradiated UHMW-PE cups on a 

hip joint simulator, the authors observed the presence of "brittle" cracks perpendicular to the wear 

track. They also proposed that brittle fracture wear occurs if the tensile yield strength is less than 

1/3 of the compressive yield strength since the tensile stress behind the junction of an asperity is 

approximately 1/3 of the compressive stress under the junction. The authors then rejected the 

possibility of such mechanism on the grounds that UHMW-PE is ductile and that the tensile and 

compressive yield strengths are equal. This investigation however clearly indicates that oxidised 

UHMW-PE is highly brittle and that the compressive yield strength is approximately 4 times the 

UTS (Tables 7.2 and 7.3). It is therefore probable that the surface features observed in that study 

were actually caused by a brittle fracture process.
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CONCLUSIONS

The following conclusions and recommendations could be drawn from this study :-

(1) UHMW-PE is a non-linear viscoelastic material which properties depend on time and stress 
history. During creep deformation, the levels of strain reached at stresses below the tensile yield 
strength were of the same order of magnitude as the tensile strain at yield. Strain rate and tem 
perature of testing significantly affected the uniaxial tensile behaviour of UHMW-PE and it is 
therefore recommended that physiological strain rates and temperatures in the range 37-40rj C be 
used for the mechanical testing of UHMW-PE. In addition, substantial differences were recorded 
between the tensile and compressive properties of UHMW-PE and FEA studies of total joint com 
ponents should account for these discrepancies.

(2) A procedure based on the mathematical modelling of the tensile and compressive stress/strain 
curves into power law forms enabled an accurate representation of the pre-yield behaviour of 
UHMW-PE. The corresponding empirical relationships could therefore be used in FEA models of 
UHMW-PE inserts.

(3) The J-integral concept for the determination of the crack initiation fracture toughness of 
UHMW-PE under plane strain conditions was found to be the most suitable approach. It was how 
ever necessary to modify the existing standard ASTM E813-89 to accommodate for the remarka 
bly high ductility of UHMW-PE and the associated plastic deformation (blunting) and crazing at the 
crack tip and ductile tearing crack propagation. The proposed modified method includes the de 
termination of a R-curve by the linear fitting of experimental J-Aa data-points located in a valid 

zone delimited by exclusion lines formed by Ja/t>0 = 6% and <u > 3, with Ja taken as the maximum 
crack length measured optically or in the SEM. The critical J-initiation fracture toughness is then 
calculated at the intersection of the R-curve with a crack blunting line calculated using the UTS of 
the material obtained under similar testing conditions and a slope m - 2. This method was suc 
cessfully applied to the establishment of the J-initiation toughness of UHMW-PE at two tempera 
tures (23°C and 37°C) and before and after y-irradiation sterilisation. Finally, this method enabled 

a rapid assessment of crack growth stability from the analysis of the R-curve alone.

(4) Various analytical methods for the determination of the physical properties of UHMW-PE were 
investigated. It was found that DSC results vary substantially with the testing methodology and in 
particular with sample weight and re-heating. It was also found that the gel content of UHMW-PE 
determined by extraction of soluble constituents in boiling xylene was affected by artificial and un 
controlled oxidation. A maximum of 12 hours extraction and use of an anti-oxidant were therefore 
recommended.
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(5) A method was developed to simulate the oxidative degradation suffered by UHMW-PE both 

during shelf storage and in vivo. Comparison with naturally shelf aged material and published lit 

erature indicated that this method provided levels of changes in the chemical and physical proper 

ties equivalent to 10 years of ageing.

(6) y-irradiation sterilisation followed by artificial shelf and in vivo ageing resulted in a dramatic 

degradation of the physical properties of UHMW-PE. Chain scission mechanisms caused by the 

irradiation process resulted in a lower molecular weight, denser and more crystalline polymer 

containing carbonyl species and new end-groups. The magnitude of these changes was found to 

depend upon the oxidising environment and was inhomogeneous with depth into the samples, 

creating a localised layer of highly degraded material surrounded by a less affected material.

(7) The mechanical properties were also strongly affected by the oxidative degradation. Unsterile 

UHMW-PE suffered hydrolysis in the presence of an oxidising aqueous solution, resulting in sur 

face micro-cracking under tensile stresses. UHMW-PE was transformed into a quasi-linear elastic 

polymer following y-irradiation and shelf ageing, with a density equivalent to HD-PE. Failure by 

fracture was difficult to obtain in unsterile UHMW-PE whereas it was easier in y-irradiated and 

aged UHMW-PE. Both the fracture toughness and crack growth stability were found to significantly 

decrease following irradiation and artificial ageing i.e. non-oxidised UHMW-PE is less likely to 

fracture than oxidised material.

(8) Oxidation was found to continue in vivo although less extensively than on the shelf. However, 

the longer and slower diffusion of oxygen in vivo meant that the oxidation front penetrated deeper 

into the material, resulting in a less extensive but more homogeneous degradation.

(9) Packaging in nitrogen did not reduce the extent of chemical and physical degradation suffered 

by the polymer. On the contrary, a sub-surface degradation located at 1 mm depth was consis 

tently found in all physical parameters whereas y-irradiated in air UHMW-PE exhibited a surface 

effect almost 0.8 mm deep.

(10) Gas plasma sterilised UHMW-PE could not be differentiated from unsterile material in either 

its physical or mechanical properties, even following 10 years of simulated ageing. Under the 

conditions used in this investigation, gas plasma sterilisation is highly recommended as an alter 

native sterilisation method to y-irradiation in either air or inert atmosphere.

(11) Qualitative and quantitative empirical relationships were found between the physical and me 

chanical properties. In particular, it was possible to correlate the fracture toughness with the levels 

of oxidative degradation and the fracture toughness with the location of the maximum degradation. 

By applying the empirical relationships to the experimental data, it was possible to determine the
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variation with depth of the fracture toughness. It was found that the areas of highest degradation 
corresponded to the zones where the fracture toughness was minimum and that these zones also 
corresponded to recognised in vivo delamination areas. Oxidised UHMW-PE will therefore prefer 

entially fail by a fracture mechanism in areas of highest degradation and at a low stress level. Ap 
plying this concept to existing theories for pitting, delamination and wear, it was possible to quali 
tatively explain the increasing incidence of pitting and delamination and higher wear rates in aged 
UHMW-PE, thus proving the hypothesis that the failure of components in vivo through delamina 

tion or gross fracture is caused by a fracture process induced by an oxidation mechanism.
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RECOMMENDATIONS FOR FURTHER WORK

The main objectives of this study were firstly to investigate the influence of y-irradiation sterilisa 

tion and oxidative ageing on the fracture behaviour of UHMW-PE and secondly to prove the hy 

pothesis that delamination and wear are primarily caused by a fracture process, and this in many 

ways has been accomplished successfully although some shortcomings were highlighted. Various 

ideas and concepts were developed during the course of this report and the following list provides 

recommendations for further work.

Fundamental Work

(1) Develop a method permitting the determination of the fracture toughness from small and thin 

samples machined directly from shelf aged or retrieved components.

(2) Conduct wear and fatigue tests on samples subjected to the 16 conditions described herein and 

determine the relationships between (a) wear rates/ fatigue resistance and physical properties and 

(b) wear rates / fatigue resistance and fracture toughness. The results of such a study should con 

firm the proposed relationship between wear and fracture toughness and whether or not failure of 

oxidised UHMW-PE is associated with a fatigue mechanism.

(3) Improve the simulated in vivo ageing method by introducing a low frequency cyclic loading of 

the samples. Note that it might prove difficult to cyclically load the J-integral samples without ini 

tiating a crack.

(4) It would also prove interesting to measure the fracture toughness of "stabilised" UHMW-PE or 

of UHMW-PE y-irradiated at a reduced dose of 0.4 MRad as recommended by Masri et al. 208

(5) Telemetric studies revealed that frictional heating in hip cups can increase the temperature at 

the articulating surface by as much as 10°C and that the temperature varies with level of activity 

and patient's weight. 196 An interesting set of data could therefore include a temperature histogram 

recorder during a day's activities which could be used during the simulated in vivo ageing, thus 

providing a more accurate model as opposed to the constant 37 : C.
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Application

(1) Application of the empirical stress/strain relationships obtained for the various testing condi 

tions into a FEA model describing the non-linear viscoelasticity of UHMW-PE.

(2) Develop a FEA model which would include elements that can "age" i.e. each element is attrib 

uted certain mechanical properties depending on the position within the component and on the 

time after sterilisation. The properties are then modified according to empirical relationships such 

as those obtained in this study.

(3) Introduce in the above model a fracture mechanics component. For instance, the location of a 

crack could be varied over the thickness of the insert, therefore being located in regions with 

varying degrees of oxidation. The effects on the stresses, crack growth behaviour and overall in 

tegrity of the insert could therefore be determined as a function of location and therefore levels of 

oxidation.
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APPENDICES

Appendix A - Statistical Analysis - Student's t

A.1 Confidence Intervals

A confidence interval is an expression stating that the true mean of a population of measure 

ments (u.) is likely to lie within a certain distance of the measured population mean (x). The 

confidence interval of u. is given by

- ts V = x + -=
Vn

where s is the measured standard deviation, n is the number of observations and f is a number 

called Student's f. Values of f for various confidence levels are tabulated in most statistics text 

books. The minimum confidence level is habitually taken as 95% i.e. there is a 95% probability

ts — that u. will lie between +—— of x .
Vn 

Additional Expressions

' u. is the mean of an infinite population where infinite population refers to an infinite number of 

individual measurements. A finite number of replicate measurements is considered by statisti 

cians to be a sample drawn in a random fashion from an hypothetical infinite population and it 

is hoped that the sample is representative of the infinite population. Since it is impractical to 

determine the average of an infinite number of measured values, u is taken as x (average of a 

finite number of measured values) within a given confidence interval.

* x = mean of a finite number of measurements x,, xz , x3 , ..., xn and is given by
i=n

I*.

* s = standard deviation

ll -" -,2
x, - xII
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A.2 Comparison of Means

The Student's t test is used to compare means of two sets of measurements. For the two sets 
of data, a value of t is calculated using the formula

s y n 1 + n 2 

where s is the pooled standard deviation

,|sef? set2
O —

n-f + n 2 -2

where n 1 +nz-2 is the degree of freedom required to choose the corresponding tabulated value 
of f to which the value of calculated f is compared. If tcaicuialed > t,abu/aled, the difference is signifi 
cant at the chosen confidence interval.

Example of Utilisation

for degrees of freedom = 5

and (tabulated = 3

then p < 0.005 i.e. t,abulated lies between fgs^ and tgg«..
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Appendix B - Density Tests Results
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Figure B1 - Density Profiles for the Unsterile and Gas Plasma Sterilised Materials.
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Appendix C - Gel Content Tests Results
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Appendix D - FTIR-M Spectroscopy Tests Results
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Appendix E - FTIR Spectroscopy Tests Results
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Appendix F - Tensile and Compressive Tests Results
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Appendix G - Fracture Mechanics Tests Results
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Figure G1 - Variation of the Fracture Parameters with Testing Conditions.
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Appendix H - The Standard J,c Test 

H.1 Some Theoretical Background

The J-integral concept is based on an energy balance approach developed by Rice. 104 Consider 

the total energy content U of an elastic, remotely loaded cracked plate

U = U0 + Ua + Uy - F

where U0 is the elastic energy content of the loaded uncracked plate, Ua is the change in the 

elastic strain energy caused by introducing the crack in the plate, I//is the change in elastic 

strain energy caused by the formation of the crack surfaces and F is the work performed by 

external forces. Crack growth instability will occur as soon as U no longer increases with in 

creasing crack length a i.e. when (dU/da)<0.

Or, since U0 is a constant

d o dU,,
da' af da

In the left hand part of the above equation, dF/da represents the energy provided by the exter 

nal work F per unit crack extension and dUa/da is the increase of elastic energy owing to the 

external work dF/da. Thus dF/da - dUt/da is the amount of energy that remains available for 

crack extension. The right hand side of the equation, dU/da, represents the energy needed for 

the crack to grow i.e. the crack resistance. Defining G, the elastic energy release rate per unit 

thickness, as the right hand side and ff the crack resistance, instability will occur when

G>R 

Note '. for a fixed grip condition (constant displacement), Fis constant and therefore

da 

Now if the potential energy of the plate is given by

U p =U0 +U a -F

Then

And since for elastic behaviour J=G, then

dUp
J — — •

da

Now since dF/da represents the energy provided by the external force F per increment of crack 

extension and dU^da is the increase of elastic energy owing to the external work dF/da, the 

quantity dUp/da represents the change in stored energy. A decrease in stored energy, - dUp/da, 

means a release of crack driving energy, J, in order to provide the energy, dU/da, for an in 

crease in crack surface by da.
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It is now necessary to obtain an expression of dUp/da in order to fully characterise the crack 

driving energy J. The full extent of the derivation will not be presented here and can be found 

in all Fracture Mechanics textbooks. Considering a cracked body of unit thickness which has a 

perimeter rand a surface A. A traction .Tacts on a part S0 of the perimeter and performs ex 

ternal work of an amount AF resulting in displacements represented by a vector u. Using 

Green's theorem, dUp/da can be expressed as a line integral along the perimeter r, i.e.

-\Wdy+ \T^
J r)xda i i

This is the definition of the J-integral i.e. it represents a line integral along a path surrounding 

the crack tip. For a closed path i.e. no crack, J = 0. It has also been shown that the value of J is 

independent of the path r, thus allowing the calculation of J along a contour remote from the 

crack tip which would contain only elastic loads and displacements, thus obtaining an elastic- 

plastic energy release rate from an elastic calculation.

By analogy with the elastic energy release rate G, it is expected that there is a critical value of 

J, Jc , which predicts the onset of crack extension and which must be a characteristic of the 

material. A fracture mechanics analysis can therefore be carried out i.e. J must always remain 

below Jc .

Although not fully detailed above, in the derivation of J, the strains and displacements on a 

body are the controlling parameters. This is a critical concept for the testing of J as explained 

further on i.e. the applied loads and displacements must be those of the body without external 

interference.

The units of J are [ENERGY]/[LENGTH] per unit thickness i.e. Joules/m 2 . 

H.2 The Standard J,c Test

The expression of J is not applicable in simple tests and it is usually necessary to revert to fi 

nite element techniques. However, some simple expressions have been derived which can 

easily be applied to standard specimens. In particular, Rice has derived an expression of the 

form

Bb

where U is the total area under the load displacement curve of a notch specimen such as a 

single-edge notched specimen (SEN), B is the thickness and b is the unbroken ligament length 

(width - crack length after testing). The displacement represents the displacement of the load- 

application point on the sample. It is therefore necessary to use a stiff testing frame in order to 

avoid coincidal displacements.
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This new expression of J allows a direct measurement of J from one cracked sample i.e. liga 

ment length and ioad-dispiacement diagram. It does not however allow the direct determination 

of J/0 , the crack-initiation value of J since it is mostly impossible to detect during testing the 

beginning of crack extension. Consequently, the standard method described in ASTM E813 

was developed. This was proposed in 1979 and first published in 1982. It has since been re 

vised (1987) and the latest version was issued in 1989. Note that this standard was primarily 

written for metals.

H.2.1 Specimens

Two specimen configurations are recommended by ASTM E813, namely Compact Tension 

(CT) and Single-Edge Notched (SEN), simply because these configurations are also used for 

I.E. P.M. testing and there is a wealth of experience in J/c testing with these specimens (see 

Figures 4.1a and 4.5 for configurations). The description of ASTM E813 will from this point be 

based solely on the SEN configuration as it is the one chosen in this work.

H.2.2 Procedure

The basic testing procedure can be broken down as follows :

1) Select specimen type.

2) Specimen manufacture to relevant material standard.

3) Fatigue pre-cracking (see Note H.2.2. a)

4) Test fixtures and clip gauge for crack tip opening displacement measurement (see Note 

H.2.2.b).

5) Careful positioning of specimens in test fixtures ensuring correct alignment of the notch with 

the loading axis.

6) Loading at a pre-determined constant displacement rate until a pre-determined crack growth 

is obtained. The load is recorded by a load cell via a personal computer. The actuator dis 

placement is recorder by a LVDTwa a personal computer.

7) Specimen plunged in liquid nitrogen for 15 minutes and broken in half by impacting.

8) B, b0 and Ja are measured on a light microscope (see Note H.2.2.C).

9) Analysis of the load-displacement records for obtaining U (see Note H.2.2. d).

10) Construction of a R-curve similar to that shown in Figure 4.8 (see Note H.2.2.e). 

1 1 ) Check the validity of each J value by checking that

B,b0 >=-— (see Note H.2.2.f). 
tfo

12) Calculation of a conditional J, JG , at the intersection between the R-curve and the blunting 

line curve. Refer to Sections 4.3.3 to 4.3.5 for a discussion on the various controversies sur 

rounding the technique to calculate JQ.
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13) Check the validity of each JQ value by checking that

25J0 B,b0 >——5-
<*o

14) If JQ is valid, then JQ - j,c. If J0 is invalid, the series of tests must be conducted with either 

thicker samples, higher strain rates or lower temperatures.

Note H.2.2.a : no fatigue pre-cracking was conducted on the UHMW-PE specimens since it is 

practically impossible to obtain a fatigue crack in this material within reasonable time limits. 

Instead, a pre-crack of 0.5 mm depth was obtained with a sharp razor blade by pushing the 

blade across the machined notch.

Note H.2.2.b : the test fixture is detailed in Figure 4.6 and allows the measurement of various 

SEN specimen lengths. The crack tip opening displacement was not measured with a clip 

gauge but was taken as the displacement of the load-application point taken as the displace 

ment of the actuator of the testing machine. The assumption was made that the loading frame 

and fixture were very stiff relative to the specimens, thus limiting the discrepancy created by 

the deformation of the frame. In order for a true representation of the crack opening displace 

ment to be obtained, the coincidal displacements created by the deformation of the specimens 

at the load-application area and at the support areas were measured on uncracked specimens. 

The area under the load-displacement curve was then subtracted from that of the cracked 

specimens (see Section 7.3.5.3).

Note H.2.2.C : the measurement of Ja is problematic because of the crack tunnelling phe 

nomenon described in Figure 2.1. Experience in metals has shown that to obtain consistent 

values of Jand Jtc it is necessary to take averages of at least 9 measurements of Ja across the 

specimen thickness, and to count the averages of side surface crack lengths as one measure 

ment only. In order for the measurements to be accurate, the distinction between actual Aa and 

residual fracture due to breaking open the specimen must be accurate. In metals, heat tinting is 

usually applied. This is however impossible in polymers. In this work, the distinction was made 

under the microscope by recognising the difference in fracture surface structure between slow 

crack growth (Aa) and impact crack growth. This proved accurate in most cases apart for very

limited Aa.

Note H.2.2.d: the load-displacement records are analysed to obtain U which corresponds to the 

area under the curves up to the point of unloading, U thus corresponding to the total energy 

absorbed during the crack growth process (Nm = J). J for that specimen is then obtained by 

inserting the value of U in J = 2U/Bb.
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Note H.2.2.6 : the frame for the R-curve is prepared before starting the tests by plotting the 
blunting line and offset lines obtained from the tensile tests, thus obtaining the validity region 
within which the J-Aa data should lie (see Section 4.3 and in particular 4.3.4 and 4.3.5 for fur 

ther details on the blunting line and exclusion lines). Depending on the position of the J-Aa 

data-point relative to the validity region, the total displacement applied to the next specimen 
will be chosen in order to try to obtain a projected crack growth. It is therefore necessary to test 
a substantial number of specimens in order to obtain a good distribution of the data-points 
across the validity region and plot the R-curve. ASTM E813-81 stipulated that the R-curve 
should correspond to the linear regression between the data-points in the valid region. How 
ever, in ductile materials, blunting of the crack tip results in a non-linear J-Aa curve before 

ductile tearing occurs (Figure 4.12), thus prompting a change to a power law R-curve in ASTM 
E813-87 (see Section 4.3.3).

Note H.2.2J: the minimum thickness requirement ensures that crack extension Aa occurs un 

der plane strain conditions. This empirical requirement has been derived from experience with 
steels and may not be adequate for tough polymers as discussed in Section 4.3.5. The mini 
mum ligament length requirement is intended to prevent net section yield which is no covered 
by the J-integral definition.

H.2.3 Concluding Remarks

This method only enables Jlc to be determined. It does not allow the assessment of J values 
beyond J/c or the physical reality of the R-curve beyond J/c , despite the fact that those values 
beyond Jic are used in the calculations.

Standard ASTM E813 was written primarily in an attempt to standardise the wealth of existing 
methods published since the publication of Rice's paper. Chipperfield (A summary and com 
parison of J estimation procedures, Journal of Testing and Evaluation, 6, 178-185 (1978)) re 
viewed most of those methods and observed that differences in Jic between the methods 

reached up to 20%.
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