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Summary

Summary

The present thesis is concerned with processing and abrasive wear resistance of ultra-high

molecular weight polyethylene (UHMWPE) and lower molecular weight PE. UHMWPE

offers a broad spectrum of excellent properties, such as the highest abrasion resistance and

impact toughness of any polymer known today, but at the same time is limited in its

applications due to its "intractability" resulting from the very high melt-viscosity associated

with the very long-chain nature of this material. Therefore, it has been the objective of this

thesis to optimize both processing procedure and macromolecular architecture to obtain

materials with a significantly enhanced matrix of processability and mechanical

characteristics.

First, the detailed relation between the processing conditions and the abrasive wear resistance

of UHMWPE was elucidated. For this purpose, commercial-grade UHMWPE powder was

processed according to a variety of different procedures and, subsequently, the wear

coefficients of the objects produced were determined employing a micro-scale abrasive wear

apparatus. It was shown that the primary requirement for achieving high abrasion resistance is

the complete absence of oxygen during processing of UHMWPE reactor powder. Further, a

new compression molding method was presented by introducing an additional precompacting

step, conducted below the melting temperature of the polymer, to the usual compression

molding routine. Although the wear resistance of UHMWPE was not significantly improved

by application of this step, the charpy impact strength and the fatigue crack resistance were

enhanced due to a more homogeneous structure of these samples. Furthermore, it was shown

that radiation sterilization or crosslinking is highly detrimental for the fracture properties of

UHMWPE.

The influence of the entanglement density, prior to and after processing, on the abrasive wear

resistance of UHMWPE was also evaluated. The difference in wear coefficients of initially,

i.e. pre-sintered, completely entangled (i.e. melt-crystallized powder) or highly disentangled

1



Summary

(solution-crystallized films) material was only moderate after sintering under identical

conditions. Furthermore, wear tests of solution-crystallized films produced from different

concentrations revealed that the number of effective physical crosslinks per macromolecular

chain is not the only factor that governs their wear resistance. The macroscopic deformation

behavior, which changed from ductile to brittle at a molecular-weight-dependent critical

entanglement density, eclipsed the influence of the latter for samples produced from solutions

below that threshold. For samples displaying ductile behavior, however, the number of

effective physical crosslinks per chain proved to be the only factor governing the abrasive

wear resistance, as previously postulated.

In a study of a variety of different linear polyethylenes and ethylene copolymers of medium

molecular weight, the abrasive wear resistance of UHMWPE, reported to be the highest of

any polymer known to date, was exceeded by that of several samples examined. Requirements

for such ultra-high abrasive wear resistance were determined to be a low polydispersity and

the presence of minor amounts (~1 mol%) of comonomer, such as propene or hexene, in the

polyethylene backbone. It was demonstrated that some of these unique materials exhibit

molecular weights that allow for melt-processing at modest shear rates, providing a most

desirable combination of excellent wear resistance and outstanding melt-flow characteristics.

These polyethylene grades show a high potential for replacing UHMWPE in industrial

applications where a high resistance to abrasive wear is required and might significantly

expand the range of process technologies that can be employed and product forms produced.

Finally, an improved micro-scale abrasive wear apparatus was introduced. The new

equipment was based on a previous device, but featured a range of novel options, including

on-line wear and friction-force measurements. The new micro-scale abrasive wear apparatus

combines the advantages of the ball-cratering procedure - small sample size, reproducibility

and three-body wear - with new features and a stable and user-friendly design.
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Zusammenfassung

Zusammenfassung

Die vorliegende Arbeit beschäftigt sich mit der Verarbeitung und dem abrasiven Verschleiss

von ultrahochmolekularem Polyethylen (UHMWPE) und Polyethylenen mit niedrigerem

Molekulargewicht. UHMWPE besitzt ein breites Spektrum an herausragenden Eigenschaften,

wie zum Beispiel die höchste Verschleissbeständigkeit und Schlagzähigkeit aller bis heute

bekannten Kunststoffe. Wegen seiner limitierten Verarbeitbarkeit, dessen Ursache die hohe

Schmelzviskosität aufgrund seiner extrem langen Molekülketten ist, sind die Anwendungen

von UHMWPE aber begrenzt. Darum bestand das Ziel dieser Doktorarbeit in der Optimierung

sowohl des Verarbeitungsverfahrens als auch der makromolekularen Architektur, um

Materialien mit wesentlich besserer Verarbeitbarkeit und erhöhten mechanischen

Eigenschaften zu erhalten.

Zuerst wurde versucht, den Einfluss des Verarbeitungsverfahrens auf die abrasive

Verschleissbeständigkeit von UHMWPE zu klären. Dazu wurde kommerziell erhältliches

UHMWPE Pulver auf verschiedenste Art und Weise verarbeitet und anschliessend auf einem

Mikro-Verschleisstester die Verschleisskoeffizienten der erhaltenen Proben bestimmt. Als

wichtigste Voraussetzung für hohe Verschleissbeständigkeit erwies sich der vollständige

Ausschluss von Sauerstoff während der Verarbeitung von UHMWPE Pulver. Des Weiteren

wurde ein neues Pressverfahren vorgestellt, bei welchem ein, verglichen mit der

gewöhnlichen Methode, zusätzlicher Vorkompaktierschritt unterhalb der Polymerschmelz¬

temperatur eingebaut wurde. Obwohl die Verschleissbeständigkeit durch die Einführung

dieses Schrittes nicht signifikant erhöht wurde, konnte, aufgrund der homogeneren Struktur

dieser Proben, eine geringe Verbesserung des Ermüdungsrisswachstums und der

Schlagzähigkeit festgestellt werden. Darüber hinaus wurde gezeigt, dass Sterilisation und

Vernetzung mittels energiereicher Strahlung höchst schädlich ist für die Brucheigenschaften

von UHMWPE.
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Zusammenfassung

Der Einfluss der Verschlaufungsdichte vor und nach der Verarbeitung auf die

Verschleissbeständigkeit von UHMWPE wurde ebenfalls untersucht. Der Unterschied im

Verschleisskoeffizient von ursprünglich komplett verschlauftem (aus der Schmelze

kristallisiertes Pulver) und entschlauftem (aus verdünnter Lösung kristallisierte Filme)

Material erwies sich, nach Sintern unter identischen Bedingungen, als gering. Darüber hinaus

wurde an Verschlei ssversuchen von lösungskristallisierten Proben gezeigt, dass die Anzahl

physischer Verschlaufungen pro Makromolekül nicht der einzige Faktor darstellt, welcher

deren Verschleissfestigkeit bestimmt. Das makroskopische Verformungsverhalten, welches

sich bei einer molekulargewichstsabhängigen, kritischen Verschlaufungsdichte von duktil zu

spröde ändert, überdeckte den Einfluss der letztgenannten für Proben aus Lösungen unterhalb

dieses kritischen Grenzwertes. Wie bereits früher postuliert, blieb für Proben mit duktilem

Verfomungsverhalten die Anzahl physischer Verschlaufungen pro Makromolekül jedoch der

einzige Faktor, welcher deren abrasives Verschleissverhalten bestimmt.

Bei der Untersuchung einer Vielzahl linearer Polyethylene und Ethylen-Copolymere mit

mittlerem Molekulargewicht wurde die Verschleissfestigkeit von UHMWPE, bisher als die

höchste aller Kunststoffe bekannt, von mehreren Proben übertroffen. Enge

Molekulargewichtsverteilung und kleine Anteile an Comonomeren (~1 mol%), wie zum

Beispiel Propen oder Hexen, in der Polymerhauptkette erwiesen sich als Voraussetzungen für

solch ultra-hohe Verschleissfestigkeit. Es wurde gezeigt, dass einige dieser einzigartigen

Materialien Molekulargewichte besitzen, welche Schmelzverarbeitung bei moderaten

Schergeschwindigkeiten erlauben, was zur wünschenswerten Kombination aus

hervorragender Verschleissbeständigkeit und ausgezeichneten Fliesseigenschaften der

Schmelze führt. Solche Polyethylene besitzen ein grosses Potenzial, um UHMWPE in

industriellen Anwendungen, wo hohe Beständigkeit gegen abrasiven Verschleiss gefordert ist,

zu ersetzen und könnten die Möglichkeiten der Verarbeitung und der Produktformen deutlich

erweitern.

Zum Schluss wurde ein verbesserter Mikro-Verschleisstester vorgestellt. Die neue Apparatur

basierte auf einem vorgängigen Modell, bot jedoch eine Reihe neuer Optionen, einschliesslich

on-line Verschleiss- und Reibungskraftmessung. Der neue Mikro-Verschleisstester

kombiniert die Vorteile der Kugel-Kraterbilung-Methode - kleine Probenabmessungen,

Reproduzierbarkeit und Dreikörperverschleiss - mit neuen Optionen und einer stabilen,

benutzerfreundlichen Konstruktion.
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1 Introduction

Preamble

The extraordinarily successful history of polyethylene started in early 1930s, when low-

density polyethylene (LDPE) was discovered at Imperial Chemical Industries Ltd.[1'2] After

the development of new catalyst systems, linear high density polyethylene (HDPE) and ultra¬

high molecular weight polyethylene (UHMWPE) were commercialized in the 1950s,[2"4]

where UHMWPE is defined as linear polyethylene with a molar mass in excess of 3-106 g/mol

(ASTM D 4020). The advantages of UHMWPE as an advanced material were increasingly

recognized. Apart from outstanding properties associated with polyethylenes in general, such

as chemical inertness, low coefficient of surface friction, resistance to cyclic fatigue, excellent

tensile properties, noise and shock absorbance, corrosion resistance and biocompatibility,

UHMWPE grades in addition exhibit the highest abrasion resistance and impact toughness of

any polymer known today.[5"7] Unfortunately, UHMWPE has one major drawback: due to its

high melt viscosity (zero-shear viscosity in excess of 108 Pa-s), common polymer processing

techniques, i.e. extrusion, injection molding or blow molding, are not practicable. Instead,

typically, cumbersome and uneconomical slow processes such as compression molding or

ram extrusion are used to sinter UHMWPE powder into semi-finished sheets or rods, which

are subsequently machined into the desired shape. It is, therefore, no surprise that other

attempts have been made to convert UHMWPE powder into consolidated bulk material: hot

isostatic pressing,[8"10] direct compression molding,[11' 12]
sintering via a transient hexagonal

phase[13] and various types of extrusion.[14'15] Despite these recent developments in processing

of UHMWPE, which often involve processes that are complex and difficult to control,

compression molding and ram extrusion still remain the techniques of choice for processing

UHMWPE.
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In 1962, Sir John Charnley had already recognized the outstanding wear resistance of

UHMWPE, and was the first to adopt UHMWPE as a bearing material for human joint

replacements.[4] Since then, medical implants have been among the more visible applications

of UHMWPE and have greatly stimulated research activities in the fields of both wear-

resistant polymers and UHMWPE itself. Nevertheless, in terms of production capacity,

biomedical applications consume only around 2 % of the annual world production of

UHMWPE. The material is used in numerous other applications in chemical processing, the

food and beverage industries, foundries, the lumber industry, bulk materials handling, mining,

transportation and recreational equipment.[5] Often, machine parts such as bearings, gears,

bushings, linings, chain guides, hoppers and sprockets are produced from UHMWPE. All

these applications are characterized mainly by their high demands on resistance to wear.

This introduction presents a short overview of abrasive wear of UHMWPE. First, a general

introduction to different wear mechanisms is presented, followed by a summary of the most

important wear-measurement techniques used for polyethylene. Further, the influence of

different processing parameters on the wear properties and recent developments to improve

the wear resistance of UHMWPE are addressed. Consecutively, the molecular origin of

abrasive wear resistance is discussed and, finally, the objectives and scope of this thesis are

presented.

1.1 Wear Mechanisms

Wear is a complex phenomenon, generally thought to be dependent on numerous factors that

include the physicochemical nature of the various materials, surfaces and interfaces involved,

and the presence or absence of lubricating agents or other foreign matter. In the case of

polymers sliding against metals or ceramics, it is reasonable to consider the metallic or

ceramic counterfaces as rigid bodies. Most of the deformation due to contact sliding is,

therefore, expected to take place within the polymer, and depending on the surface finish of

the hard counterbody the following wear mechanism can be distinguished:[16]

If the counterface is smooth, only surface layers of the polymer are involved. This so-called

adhesive or interfacial wear involves the transfer of polymer to the harder counterface and its

removal as wear debris. Some polymers, such as poly(tetrafluoroethylene) (PTFE), high
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density and ultra-high molecular weight polyethylene (HDPE and UHMWPE), form highly

oriented transfer layers on the counterface and further sliding actually occurs between the

bulk polymer and this transfer film.[17] This phenomenon results in a lower friction coefficient

and may reduce the wear of these polymers. In general, the rate of adhesive wear of polymers

is dependent on the sliding speed and the applied load, due to the thermal softening of these

materials. High pressures or sliding speeds cause material to be removed from a molten layer

at the surface of the polymer. It has to be noted that not all polymers show adhesive wear of

the above mentioned type. Thermosets, for example, as well as amorphous polymers such as

polystyrene (PS) and poly(methylmethacrylate) (PMMA) if below their glass transition

temperature, wear mainly by fatigue or abrasion.

If sliding against rough counterbodies, the polymer will be damaged to a significant depth.

This so-called cohesive wear is caused by the passage of protruding parts of the counterface

over the polymer surface. Cohesive wear can further be divided into fatigue, which mainly

concerns repetitive elastic (recoverable) deformation followed by fracture - predominantly

observed in elastic or soft polymers - and abrasion, also called abrasive wear, which

principally consists of cutting and plowing types of damage and is characterized by plastic

(permanent) deformation.[18] In most practical applications, both fatigue and abrasion are

encountered and there is a smooth transition between these two wear mechanisms.

The theory of abrasive wear by plastic deformation predicts that the wear rate should

generally be proportional to the applied load and surface roughness, and inversely

proportional to the hardness of the material.[16] The first two predictions indeed are observed

for polymers, whereas the inverse proportionality of the wear rate to the hardness is not so

well obeyed, due to the elastic behavior of the material. Under predominantly abrasive

conditions, a much better correlation is found between the wear rate and the reciprocal

product of the ultimate tensile stress and the elongation at break as measured in a

conventional tensile test. If different types of polymers are compared, this so called Ratner-

Lancaster correlation[19] shows a nearly linear correlation and its validity is widely accepted.

Depending on the way in which the abrasive particles pass the worn surface, two basic modes

of abrasive wear can be distinguished: two-body and three-body wear. In two-body wear, hard

asperities or rigidly attached particles slide over the surface like a cutting tool. The action of

moving sandpaper on a polymer surface is a typical example of the two-body wear mode. In
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three-body wear, the particles are rolling loosely between the surfaces since they are not

attached rigidly to the wearing body. The mechanisms of material removal are slow and,

therefore, the wear rate is much lower than for two-body wear. In practice, three-body wear is

the more prevalent phenomenon because contaminant particles are often inevitable and two-

body grooving can usually be avoided by using smooth sliding surfaces.[20]

1.2 Abrasive Wear-Testing Equipment

In the past decades, many different experimental techniques have been used to study wear

properties of materials. Laboratory investigations are usually carried out either to examine the

mechanisms by which wear occurs, or to simulate practical applications and provide useful

wear data. A large number of different methods to determine the wear of UHMWPE is

described in the literature, e.g. pin-on-disc,[21"24] pin-on-plate,[25"27] ball-on-disc,[28'29] block-

on-ring,[30'31] pin-on-roll[32] and the standard industrial sand-slurry test,[33'34] to list only a few.

F

LT

Y/

m

Figure 1.1 Schematics of the pin-on-disc (top left), block-on-ring (bottom left) and the sand-slurry (right)
tests.

J The test specimens are displayed in black. F denotes the applied force and typical dimensions are

indicated in mm.
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Most of these methods describe in words the geometry of both the test specimen (first) and

the abrasive counterbody (second) and some of them are displayed in Figure 1.1. In addition

to these test techniques, the recently growing use of UHMWPE as a material in joint

replacement surgery has led to the design of test methods simulating the in-vivo behavior of

the implanted polyethylene parts. In hip-joint simulators,[35"38] as well as in knee

simulators,[39"41] the wear properties of medical grade UHMWPE have been intensely studied

over the past fifteen years.

In 1996, Hutchings and co-workers first introduced the micro-scale abrasive wear test (also

known as ball-cratering test) as a method to determine the abrasive wear properties of bulk

materials such as metals, ceramics and inorganic glass.[42' 43] In this method, a test sample is

placed against a rotating ball while wetted with an abrasive slurry, see Figure 1.2.

Pivot

Abrasive

slurry

20 mm

Weight

Specimen

Figure 1.2 Schematic of the micro-scale abrasive wear test after Hutchings
[43]

The wear coefficient k, defined as the ratio between the abraded wear volume and the sliding

distance multiplied with the applied normal force, can be readily calculated from the resulting

wear crater diameter, as measured, for instance, by optical microscopy. Compared to the
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above-mentioned test methods, the micro-scale abrasive wear test has three main advantages.

First, only a small test sample is required to perform several measurements, e.g. for

polyethylene around 200 mg. Second, the reproducibility of the wear coefficients is very high

indeed. In contrast to most other wear-test methods, which estimate the abraded wear volume

by weight loss, the wear volume may be determined optically, leading to a higher accuracy in

the measurement. And third, in this experimental set up, three-body wear, predominant in

most practical applications, is the main wear mode, provided that all measuring parameters

are chosen correctly.[44]

Due to these advantages and other beneficial features, the micro-scale abrasive wear test has

drawn considerable attention in the past ten years.[20'45'46] Researchers now use this technique

to examine the wear properties of a great variety of materials including polymers, metals and

metal glasses, coatings, composites and inorganic glasses. The method is currently being

developed into a standard test for the wear resistance of thin hard coatings.[47]

1.3 Methods to Reduce Wear of UHMWPE

1.3.1 Influence of Processing Parameters

The main techniques for sintering UHMWPE powder into a coherent object are compression

molding and ram extrusion. Although these techniques are well understood and routinely

practiced, the incorporation of fusion defects such as grain boundaries or voids during

sintering of sheets or rods is inevitable due to the high viscosity of the molten polymer. It is

widely believed that these fusion defects are the limiting factor of the wear resistance of

UHMWPE. Therefore, in the past decades, many different attempts have been made to

improve the consolidation of UHMWPE powder by changing existing processing techniques

or developing novel routines. Several studies examined the influence of temperature,[48' 49]

pressure,[50] sintering time,[51] cooling rate[51' 52] and inductive heating[53] on the mechanical

properties of compression-molded samples. In addition, Gul and McGarry describe the

elimination of fusion defects in samples processed by hot isostatic pressing.[54] Unfortunately,

these studies do not specifically address the wear resistance of UHMWPE. Attempts to find a

correlation between processing parameters and the wear performance of UHMWPE have met

with limited success: Schroeder and James report lower wear rates for compression-molded
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than for ram-extruded components,[55' 56] whereas Barbour could not find a statistically

significant difference between these two processing techniques.[57] Ohta describes improved

wear properties of UHMWPE oriented under uniaxial compression^8'59] and Gul could not

find any dependence of the wear rate on sintering temperature of hot-isostatic-pressed

samples.[60]

1.3.2 Other Methods

Besides the above attempts to optimize processing procedures, a significant research activity

has been devoted to explore other methods to improve the wear resistance of UHMWPE.

Several studies describe the use of particles, for example graphite,[61] or fibers, such as carbon

fiber,[62] dispersed in an UHMWPE matrix to yield composites with improved wear

characteristics. Suh and coworkers describe homocomposites of UHMWPE fibers and fabrics

embedded in an UHMWPE matrix, showing lower material loss in a cylinder-on-flat wear

test.[63] By contrast, Deng and Shalaby could not detect a difference in wear properties

between neat UHMWPE and a fiber-reinforced homocomposite.[64] Liu et al. showed

enhanced abrasive wear resistance ofUHMWPE filled with 20 % quartz powder,[65] Anderson

et al. reported a lower volume loss in pin-on-disc tests after adding Al-Cu-Fe quasicrystals[66]

and Tong et al. claimed improved wear resistance of UHMWPE by adding wollastonite

fibers.[67] Both Zhou and Li showed an improved wear performance of copper-particle-

reinforced UHMWPE.[68' 69] An entirely different composite concept to improve the wear

behavior of UHMWPE is the deposition of a hard coating to protect the UHMWPE surface.

Santavirta and Sheeja et al. reported reduced wear rates for UHMWPE coated with

amorphous diamond-like carbon.[70' 71] In a ball-on-cup wear test, Pichat et al. further

described a significant decrease in wear rate after implanting nitrogen or argon ions into

UHMWPE.[72] In many cases, the use of composites and coated UHMWPE parts results in a

higher undesirable particle release rate and the sliding components may be scratched or

damaged. Furthermore, the released particles could activate or increase the material loss due

to three-body abrasive wear.

A recent development in the field of biomedical implants is to improve the wear

characteristics of UHMWPE by crosslinking, using mainly y-radiation, peroxides or electron

beam radiation.[62' 73] Grobbelaar and Oonishi reported an increased abrasion resistance of

crosslinked UHMWPE irradiated with high doses of y-radiation up to 1000 kGy.[74' 75]
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Although the applied radiation dose was reduced in subsequent years, many other studies

support these findings with similar experiments showing a dramatically reduced wear rate for

y-radiation crosslinked compared to conventional UHMWPE.[37' 62' 73' 76] Peroxides or

electron-beam radiation instead of y-radiation have also been used to obtain crosslinked

polyethylene with improved wear properties.[77'78] First clinical studies that determined the in

vivo wear rate of crosslinked UHMWPE appear to confirm the low wear rates obtained with

different wear tests.[73' 75' 79' 80] These reported excellent wear properties were principally

measured with hip-joint simulators, which comprise smooth metallic or ceramic counterfaces

in a serum-lubricated environment. [81"83]
However, for counterfaces that were rougher than

new or retrieved femoral heads, no improvement in wear rate could be detected for

crosslinked UHMWPE compared to untreated one.[84' 85]
Furthermore, Choudhury and

Buchanan reported a systematic decrease in wear resistance with increasing radiation dose for

samples examined with a micro-scale abrasive wear apparatus including third-body

particles,[46'86] casting some doubt about the advantages of irradiation for wear mechanisms

other than (lubricated) adhesive wear.

Although most of the above mentioned methods reveal improved wear resistance compared to

untreated UHMWPE, they also display drawbacks. For instance, it is well known that

crosslinking changes the polymer structure and the mechanical properties of UHMWPE. High

degrees of crosslinking reduce important characteristics such as tensile strength, ductility,

fracture toughness and crack-propagation resistance.[87] These properties are likely to play an

important role in the long-term stability of UHMWPE components used in total joint

replacements and to date, the influence of these reduced mechanical properties on the clinical

performance of the irradiated components remains unknown.

1.4 Molecular Origin of Abrasive Wear of Polyethylene

Although UHMWPE continues to be the material of choice in applications where resistance to

wear is critical, a fundamental and predictive understanding of the origin of abrasive wear of

this material and, indeed, of polymers in general is still lacking. Due to the elastic behavior of

polymeric materials, the dependence of the wear resistance on surface roughness and hardness

is less pronounced than for other materials, such as metals and ceramics.[16] As mentioned

above, it is often stated that the resistance to wear of different polymers correlates with the
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reciprocal product of their ultimate tensile stress and elongation at break (Ratner-Lancaster

correlation) and increases with increasing molecular weight.[88' 89] Some studies suggest a

correlation between the wear resistance and the number-average molecular weight, M„,[90'92]

while others claim a relationship between the viscosity or weight-average molecular weight,

Mw of the polymer.[33'93'94] Some researchers have linked the wear resistance of polymers to

their crystallinity.[95'96]

More recently it was advanced that the effective number of physical crosslinks per

macromolecular chain governs the abrasive wear behavior of polyethylene.[97] Molecules that

are too short to contribute to the macromolecular connectivity within the material (for

polyethylene molecules with a molecular weight below approximately 5,000 g/mol) were

treated as "diluent" and their contribution to the value of M„ was removed, yielding a

corrected value <pMn for a volume fraction of effective polymer, 0. This concept was verified

by examining the resistance to abrasive wear of 20 different melt-processed samples covering

a wide range of molecular weights (M„ 2 - 450 kg/mol, Mw 2 - 2,100 kg/mol) and

polydispersities (MJM„ from ~1 to 82). For these samples it was shown that the correlation

between both M„ and Mw, and the abrasive wear coefficient k, as determined by the micro-

scale abrasive wear test, was poor (Figure 1.3 A and B, respectively). Also a plot of the wear

coefficients versus the degree of crystallinity (Figure 1.3 C) did not reveal a strong

correlation. However, a graph of the wear coefficients versus the corrected number-average

molecular weights, as described above, revealed a unique correlation for polyethylenes

covering the entire range of molecular weights and polydispersities (Figure 1.3 D). Instead of

relating the wear coefficient to the effective number of physical crosslinks per chain, it is also

possible to choose the fraction of non-effective crosslinks per chain as the controlling

parameter. The latter fraction is inversely proportional to the corrected number-average

molecular weight and will be small for high molecular weight polymers. Gratifyingly, a plot

of the reciprocal wear coefficients versus the fraction of non-effective crosslinks yields a

linear correlation to a good approximation, cf. Figure 1.4.
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Of particular interest are the wear characteristics of medium-molecular-weight polyethylenes

of low polydispersity. These grades exhibit a high value of the corrected number-average

molecular weight and are associated high abrasion resistance, even at relatively low weight-
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average molecular weight. It, therefore, appears that careful tuning of molecular weight and

molecular weight distribution opens the route to new melt-processable polyethylene grades

with ultra-high resistance to abrasive wear that equals or surpasses that of UHMWPE, but

unlike the latter material, can be shaped into useful objects with common, efficient melt-

processing techniques.

1.5 Objectives and Scope of this Thesis

Inspired by the continued interest in abrasive wear resistant polyethylene and the need of an

efficient and reliable processing procedure thereof, the objectives of the present thesis were to

optimize both processing procedure and molecular architecture to obtain materials with a

significantly enhanced matrix of characteristics.

Since compression molding still is the technique of choice for converting UHMWPE powder

into consolidated bulk material, one objective was to optimize this technique towards

maximal abrasive wear resistance of existing polyethylene grades. In Chapter 2, a variety of

different compression molding techniques is evaluated and the resulting wear properties are

compared with that of a completely defect free model material obtained by solution

processing. The influence of entanglement density and the atmosphere (air or argon,

respectively) during processing are examined. Furthermore, a new compression molding

method is presented by introducing an additional precompacting step, conducted below the

melting temperature of the polymer, to the usual compression molding routine.

In Chapter 3, the macromolecular origin of the abrasive wear resistance of polymers, with

UHMWPE as a model system, is refined. The above mentioned theory of Tervoort et al.,[97]

that linked the wear resistance with the effective number of physical crosslinks per

macromolecular chain, is investigated from a different point of view. Instead of examining a

broad range of melt-crystallized polyethylene grades with different molecular weights and

molecular weight distributions, the number of physical crosslinks per chain is varied using

solution-crystallized gel-films of different polymer concentrations.

As stated above, careful tuning of molecular weight and molecular weight distribution

potentially opens a route to new melt-processable polyethylene grades with ultra-high

resistance to abrasive wear. Heretofore not explored is the effect of incorporation of
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comonomers in polyethylene. In Chapter 4, the wear resistance of a wide range of linear

polyethylenes and ethylene copolymers with molecular weights ranging from 14,000 to

several millions g/mol, polydispersities between ~1 and 25 and comonomer contents from 0

to 11 % are examined. This offers the opportunity to establish the optimal molecular

architecture that provides both excellent wear resistance and outstanding melt-flow

characteristics.

In Chapter 5, the influence of processing procedures on the fracture behavior of UHMWPE

was investigated. For this purpose, UHMWPE reactor powder was processed under a variety

of conditions and, subsequently, charpy impact strength and fatigue crack propagation were

determined. Also here, the influence of the additional precompaction step prior to sintering is

evaluated and special attention is directed towards ionizing sterilization and crosslinking of

UHMWPE.

In Chapter 6, an improved micro-scale abrasive wear apparatus is introduced. The new

equipment is based on the original device developed by Hutchings et al.,[44] but features novel

options, such as on-line wear and friction-force measurements.

The most relevant results and insights gained in the respective studies are briefly reviewed in

Chapter 7 and general conclusions are drawn.

Note: In consideration of the common parlance "ultra-high molecular weight (UHMW)"

polyethylene, the historical terminology "molecular weight" was adopted in this thesis,

expressed in kg/mol or g/mol, as opposed to the more correct designation "molar mass" as

suggested by the International Union of Pure and Applied Chemistry (IUPAC).
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2 Influence of Processing Conditions on the Wear

Resistance of Ultra-High Molecular Weight
Polyethylene

2.1 Introduction

Ultra-high molecular weight polyethylene (UHMWPE), which was first commercially

produced in the 1950s by Ruhrchemie, has a number of outstanding properties. Some of these

properties, such as chemical inertness, biocompatibility and low coefficient of surface friction

are also characteristics of the more common, much lower molecular weight high density

polyethylene (HDPE). However, the higher ultimate tensile- and impact strength, and above

all the significantly higher resistance to wear, lead to applications where UHMWPE is

favored over HDPE.[1] Bearings, gears, bushings, linings, chain guides, sport equipment and

artificial joints, to name just a few of them, for that reason are typical applications for

UHMWPE.

One major disadvantage of UHMWPE compared to HDPE is the laborious technologies

required to process this material into useful objects. Common thermoplastic processing

procedures like blow- and injection molding and film- and pipe extrusion, which cover over

90 % of the annual world HDPE production, cannot be applied to UHMWPE due to its high

melt-viscosity (typically > 108 Pa-s, compared to < 103 Pa-s for HDPE). The most common

processing techniques for UHMWPE are ram extrusion and compression molding.[2'3] Beside

these procedures, other attempts have been made to convert UHMWPE powder to

consolidated bulk material, i.e. hot isostatic pressing ("hipping"),[4"6] direct compression

molding,
[7"9]

sintering via a transient hexagonal phase,[10] injection molding[11'12] and different

types of extrusions.[13'14] Despite these developments, which are often complex and difficult

to control, compression molding and ram extrusion still remain the principal techniques for
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processing UHMWPE, typically yielding semi-finished sheets or rods, that are, finally, shaped

into the desired form by machining.

Compression molding of UHMWPE has been analyzed and optimized by several different

researchers.[8' 15"22] A number of papers are published on the influence of different processing

techniques on wear properties of this unique material,
[23"30] but despite these efforts, the

influence of processing parameters employed in this most commonly applied technique on the

wear resistance ofUHMWPE remains only modestly well documented and little advanced.

In the present study, a new compression molding method is presented which comprises an

additional solid-state precompaction step. Furthermore, the influence of the surrounding

atmosphere during processing is investigated by exposing UHMWPE powder to air or (inert)

argon atmosphere. Finally, the influence of the initial entanglement density of the polymer,

that is reported to have a major influence on certain mechanical properties,[13' 31] varied

through solution-crystallization techniques, is investigated. The abrasive wear properties of

these differently processed samples are examined and, where useful, compared with those of a

commercial HDPE.

2.2 Experimental

2.2.1 Materials

UHMWPE GUR® 4120 with a weight-average molecular weight, Mw of 5-106 g/mol (supplier

data) was obtained from Ticona GmbH, Germany. HDPE Stamylan® 7048 (Mw =104 kg/mol,

number-average molecular weight, M„ = 21 kg/mol) was provided by DSM, The Netherlands.

The latter values were determined by high-temperature gel permeation chromatography

(GPC) carried out at Basell Polyolefins GmbH, Frankfurt, Germany. These GPC

measurements were conducted according to DIN 55672 using a Waters 2000 instrument with

the following specifications: column type: 3 x Shodex GPC UT-806M and 1 x Shodex GPC

UT-807 with a Shodex GPC UT-G guard column; column temperature: 135 °C; mobile phase

flow rate: 1 ml/min; solvent and mobile phase antioxidant: 1,2,4-trichlorobenzene and 2,6-di-

fert-butyl-4-methyl-phenol (250 ppm); detector: refractive index (wavelength -3.5 /im).

Standard polystyrene and polyethylene samples were used for calibration.
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Irganox® 1010 (Ciba Specialty Chemistry, Switzerland) was used as anti-oxidant. Toluene

was purchased from J. T. Baker, xylene (puriss. p. a.) and acetone (purum) from Fluka

Chemie, Switzerland.

2.2.2 Sample Preparation

For micro-scale abrasive wear tests, portions of about 0.2 g of 8 sets of differently treated

samples of GUR® 4120 were processed in a cylindrical compression mold made of steel with

an inside diameter of 20 mm, yielding test samples of a typical thickness of 0.6 mm. In order

to evaluate the influence of the sinter time on the abrasive wear resistance, all sets of samples

were sintered for 10, 30, 100 and 1000 min. In addition to these 8 series, 2 series, GUR® 4120

solution-cast films of different concentrations and melt-processed HDPE Stamylan® 7048,

were sintered for 10 min only. The symbols in front of each series described hereafter

correspond to the denotation in all figures following in this chapter.

Series 1 - reactor powder sintered at 200 °C in air (standard procedure): The as-

received GUR® 4120 reactor powder was directly sintered at 200 °C in a hydraulic Carver

press (model M, 25T) for 5 min without pressure, followed by 10 min at 20 MPa. The

samples were then quenched to ambient temperature using a water-cooled Carver press under

a pressure of 60 MPa.

A Series 2 - precompacted and sintered reactor powder (air): For this series, the reactor

powder was first heated in air at 120 °C in the hydraulic Carver press for 5 min, followed by

precompaction for 10 min at 20 MPa. The samples were then quenched to ambient

temperature under a pressure of 60 MPa. After that, the samples were sintered at 200 °C in the

same press and at the same pressures and times as in the precompacting step, also followed by

quenching in the water-cooled press.

•& Series 3 - flakes sintered at 200 °C (air, standard procedure): Flakes were produced by

mixing 3 g of the reactor powder with 300 g xylene, stabilized with 5 mg Irganox® 1010, in

an oil bath of 130 °C under gentile stirring. Before complete dissolution of the powder (after a

stirring time of about 9 min), the suspension of swollen UHMWPE powder was precipitated

in 500 ml acetone. In order to reduce the size of the flakes, the suspension was subsequently

stirred and the resulting mixture was filtered and the polymer dried under vacuum (Figure

2.1). The resulting flakes were directly sintered at 200 °C for 5 min without pressure followed
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by 10 min at 20 MPa. The samples were then quenched to ambient temperature under a

pressure of 60 MPa.

Figure 2.1 Photographs of GUR® 4120 reactor powder (left) and solution-swollen and precipitated flakes

(right).

® Series 4 - precompacted and sintered flakes (air): In this series, the solution-swollen

flakes were precompacted and sintered as series 2.

Ô Series 5 - reactor powder sintered at 200 °C, pre-heated in argon: The as-received

reactor powder was pre-heated to 200 °C in an argon atmosphere. Immediately thereafter, the

powder was directly sintered at 200 °C in a hydraulic press for 10 min at 20 MPa. The

samples were then quenched to ambient temperature under a pressure of 60 MPa using a

water-cooled Carver press.

V Series 6 - precompacted and sintered melt-crystallized reactor powder (air): First, the

reactor powder was heated in the mold in air atmosphere for 15 min to 200 °C and then

cooled to room temperature. Subsequently, the material was precompacted at 120 °C and then

sintered according to the procedure of series 2.

4> Series 7 - precompacted and sintered melt-crystallized reactor powder (argon): First,

the reactor powder was heated in the mold in argon atmosphere for 15 min to 200 °C and then

cooled to room temperature. Subsequently, the material was precompacted at 120 °C and then

sintered according to the procedure of series 2.
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0 Series 8 - precompacted and sintered solution-cast film (1 wt%): Solution-cast films

were produced by mixing 3 g UHMWPE reactor powder with 300 g xylene and 5 mg

Irganox® 1010 in an oil bath at 130 °C. After complete dissolution of all particles (stirring

time of about 30 min), the transparent solution was poured into an aluminum tray and the

solvent evaporated at ambient conditions. To remove all solvent, the solution-cast film was

stored under vacuum at 40 °C for two days. The gel films were then precompacted and

sintered according to the procedure of series 2.

Series 9 - solution-cast films: Three different types of solution-cast films were made

according to the procedure in series 8: concentrations of 0.2, 1 and 2 wt% GUR® 4120 in

xylene. All three solution-cast films were sintered for 10 min without precompacting. This

provides the opportunity to investigate the influence of different initial polymer entanglement

densities before the sintering procedure on the wear resistance of UHMWPE. Note that the

samples of this series are, in contrast to series 8, not precompacted but sintered directly.

Series 10 - HDPE Stamylan® 7048: Three different samples, made with as-received pellets,

were produced: precompacted and sintered melt-crystallized pellets (as in series 6 above),

pellets sintered at 200 °C (cf. series 1) and precompacted and sintered pellets (corresponds to

series 2). In this series, the influence of different processing procedures on lower molecular

weight polyethylene was tested.

2.2.3 Thermal Analysis

Melting temperatures and crystallinities of all samples were measured with a Mettler Toledo

DSC 822e differential scanning calorimeter, calibrated with indium. Samples of about 5-8 mg

were heated from 25 to 200 °C at a rate of 10 °C/min. Crystallinities were calculated from the

endothermic peak of the first heating, adopting the value of 293 J/g for 100 % crystalline

polyethylene,[33] and melting temperatures refer to the peak in the melting endotherm.

2.2.4 FTIR (Fourier-Transform Infrared Spectroscopy)

FTIR absorption spectra were recorded using a BRUKER VERTEX 70 apparatus collecting

64 scans at a resolution of 2 cm"1. 150 /im thick samples were produced by pressing the

originally 0.6 mm thick samples used for wear tests (see below) at 100 °C in a hydraulic hot

press. Oxidation indices were determined according to ASTM F2102 by dividing the integral
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between 1650 and 1850 cm"1 (carbonyl peak) by the integral between 1330 and 1396 cm"1

(reference peak), taking the average of two samples.

2.2.5 Micro-scale Abrasive Wear Measurements

Abrasive wear tests were carried out using a micro-scale abrasive wear tester (CSEM,

Switzerland) according to the specifications and the method described by Hutchings and

Tervoort et al.[34'35] In this device, a hard sphere (1 inch tungsten carbide ball with a 400 nm

surface roughness, Atlas Ball & Bearing Co. Ltd.) clamped between two coaxial driving

shafts, rotated at a constant speed of 200 rpm. The sample was placed against the ball with a

normal force of 0.27 N using a pivoted L-shaped arm, while an abrasive slurry (0.75 g SiC (F-

1200 C5, Washington Mills Ltd, England) per cm3 of distilled water) was dripping onto the

ball at a feed rate of 0.4 cmVmin. In all tests the total amount of ball rotations was 12,000,

which corresponds to a sliding distance of 958 m. At least five measurements on two different

specimens were conducted for samples obtained with each processing procedure.

2.3 Results

Table 2.1 lists the different processing procedures employed, the crystallinities and the

corresponding wear coefficients of all GUR® 4120 samples produced. As can be seen, their

crystallinities did not depend significantly on the processing procedure. All crystallinities

were found to be between 45 and 55 %, which agree with values reported previously.[16'36]
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symbol3' processing procedure sinter time crystallinity wear coefficient,

[min] [%] 104k [mm3/Nm]

reactor powder sintered at 200 °C, air 10 49.4 2.94 ±0.13

(standard procedure) 30 50.2 2.85 ±0.11

100 47.4 2.66 ±0.14

1000 46.7 2.76 ±0.12

precompacted (120 °C) and sintered 10 47.0 2.56 ±0.14

\
(200 °C) reactor powder, air 30 47.2 2.59 ±0.27

100 47.1 2.57 ±0.12

1000 47.1 2.41 ±0.19

flakes sintered at 200 °C, air 10 47.8 2.37 ±0.12

a
(standard procedure) 30 47.4 2.35 ±0.08

100 48.0 2.43 ± 0.04

1000 48.0 2.36 ±0.06

precompacted (120 °C) and sintered 10 46.9 2.46 ± 0.07

<& (200 °C) flakes, air 30 45.5 2.39 ±0.17

100 49.0 2.35 ±0.08

1000 45.5 2.36 ±0.10

reactor powder sintered at 200 °C, pre¬ 10 47.6 2.37 ±0.12

w

heated in argon 30 48.0 2.39 ±0.20

100 46.8 2.40 ±0.05

1000 46.8 2.41 ±0.18

precompacted (120 °C) and sintered 10 50.5 3.47 ±0.28

V
(200 °C) melt-crystallized powder, air 30 53.3 3.45 ±0.27

100 52.3 3.20 ±0.21

1000 50.9 2.85 ±0.31

precompacted (120 °C) and sintered 10 50.8 2.68 ±0.07

o (200 °C) melt-crystallized powder 30 52.3 2.62 ±0.23

(argon) 100 52.0 2.64 ±0.15

1000 54.8 2.60 ± 0.24

precompacted (120 °C) and sintered 10 48.1 2.33 ±0.16

o (200 °C) solution cast film (1 wt%), 30 49.1 2.35 ±0.11

air 100 48.1 2.36 ±0.09

1000 47.9 2.35 ±0.15

GUR® 4120 solution-cast 0.2 % 10 45.7 2.29 ±0.06

film, sintered at 200 °Cb), 1 % 10 47.7 2.39 ±0.05

air 2 % 10 49.1 2.45 ±0.16

Table 2.1 Processing procedures and properties of UHMWPE GUR® 4120 series 1-9. a)Corresponds to

denotation in all figures. ^Indicated concentrations correspond to the initial weight fraction of polymer reactor

powder in xylene.

2.3.1 Effect of Precompaction

Figure 2.2 shows the wear coefficients k as a function of sinter time (in air) for the samples of

series 1-4. The wear coefficients of the reactor powder samples sintered at 200 °C (standard

procedure, ) ranged from 2.94-10"4 mm3/Nm for the shortest sinter time to 2.66-10"4

mm3/Nm for sinter times longer than 100 min. The wear resistance improved with increasing

sinter time up to 100 min, whereas a sinter time of 1000 min did not yield an advantage

compared to 100 min. By contrast, the precompacted and sintered reactor powder (A)

exhibited lower sinter-time dependence than the samples produced by the standard procedure.
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A value of k of 2.56-10"4 mm3/Nm was reached already after only 10 min. Clearly, the

precompacted and sintered reactor powder displayed better abrasion resistance than the

samples produced by the standard procedure, particularly for short sinter times.

100

Sinter time [min]

Figure 2.2 Wear coefficient vs. sinter time of UHMWPE GUR® 4120 reactor powder sintered at 200 °C

(standard procedure, ), precompacted and sintered reactor powder (A), precompacted and sintered flakes (®)
and flakes sintered at 200 °C (-&).

Both series 3 and 4 produced with swollen flakes did not show a significant dependence of the

wear coefficient on the sinter time above 10 min. All eight samples of these two series yielded

wear coefficients between 2.35 and 2.46 mm3/Nm. Also, no difference was detected between

precompacted and sintered (®) and only sintered (&) samples, as the observed variations in

the wear coefficients were within experimental error.

2.3.2 Effect of Atmosphere

To evaluate the effect of the surrounding atmosphere during processing, as-received reactor

powder was exposed to different levels of oxygen, see Figure 2.3. As a reference, standard

processed samples (), heated to 200 °C without pressure for 5 min, are also plotted in the

graph. Samples of series 6, precompacted and sintered melt-crystallized powder {air, V),
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were, prior to processing, heated to 200 °C in the sinter mold for 15 min and subsequently

cooled to room temperature. Compared to the standard processed samples, this procedure led

to a dramatic increase of the wear coefficient to 3.47 mm3/Nm for short sinter times. Similar

to the standard processed samples, also the precompacted and sintered melt-crystallized

samples (air) showed decreasing wear coefficients with increasing sinter time, yielding a k of

2.85 mm3/Nm after 1000 min sintering. If, however, contact with oxygen was completely

avoided (series 5), very low wear coefficients were measured. Reactor powder sintered at 200

°C pre-heated in argon (Ô) exhibited sinter-time independent wear coefficients of only 2.37 -

2.41 mm3/Nm. Note that the samples of series 5 (Ô) were, compared to series 1 () and 6

(V), not precompacted prior to sintering, but nonetheless reached low values of k already

after 10 min.
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Figure 2.3 Wear coefficient vs. sinter time of precompacted and sintered melt-crystallized powder (air, V),
reactor powder sintered at 200 °C (standard procedure, ) and reactor powder sintered at 200 °C pre-heated in

argon (Ô).
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2.3.3 Effect of Initial Entanglement Density

The entanglement density of the processed semi-crystalline polymer solids can be varied

between highly entangled (crystallization from the melt) and highly disentangled (gelation-

crystallization from solution).[37] To investigate the influence of the initial entanglement

density on the compaction and sintering behaviour of UHMWPE, the following four series

were compared. First, reactor powder was crystallized from the melt in argon atmosphere for

15 min, cooled to ambient conditions and subsequently precompacted and sintered (series 7).

Precompacted reactor powder (series 2), generally exhibits a lower initial (prior to sintering)

entanglement density, depending on the exact polymerization conditions of the UHMWPE

powder.[38] In addition, reactor powder was partially dissolved in xylene, yielding flakes with

a lower initial entanglement density than reactor powder (series 4). Finally, still lower initial

entanglement densities were obtained by completely dissolving the polymer and gelation-

crystallization from xylene, see series 8. Figure 2.4 shows the wear coefficients vs. sinter time

of these four series.
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Figure 2.4 Wear coefficient vs. sinter time of precompacted and sintered melt-crystallized powder (argon, 4>),
precompacted and sintered reactor powder (A), precompacted and sintered flakes (®) and precompacted and

sintered solution-cast films (O).
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The material with the lowest initial entanglement density, i.e. the precompacted and sintered

solution-cast films (0), exhibited the lowest wear coefficients, which, in addition, were

essentially sinter-time independent above 10 min (2.33 - 2.36 mm3/Nm). The partially

dissolved flakes (®) showed slightly higher wear coefficients for short sinter times but

displayed identical wear resistance as the solution-cast films for sinter times above 100 min.

Precompacted and sintered reactor powder (A) and precompacted and sintered melt-

crystallized powder (argon, 4>) exhibited higher wear coefficients, around 2.60 mm3/Nm.

Since gelation-crystallization from increasingly less concentrated solutions leads to lower

entanglement densities (see also Chapter 4),[37] three different solution-cast films of 0.2, 1 and

2 % (w/w) GUR® 4120 in xylene were additionally produced (series 9). These films were

directly sintered at 200 °C in air without precompacting. The wear resistance of these samples

was very high, displaying the lowest wear coefficient of all processing procedures for the film

generated from the 0.2 wt% polymer solution (2.29 mm3/Nm). Further, the wear coefficients

show a slight positive dependence on the initial polymer concentration (i.e. increasing initial

entanglement density), and increased from 2.29 mm3/Nm for the 0.2 wt% film to 2.45

mm3/Nm for the 2 wt% film.

2.3.4 HDPE 7048

Data obtained with the lower molecular weight material HDPE 7048 are displayed in Table

2.2.

processing procedure sinter time crystallinity wear coefficient3',

[min] [%] 104k [mm3/Nm]

pellets sintered at 200 °C, air 10 62.6 3.91 ±0.05

(standard procedure)

precompacted (120 °C) and sintered (200 °C) 10 63.7 3.92 ±0.23

pellets, air

precompacted (120 °C) and sintered (200 °C) 10 62.1 3.98 ±0.16

melt-crystallized pellets, air

Table 2.2 Processing procedures and properties of HDPE 7048, series 10. a)Average value from at least 3

measurements.
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The processing techniques were restricted to the standard procedure (sintering at 200 °C),

melt-crystallization in air followed by precompacting and sintering, and precompacting and

sintering during 10 min sinter time each. This corresponds to the above procedures in series 1,

2 and 6 for UHMWPE GUR® 4120. Both crystallinities and wear coefficients of these

samples did not significantly depend on the processing method and are, as expected, higher

than those of the UHMWPE (62-64 %).

2.4 Discussion

2.4.1 Effect of precompaction

The results of this work indicate that introduction of a solid-state precompaction step per se

does not significantly improve the abrasive wear resistance of UHMWPE. Although the data

in Figure 2.2 suggests an enhanced wear resistance of precompacted and sintered compared to

sintered only reactor powder, especially for materials produced at short sinter times, the

results obtained with series 5 indicate that low wear coefficients can also be obtained without

precompaction. After a sinter time of only 10 min, reactor powder sintered at 200 °C pre¬

heated in argon (series 5, Ô) yielded a wear coefficient of 2.37 mm3/Nm, compared to 2.56

mm3/Nm for the precompacted and sintered reactor powder (series 2, A). Also the wear

coefficients of materials prepared with swollen flakes did not show benefits of precompaction.

Rather, the difference in the wear coefficients of series 1 (reactor powder sintered at 200 °C,

standard procedure, ) and series 2 (precompacted and sintered reactor powder, A)

illustrated in Figure 2.2 appear to stem from oxidative degradation than from precompaction,

see below.

2.4.2 Effect of atmosphere

The data in Figure 2.3 clearly demonstrate the major influence of the atmosphere during

processing on the wear resistance of compression molded UHMWPE. In series 6 (V), the

reactor powder was exposed to oxygen for 15 min, in series 1 () for 5 min and in series 5

(Ô), oxygen contact was excluded as much as practically possible. The wear coefficients of

the resulting materials indicate that contact with oxygen during processing is highly

detrimental. The wear resistance of directly sintered reactor powder pre-heated in argon
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(series 5) is higher than that of precompacted and sintered reactor powder (series 2), which

indicates that absence of oxygen is more beneficial for high abrasion resistance than the

introduction of a solid-state precompacting step. In fact, the wear coefficients of series 5

materials are only marginally higher than the ones of precompacted and sintered solution-cast

films (series 8), 2.37 versus 2.33 mm3/Nm after a sinter time of 10 min.

The lower wear resistance of material exposed to oxygen is attributed to oxidative

degradation. The main mechanism of oxidation of hydrocarbons is shown in Figure 2.5.

Macroradicals created during processing react with oxygen to form hydroperoxyl radicals

(reaction 1). In a second step, hydroperoxides are formed as the first products of oxidation

(reaction 2), which are thought to decompose and produce ketones, alcohols, esters and

carboxylic acids (reaction 3). Some of these processes lead to chain scission and,

consequently, to a reduction in molecular weight of the polymeric material. Depending on the

initial concentration of macroradicals, the presence of oxygen and the thermal treatment, the

mechanical properties of UHMWPE might be substantially reduced through these oxidation

processes.

°2

/ Reaction 1 x.

-~wvwCHj—CH«—CH^m^""- -~wwvCH^—CH CH£ww~~

\ o—o

\. Reaction 2 /

j _~wvw>CH^—CH^—CH£/w~—

—~wwCH;—CH CH*ww—

O OH

Reaction 3

I

ketones, alcohols, esters, carboxylic acids

Figure 2.5 Oxidation scheme of polyethylene after Kurtz.[1]
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Oxidation indices, which give an indication of the degree of oxidative degradation of

polyethylene, were determined by Fourier-transform infrared spectroscopy by dividing the

integrated area of the carbonyl peak (1650 - 1850 cm"1) by that of a reference peak (1330 -

1396 cm"1). Figure 2.6 shows these oxidation indices, determined according to ASTM F2102,

versus sinter time of all samples of series 1-8.
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Figure 2.6 Oxidation index vs. sinter time of series 1-8: reactor powder sintered at 200 °C (standard

procedure, ), precompacted and sintered reactor powder (A), flakes sintered at 200 °C (standard procedure,
ft), precompacted and sintered flakes (®), reactor powder sintered at 200 °C pre-heated in argon (Ô),
precompacted and sintered melt-crystallized powder (air, V), precompacted and sintered melt-crystallized

powder (argon, 4>), precompacted and sintered solution cast film (1 wt%, O).

Precompacted and sintered melt-crystallized powder (air, V) and reactor powder sintered at

200 °C (), which are the only samples where (not-precompacted) reactor powder was heated

above melting temperature in air, show the highest oxidation indices. By contrast, reactor

powder sintered at 200 °C pre-heated in argon (Ö) and precompacted and sintered melt-

crystallized powder (argon, 4>), display almost no oxidation. Furthermore, the flakes sintered

at 200 °C (•&) exhibit lower oxidation indices than the reactor powder sintered at 200 °C (),

indicating that oxidative degradation depends, as expected, on the surface area of the

particles. Interestingly, most of the materials of the 8 series show almost constant oxidation
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indices over the whole range of sinter times. This is attributed to the fact that, after a pre¬

heating time of 5 min without pressure, all samples were kept under pressure for the

remaining sinter time, which hampered contact with oxygen. Therefore, oxidative degradation

mainly appeared to occur while heating UHMWPE reactor powder above the melting

temperature, without applying pressure.

A plot of the wear coefficients versus the oxidation indices of all samples produced from

Stamylan® UH 210 demonstrates that samples with high oxidation indices also exhibited high

wear coefficients, cf. Figure 2.7. The open symbols ("&, ®, 0) in Figure 2.7 correspond to

samples treated with anti-oxidant (Irganox® 1010) during processing. The (intended) reaction

with oxygen of the latter, also leading to the formation of carbonyl groups, yielded slightly

elevated oxidation indices which do not completely match the trendline of the data obtained

from samples produced without anti-oxidant.

04 06

Oxidation index [-]

1 o

Figure 2.7 Wear coefficient k vs. oxidation index of series 1-8: reactor powder sintered at 200 °C (standard

procedure, ), precompacted and sintered reactor powder (A), flakes sintered at 200 °C (standard procedure,
ft), precompacted and sintered flakes (®), reactor powder sintered at 200 °C pre-heated in argon (Ô),
precompacted and sintered melt-crystallized powder (air, V), precompacted and sintered melt-crystallized

powder (argon, i>), precompacted and sintered solution cast film (1 wt%, O).
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2.4.3 Effect of entanglement density

The initial entanglement density in solid UHMWPE, reported to have a major influence on

certain mechanical properties,[13'31] proved to have only a minor effect on the abrasive wear

resistance of molded and sintered UHMWPE. Figure 2.4 appears to show that reduced initial

entanglement densities yield lower wear coefficients, provided that the same processing

procedure is applied. However, the sample with the highest (series 7, 2.68 mm3/Nm after a

sinter time of 10 min) and the lowest initial entanglement density (series 8, 2.33 mm3/Nm)

only exhibit moderate differences in their wear coefficients. The same trend is visible in

Figure 2.5, where a decrease of the entanglement density by a factor of 10 of directly sintered

solution-cast films (series 9) only led to a marginal increase of the abrasion resistance of the

final, fully sintered material.

In addition, the samples of series 5, i.e. reactor powder sintered at 200 °C pre-heated in argon,

showed surprisingly low wear coefficients, of the same order of magnitude as those of the

solution-cast films produced by the same procedure (series 9). Despite the fact that the actual

entanglement density of the GUR® 4120 reactor powder is unknown, this result indicates that,

instead of the initial entanglement density, other factors substantially affect the abrasive wear

resistance of sintered UHMWPE.

2.5 Conclusions

In this chapter, 9 different procedures of sintering UHMWPE GUR® 4120 were examined

with respect to the abrasive wear resistance of samples obtained. The results indicate that

compression molded, partially (swollen flakes) or highly (solution-cast films) disentangled

material yields slightly higher wear resistance than samples directly produced from reactor

powder under identical processing procedures. The same correlation between initial solid state

structure and mechanical properties was reported earlier by Lemstra et al. and Xue.[31'32] A

most important requirement to produce high wear resistant UHMWPE parts is the reduction

of contact with oxygen during the sintering procedure. It is shown that it is possible to

produce materials with almost the same wear resistance as "defect free" samples made of

solution-cast films, by standard processing of reactor powder in the absence of oxygen.
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The results presented here are summarized in a most illustrative manner by focusing on the

wear resistance of the materials of series 5. This series, comprising reactor powder sintered at

200 °C pre-heated in argon, exhibits the lowest wear coefficients of all samples produced

from reactor powder. However, samples of series 5 were not precompacted and, in addition,

are characterized by relatively high initial entanglement densities compared to the swollen

flakes and the solution-cast films, pointing to the relevance of the reduction of oxygen during

processing surprisingly more than the absence of defects such as grain boundaries. Figure 2.8

shows an optical micrograph of a sample of series 5 clearly revealing such defects. Despite

these inhomogeneities, the abrasion resistance of this sample (2.37 mm3/Nm after a sinter

time of 10 min) is close to that produced from solution-cast films (2.33 mm3/Nm), which does

not contain any grain boundaries. Hence, it would appear that the homogeneity of the sample

does not have a significant influence on the wear resistance of UHMWPE, but, as shown in

Chapter 3, on other properties such as tensile or fracture behaviour.

Figure 2.8 Optical micrograph of UHMWPE powder sintered at 200 °C pre-heated in argon (series 5) showing
clear grain boundaries.

Owing to its much lower molecular weight, these above conclusions do not apply to HDPE

Stamylan® 7048, which shows wear properties independent of the processing procedure. A

solid-state precompacting step, as well as re-melt-crystallization of the pellets, did not have an

influence on the wear resistance of this material. Additionally, oxygen contact at high
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temperatures did not reduce the wear resistance of samples since the material was delivered as

pellets, which have a low surface area, and, additionally, contain stabilizers against

degradation.
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3 Fracture Behavior of Ultra-High Moleclular Weight
Polyethylene

3.1 Introduction

In Chapter 2, the influence of different compression molding procedures on the abrasive wear

resistance of ultra-high molecular weight polyethylene (UHMWPE) was investigated. A new

processing method was introduced by adding a precompaction step at 120 °C to the

commonly applied compression molding routine. In this chapter, among other things, the

influence of that procedure on the fracture behavior of UHMWPE is evaluated. In the first

part, several aspects of the precompaction step, such as precompaction pressure,

precompaction time and relaxation time between precompaction and sintering, are evaluated

as well as the influence of increasing y-radiation dose on the Charpy impact strength. The

second part focuses on the fatigue crack propagation resistance of differently processed

UHMWPE. Again, precompacted and sintered samples are compared to samples that are

produced by standard routines, as well as to specimens machined from commercial sheets of

GUR® 1020. In addition, the influence of crosslinking in the melt by means of electron beam

irradiation, first introduced by Dijkstra et al.,[1] is evaluated. For comparison, the mechanical

behavior of specimens e-beam and y-irradiated by procedures routinely used for sterilizing or

crosslinking of orthopedic implants are also examined. The latter were included in this study

as increasing interest has emerged in such materials because they purportedly display

dramatically reduced wear in simulator studies[2"4] of orthopedic devices and are, therefore,

considered to be promising materials for total hip and knee arthroplasty; this (until now)

notwithstanding the fact that it is well documented that both ionizing sterilization[5"7] and

crosslinking[8"11] are detrimental for the fatigue crack propagation resistance.
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3.2 Experimental

3.2.1 Materials

GUR® 1020 (medical grade) and GUR® 4020, both in powder form, were obtained from

Ticona GmbH, Germany; HDPE Lupolen 5261 Z, UHMWPE RCH 1000 (Angst + Pfister,

Switzerland), and GUR® 1020 from PolyHi Solidur, Germany, were received as sheets.

3.2.2 General Sample Preparation Method

All samples for the Charpy and the crack propagation measurements that were produced in-

house from the powdery GUR® 1020 and GUR® 4020 were compression molded in custom-

made stainless steel molds with standard dimensions (see below). Samples were sintered at

200 °C in a hydraulic Carver press, model M 25T, for 30 min without pressure followed by 30

min with pressure (Charpy: 20 MPa, crack propagation: 10 MPa). Subsequently, the samples

were quenched in a water cooled-press using the same time and pressure. An optional

precompacting step was conducted similarly, only the temperature was set to 120 °C. All

deviations from this procedure are described in Section 3. Selected samples were crosslinked

with e-beam (at 125 °C) or y-radiation (at ambient conditions) at Studer AG, Dänikon,

Switzerland, between the precompaction and the sintering step. The radiation dose was varied

between 0 and 15 Mrad.

Samples from the reference materials HDPE Lupolen 5261 Z, UHMWPE RCH 1000 and

PolyHi GUR® 1020 were machined from the as-received sheets into the desired shape.

3.2.3 Charpy Impact Test

Double-notched Charpy impact specimens with a length of 120 mm, a width of 15 mm and a

thickness of 10 mm, according to DIN EN ISO 11542-2, were used for the present study. A

fresh heavy-duty razor blade was tapped from both sides into the samples to leave a fracture

thickness of 4 mm. The sample geometry is shown in Figure 3.1.
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15 mm

120 mm
10 mm

Figure 3.1 Schematic of the Charpy impact test specimen.

All Charpy impact tests were performed on a Zwick 5113E pendulum impact tester according

to ISO 179-1 with an impact energy of 25 J and an impact velocity of 3.85 m/s. At least 5

measurements were conducted for each sample.

3.2.4 Crack Propagation Measurements

For the crack propagation measurements, compact tension (CT) specimens were used

according to ASTM E 647, (cf. Figure 3.2). The dimensions of the samples were: W=32 mm,

a„
= 6.4 mm and sample thickness (B) was 6 ± 0.1 mm. Before testing, each sample was pre-

cracked with a sharp razor blade (a-a„=l mm).

1.25 W

W

0.6 W

0.6 W

Figure 3.2 Schematic of the compact tension specimen according to ASTM E 647.

Crack propagation measurements were performed on a Walter & Bai 10 kN servo-hydraulic

tensile tester, according to ASTM E 647. The test apparatus was equipped with a pressure oil

power unit (type PA-1005) and a materials testing electronics system (type PCS-200T1

49



Fracture Behavior of UHMWPE

DION-Pro). Crack propagation was continuously recorded using a macro lens on a Canon

EOS 20D single lens reflex camera without unclamping the samples during the

measurements. Compact tension samples were subjected to tensile sinusoidal loading with a

frequency of 5 Hz to avoid hysteretic heating of the samples, see Figure 3.3. The load ratio

was kept at R = 0.1 and the maximum force Fmax was incrementally increased to achieve

approximately the same crack propagation rate for all samples.[5"7'12]

load"

AF = F - F
max mm

r = f /f =o l

time

-

mm max

Figure 3.3 Definition of the load applied for all crack propagation measurements.

According to the theory of elasticity of cracked bodies, the stress intensity factor range AK is

a function of the applied load and the crack length relative to component size:[13'14]

AK = AF-
F(a)

B-sfW
(3.1)

where AF is the load amplitude of the fatigue cycle. F(a) is a geometric factor and a

corresponds to alW. The geometric factor for the compact tension geometry is defined as

follows:[13]

F (a)-
2 + a

(\-a)
1 5 (0.886 + 4.64a-13.32a2 +14.72a3 -5.6a4) (3.2)
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Crack growth rates during cyclic fatigue tests are related to the stress intensity factor range,

AK, according to:

— = CAKm (3.3)

dN
v '

where N corresponds to the number of cycles and C and m are material constants.[15] This so-

called Paris law states that the crack propagation rate (da/dN) scales linearly with the stress

intensity factor range (AK) in a log-log plot. A limiting stress intensity factor range can be

defined which represents a service operating limit below which fatigue damage is highly

unlikely. According to ASTM E 647, this threshold value, AKth, is associated with a crack

propagation rate of 10"7 mm/cycle. Here, AKth was calculated by determining the best-fit

straight line from a linear regression of log da/dNVersus log AK between the lowest detected

growth rate and a da/dNValue of ~10"6 - 10"5 mm/cycle. Generally, a higher AKth value can be

related to a higher required stress intensity factor (or load amplitude) to initiate crack

inception.

3.2.5 Scanning Electron Microscopy

Fracture surfaces were analyzed with a Hitachi S-900 FEG scanning electron microscope

(SEM) at 5 kV. Prior to the examination, each sample was sputter-coated with a 5 nm layer of

platinum in a vacuum chamber.

3.3 Results and Discussion

3.3.1 Charpy Impact Strength

Eight different samples were produced with medical grade GUR® 1020 (1020-1 - 1020-8)

and 13 with GUR® 4020 (4020-1 - 4020-13). Their processing procedures and Charpy impact

strengths are listed in Table 3.1. In addition, three samples prepared from sheets of

commercial polyethylene grades were used, HDPE Lupolen, UHMWPE RCH 1000 and

PolyHi GUR® 1020.
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sample precompacti«

pressure

[MPa]

)n at 120 °C

Time

[min]

relaxation

time between

precompaction
and sintering

crossl

method

nking

dose

[Mrad]

pre-heating
to 200 °C

atmosphere

sintering at 200 °C

pressure Time

[MPa] [min]

Charpy impact

strength
[kJ/m2]

1020-1 - - - - - air 10 30 170 ±15

1020-2 20 10 - - - air 10 30 185 ±10

1020-3 20 30 - - - air 10 30 195 ±10

1020-4 20 60 - - - air 10 30 190 ±2

1020-5 5 30 - - - air 10 30 185 ±12

1020-6 60 30 - - - air 10 30 189 ±5

1020-7 mca) 20 10 - - - air 10 10 190 ±10

1020-8 20 10 - - - air 10 10 181 ±7

4020-1 - - - - - air 10 30 193 ±9

4020-2 20 30 - - - air 10 30 203 ±7

4020-3 5 30 - - - air 10 30 190 ±9

4020-4 20 30 8 days - - air 10 30 193 ±7

4020-5 20 30 15 days - - air 10 30 177 ±7

4020-6 - - - - - argon 10 30 194 ±3

4020-7 20 30 - e-beam 7.0 air 10 30 13 ±1

4020-8b) 20 30 - - - air 10 30 179 ±3

4020-9 20 30 - y-rays 2.9 air 10 30 71 ± 16

4020-10 20 30 - y-rays 4.9 air 10 30 32 ±3

4020-11 20 30 - y-rays 7.5 air 10 30 15 ± 1

4020-12 20 30 - y-rays 11.0 air 10 30 10 ±1

4020-13 20 30 - y-rays 14.4 air 10 30 9±1

HDPE Lupolenc) - - - - -
-

- - 22 ±2

RCH 1000c) - - - - -
-

- - 134 ±7

PolyHi 1020c) - - - - -
-

- - 157 ±6

Table 3.1 Processing procedures and Charpy impact strengths of all examined Charpy samples. a)Reactor powder was melt-crystallized in argon (200 °C, 120 min)
before processing. b)Control sample for y-irradiated samples. Sample was packed and heat-treated like all y-irradiated samples but not irradiated. c)Reference sample,
delivered as plate and machined into the desired shape.
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Influence ofprecompaction time

Figure 3.4 shows the influence of the time of precompaction at 120 °C on the Charpy impact

strength of GUR® 1020 (•) and 4020 (O). All other parameters in the sintering process, such

as precompaction pressure, sintering time and pressure, are identical for all samples. For

GUR® 1020 it can be seen that the Charpy impact strength increased with precompaction and

reached a maximum at a precompaction time of 30 min. Longer precompaction times did not

lead to a further increase in Charpy impact strength. For GUR® 4020, the same trend was

observed, although only two samples were tested. Beside the improved Charpy impact

strength, the precompaction step also appeared to increase the homogeneity of the material.

As can be seen from the acquired data of GUR® 1020, the standard deviation reduced from

9 % for sintered only material to the low value of only 1 % for samples that were

precompacted for 60 min. A similar trend is visible for GUR® 4020, although to a lesser

extent.
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-
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Figure 3.4 Influence of precompaction time on the Charpy impact strength of GUR® 1020 (•) and GUR® 4020

(O). Precompaction pressure was 20 MPa and sintering pressure and time 10 MPa and 30 min, respectively.
Note the decreasing standard deviations with increasing precompaction time.
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Influence ofprecompaction pressure

The influence of precompaction pressure on the Charpy impact strength is shown in Figure

3.5. For both GUR® 1020 and GUR® 4020, the values were found to increase. Precompaction

pressures exceeding 20 MPa did not additionally enhance the Charpy impact strength (shown

for GUR® 1020). As was the above case for longer precompaction times, also higher

precompaction pressures seem to enhance the homogeneity of the UHMWPE parts. Standard

deviation of the strength values decreased from 6.5 % for 5 MPa to 2.6 % for a precompaction

pressure of 60 MPa.

0 10 20 30 40 50 60 70

Precompaction pressure [MPa]

Figure 3.5 Influence of precompaction pressure on the Charpy impact strength of GUR® 1020 (•) and GUR®

4020 (O). For all samples, precompaction time was 30 min and sintering pressure and time 10 MPa and 30 min,

respectively.

Influence ofthe relaxation time betweenprecompacting and sintering

For samples of GUR® 4020, also the influence of the time of relaxation (at room temperature)

between precompacting and sintering was evaluated. An increasing relaxation time between

the precompacting and the sintering step was found to lead to a decrease in the Charpy impact

strength from 203 to 177 kJ/m2, see Figure 3.6. Storage at ambient conditions seemed to
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deteriorate the intimate contact between the powder particles generated during precompacting,

leading to a reduced fusion of the particles and, finally, to a decrease in mechanical properties

of the sintered objects.

225

Time between precompaction and sintering [days]

Figure 3.6 Influence of the relaxation time between precompacting and sintering on the Charpy impact strength
of GUR® 4020.

Influence ofpre-heating or melt-crystallization in argon

As was shown in Chapter 2, the wear resistance of UHMWPE could be reduced by exposing

the polymer powder to oxygen during processing. Especially oxygen contact without applying

pressure at temperatures above the melting temperature appeared to be crucial due to the high

surface area of UHMWPE reactor powder. The influence on the Charpy impact strength of

using argon instead of air was also investigated. The data in Table 3.1 (samples 1020-7 and

4020-6) show that the influence of pre-heating directly sintered reactor powder in argon and

of melt-crystallized (argon), precompacted and sintered powder on the Charpy impact

strength of UHMWPE is negligible. In contrast to the abrasive wear measurements, pre¬

heating in argon does not have a beneficial influence on the Charpy impact strength of

UHMWPE compared to samples pre-heated in air. Furthermore, melt-crystallization in argon
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prior to processing, leading to completely entangled polymer chains, did not reduce the

Charpy impact strength ofUHMWPE.

Influence ofcrosslinking

For GUR® 4020, the influence of crosslinking on the Charpy impact strength was evaluated.

Precompacted and sintered samples (30 min precompacting, 30 min sintering) were irradiated

with y-radiation between the precompacting and the sintering step. The radiation dose was

varied between 0 and 14.4 Mrad. One set of samples was irradiated with e-beam instead of

using y-radiation to examine the influence of the type of radiation. The results are presented

in Figure 3.7, which clearly shows the reduction in fracture toughness with increasing

radiation dose.

225

4 6 8 10 12

Radiation dose [Mrad]

16

Figure 3.7 Influence of crosslinking of precompacted GURR 4020 on the Charpy impact strength of

subsequently sintered polymer. (O) corresponds to y-radiation crosslinked samples and (A) to samples
crosslinked with e-beam radiation.

While the control sample (no irradiation) exhibited a Charpy impact strength of 179 kJ/m
,

the values decreased to as little as 10 kJ/m2 for radiation doses above 7 Mrad. Even at a

radiation dose of only 3 Mrad, which corresponds to a typical sterilization dose, the Charpy
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impact strength was reduced by more than 60 % (71 kJ/m2). The type of radiation does not

have an influence on the impact strength, as the y-radiation- (7.5 Mrad) and e-beam- (7 Mrad)

crosslinked samples exhibited almost identical values of 15 and 13 kJ/m2, respectively. This

considerable loss in Charpy crack resistance could be attributed to the processing procedure.

After precompaction of the reactor powder, the particles are in intimate contact, but chain

diffusion did not occur yet as the precompacting step was carried out at 120 °C, which is well

below the melting temperature of the polymer. Thus, the irradiation step only leads to an

internal crosslinking of the single particles, which in turn leads to a dramatic reduction of the

inter-granular chain diffusion in the final sintering step. Consequently, the final product likely

exhibits a structure of a loose agglomeration of highly crosslinked powder particles.

The above statement is corroborated by SEM images of fracture surfaces of reference and

crosslinked Charpy test specimens, which reveal significant differences, see Figure 3.8. The

control sample, which was packed and heated like all crosslinked samples, but not irradiated,

showed a highly deformed fracture surface. The clearly visible large plastic deformation is a

strong indication for the high energy needed for breaking the sample. When the sample was

y-irradiated with a dose of 2.9 Mrad, some plastic deformation was still visible, although to a

much lower extent (Figure 3.8 B). Applying a radiation dose in excess of 7 Mrad led to

completely brittle fracture and relatively smooth surfaces. Figures 3.8 C and D show

fractographies of Charpy samples irradiated with 7.5 and 14.4 Mrad, respectively. Here, no

plastic deformation is visible and both fracture surfaces appear indistinguishable, consistent

with the above reported results of the Charpy impact tests.

57



Fracture Behavior of UHMWPE

Figure 3.8 Scanning electron microscopy images of fracture surfaces of Charpy test specimens of GUR® 4020

crosslinked with y-radiation after precompaction at 120 °C, and subsequently sintered at 200 °C. (A) = 0 Mrad,

(B) = 2.9 Mrad, (C) = 7.5 Mrad and (D) = 14.4 Mrad.

Comparison with commercial samples

For comparison purposes, the Charpy impact measurements of an optimally precompacted

and sintered sample (1020-3) were contrasted with those of commercially available products,

cf. Figure 3.9. As expected, commercial HDPE displayed substantially lower Charpy impact

strength (22 kJ/m2) than UHMWPE materials. The sheet sample obtained from PolyHi

Solidur, made of medical grade GUR® 1020, exhibited an impact strength of 157 kJ/m2,

which was slightly lower than directly sintered GUR® 1020 produced in this work

(170 kJ/m2). The difference between the value found for precompacted and sintered GUR®

1020 (195 kJ/m2) is rather pronounced and seems to confirm the beneficial influence of a

precompacting step at the beginning of the processing routine.
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225

HDPE RCH 1000 PolyHi 1020-1 1020-3

Figure 3.9 Comparison of the Charpy impact strength of a precompacted and sintered (1020-3) and a directly
sintered (1020-1) GUR® 1020 sample with commercially available HDPE and UHMWPE sheet samples.

3.3.2 Crack Propagation

Table 3.2 collects the processing procedures and test results of all samples examined. In

general, at least two measurements were performed to evaluate the reproducibility of the

crack propagation test. Sample ETH-5, due to the elaborate processing procedure, was only

measured once. Most of the samples showed very reproducible crack propagation curves,

exemplified in Figure 3.10 for sample COM-5, in which the procedure for determining AKth

and the regime of stable crack growth, the so-called Paris regime, are illustrated.
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sample precompaction sintering crosslinking post-irradiation Atfftc) Paris regime slope m

treatment [MPam1/2] [MPam1/2]
pressure time pressure time method temperature dose

[MPa] [min] [MPa] [min] [°C] [Mrad]

ETH-1 - - 10 30 - - - - 1.33 ±0.05 1.33-2.80 10.18

ETH-2 20 30 10 30 - - - - 1.37 ±0.04 1.37-2.63 10.25

ETH-3 20 30 10 30 y-rays (N2) 25 3 5atm02, 70 °C, 2weeksb) 1.29 ±0.06 1.29-2.20 6.33

ETH-4 20 30 10 30 e-beam 125 7 150 °C 1.00 ±0.06 1.00-2.27 6.65

ETH-5a) 20 30 10 30 e-beam 180 3 - 0.80 0.80-2.02 7.02

COM-1 - - - - - - - - 1.59 ±0.12 1.59-3.24 9.77

COM-2 - - - - y-rays (N2) 25 3 - 1.55 ±0.04 1.55-2.63 9.12

COM-3 - - - - y-rays (N2) 25 3 5atm02, 70 °C, 2weeksb) 1.29 ±0.00 1.29-3.14 4.73

COM-4 - - - - e-beam 125 7 150 °C 0.89 ±0.10 0.89-1.97 6.76

COM-5 - - - - e-beam 180 3 - 1.16 ±0.02 1.16-2.45 8.30

COM-6 - - - - e-beam 180 5 - 0.95 ±0.01 0.95-1.87 7.77

COM-7 - - - - e-beam 180 7 - 0.86 ±0.00 0.86-1.85 7.48

Table 3.2 Processing procedures and hKth values of all examined fatigue crack propagation samples of medical grade GUR® 1020. The notation ETH refers to samples

produced in this work from powder, while COM denotes specimens produced with commercially produced sheets of the same polymer. a)Sample ETH-5 was crosslinked

between the precompacting and the sintering step (only once heated above melting temperature). b)Samples ETH-3 and COM-3 were aged according to ASTM F 2003-

02, simulating 5 years of shelf aging. c)MCth values are calculated from at least two measurements except for sample ETH-5 (only one sample tested).
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AK [MPa*m1/2]

Figure 3.10 Crack propagation curves (two measurements) of sample COM-5 demonstrating the reproducibility
of the measurements.

Samples producedfrom powder

Representative fatigue crack propagation curves of all samples produced from the as-received

powdery polymer (ETH-1 - 5) are displayed in Figure 3.11. Standard processed GUR® 1020,

i.e. directly sintered at 200 °C, exhibited a threshold value of crack inception, AKth, of

11I

1.33 MPam
.
Addition of the precompacting step at 120 °C prior to sintering only slightly

11I

increases AKth to 1.37 MPam
. y-irradiation with a typical sterilization dose of 3 Mrad and

11I

subsequent aging yielded a reduction of AKth by 6 % to 1.29 MPam
.
Radiation with e-beam

at an increased dose of 7 Mrad, also in the solid state, caused a further decrease of the crack

11I

inception value to 1.00 MPam (- 27 %), in accord with several previous studies that also

reported a decrease of AKth with increasing radiation dose.[8"11] Crosslinking of the material in

the melt during the sintering step with a dose of only 3 Mrad yielded material with a AKA

11I

value of only 0.80 MPam
,
which represents a dramatic reduction when compared to both,

the precompacted and sintered and the directly sintered samples. This leads to the conclusion
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that crosslinking in the melt during sintering reduces the crack inception value to a larger

extent than crosslinking below the melting temperature after the sintering step.
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Figure 3.11 Representative crack propagation curves of all samples produced in this work from GUR® 1020

powder. (), (O), ( ), (<), (itf) denote samples ETH-1 - 5, respectively.

Figure 3.12 shows SEM images of fracture surfaces of the different crack propagation

samples ETH-1 - 5. In general, samples with higher AKth values also showed fracture surfaces

with a larger degree of plastic deformation, especially at the fine ridges in the images. Ductile

tearing and criss-cross patterns were visible, as reported previously by other

researchers.[7'9'16] In addition, vertical, wave-like lamellae, also detected earlier,[8' 16]
were

observed, exhibiting spacings between 1 and 10 /im. These folded layers likely represent the

spacing between two single cycles in the Paris regime (daldN ~ 1-10 /im) at the end of the

fatigue crack propagation test. Although the sample e-beam irradiated with a dose of 7 Mrad

(Figure 3.12 C) displayed approximately the same number of criss-cross structures, the plastic

deformation on the borders thereof was less pronounced. Additionally, the vertical wave-like

fold periodicities were attenuated compared to the non-crosslinked samples ETH-1 and -2.

This trend continued for sample ETH-5, which yielded the lowest crack inception value of all
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samples produced and for which the plastic deformation on the borders of the criss-cross

structures nearly vanished.

Figure 3.12 Scanning electron microscope images of fracture surfaces of fatigue crack propagation samples. A
- D refer to samples ETH-1, 2, 4 and 5, respectively. Images are taken in the Paris regime and the crack growth
direction is from left to right.

Samplesfrom commercial sheets

Figure 3.13 shows representative crack propagation curves of all samples produced from

commercially manufactured sheets of GUR® 1020. The non-irradiated sample COM-1

11I

exhibited the highest crack inception value of all samples examined, 1.59 MPam
,
albeit

with the highest standard deviation, which exceeded the samples fabricated at ETH from the

same polymer.
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Figure 3.13 Representative crack propagation curves of all samples produced from commercially sintered

GUR® 1020. (), (O), ( ), (<), (*-), (9), (Cr) denote COM-1 - 7, respectively.

The origin of the lower value of the latter may be found in the experimental fact that, prior to

sintering, the reactor powder or precompacted "green bodies" were heated to 200 °C without

pressure. The effect of this process step is illustrated in Figure 3.14, showing a SEM image of

a precompacted and "free-sintered" GUR® 1020 sample. Although precompacted "green

bodies" appeared to be completely free of voids (density ~ 0.95 g/cm3), the constituent

UHMWPE powder particles tended to readapt their original granular structure upon heating

above the melting temperature. The resulting dramatically increased surface area led to a

higher risk of oxidative degradation that might reduce the crack resistance and other

mechanical properties. A possible improvement could be achieved by heating the reactor

powder or the precompacted "green bodies" to 200 °C under pressure.
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Figure 3.14 SEM micrograph of precompacted and "free-sintered" medical grade GUR® 1020 showing the

structure of single particles.

As noted also in the above case, irradiation with a relatively low dose of y-radiation led to a

slightly lower AKA value. When the specimen was additionally aged, AKA decreased more

significantly (by 19 %, cf. Table 3.2). This is contradictory to the results obtained with the

samples produced from powdery polymer, where irradiation followed by aging led to a

decrease of only 6 %. Coincidentally, both samples that were y-irradiated with 3 Mrad

11I

followed by accelerated aging exhibit a AKth value of 1.29 MPam
.
The same phenomenon,

even more pronounced, was observed for samples that were e-beam irradiated with a dose of

7 Mrad. While AKA was reduced by 27 % between samples ETH-2 and ETH-4, the same

processing procedure caused a reduction of as much as 44 % for the commercial specimens.

COM-4 exhibited a AKth value of 0.89 MPm1/2, which is, in fact, slightly below that of the

11I

sample produced from powder followed by the same post-treatment (ETH-4, 1.00 MPam ).

Samples crosslinked by e-beam in the melt (COM-5 - 7) showed progressively decreasing

AKth with increasing radiation dose.

Interestingly, COM-4 and COM-7, which were e-beam irradiated with a radiation dose of

7 Mrad in the solid state and melt, respectively, exhibited almost identical values of AKth =

11I

0.89 and 0.86 MPam
.
This leads to the conclusion that for the crack inception value, it is

irrelevant whether crosslinking is conducted in the melt or below the melting temperature. On

the other hand, samples, y- or e-beam irradiated with the same radiation dose of 3 Mrad,

11I

exhibited substantially different AKth values of 1.55 and 1.16 MPam
, respectively. As a
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matter of fact, all samples irradiated with e-beam showed conspicuously lower crack

inception values than those irradiated with y-radiation (Table 3.2). These results appear to

conflict with those of Bradford et al.,[10] who reported that the type of irradiation (y or

electron beam) did not affect fatigue crack propagation resistance.

Figure 3.15 shows SEM images of fracture surfaces of several fatigue crack propagation

samples produced from commercial sheets. Reference specimens displayed a similar fracture

surface as that of non-irradiated material derived in this work from powdery GUR® 1020 (cf.

Figures 3.12 A and 3.15 A). Signs of ductile tearing and criss-cross patterns are visible and

the vertical, wave-like structures are pronounced. After irradiation with y-radiation at a low

dose, the criss-cross structure completely disappeared and only the distinct vertical folded

lamellae remained visible (Figure 3.15 B). In fact, in contrast to all other samples, y-irradiated

specimens showed no sign of any criss-cross patterns on their fracture surfaces, which,

therefore, cannot be considered a prerequisite for a high crack inception value. Figure 3.15 C

shows the fracture surface of sample COM-4, e-beam irradiated with 7 Mrad. Here, only a

few criss-cross patterns are apparent and few signs of plastic deformation were detected.

Additionally, the vertical lamellar structure appears less pronounced. Figures 3.15 D, E and F

show SEM images of samples that were crosslinked in the melt by e-beam radiation with a

radiation dose of 3, 5 and 7 Mrad, respectively. Both the density of the criss-cross patterns

and non-linear features due to plastic deformation were reduced with increasing radiation

dose, as well as the periodicity of the vertical wave-like lamellae. Clearly, also for these

samples, SEM images of fracture surfaces appear to display a strong, systematic correlation

with the results found in crack propagation tests.
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Figure 3.15 SEM images of fracture surfaces of fatigue crack propagation samples. A - F refer to samples
COM-1, 2, 4 - 7, respectively. Images are taken in the Paris regime and the crack growth direction is from left to

right.

Remarkably, and most interestingly, one particular sample exhibited a distinctly different

fracture surface. Instead of the typical criss-cross patterns and vertical lamellar structures, the
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y-irradiated and aged sample in this series (COM-3) exhibited scallop-like structures (cf.

Figure 3.16), as previously noted by Baker et al.[7] for identically processed specimens. These

uncommon features were attributed to substantially different micromechanisms associated

with accelerated aging for ionized compared to non-ionized specimens.[7]

Figure 3.16 SEM image of the fracture surface of a y-irradiated, accelerated aged sample. Note the absence of

criss-cross patterns; instead scallop-like structures are featured. The image is taken in the Paris regime and the

crack growth direction is from left to right.

In summary, the crack propagation measurements indicate that precompacting reactor powder

prior to sintering leads to only a slight increase in the crack inception value. Compared to the

commercially sintered material, samples produced from powdery GUR® 1020 exhibited lower

AKth values. The latter could be due to oxidative degradation caused by heating the reactor

powder or the precompacted sample above its melting temperature prior to sintering, as was

discussed in Chapter 2. By contrast, after irradiation, optionally followed by a post-irradiation

annealing treatment, these two sets of samples exhibited similar AKth values. Irradiation with

y- or e-beam radiation resulted in a systematic reduction of the crack propagation resistance

with increasing radiation dose. No difference was detected between the crack inception values

of samples crosslinked with e-beam radiation in the melt or the solid state. E-beam radiation

seems to be substantially more detrimental for fatigue crack resistance than radiation with y

rays. Finally, scanning electron microscopy images of samples subjected to crack propagation

tests revealed distinctive features and systematic differences - notably the presence or

absence of criss-cross structures, plastically deformed ridges and more or less pronounced

lamellar morphologies - that strongly correlated with values of AKth.
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3.4 Conclusions

In the present chapter, the influence of processing procedures on the fracture behavior of

UHMWPE was investigated, in particular illustrated by means of the Charpy impact strength

and fatigue crack propagation.

Introduction of a solid-state precompacting step prior to standard direct sintering processing

routines led to superior and more reproducible Charpy impact strengths. However, the

advantages of this procedure were substantially reduced by storing the precompacted "green

bodies" for several days prior to sintering. Relaxation seems to reduce the intimate contact

between the powder particles generated during precompacting, leading to incomplete fusion

of the particles and, ultimately, to a decrease in mechanical properties. Crosslinking of

precompacted UHMWPE samples prior to sintering proved to be highly detrimental, as

evidenced by a dramatic reduction of the Charpy impact strength, which is attributed to

internal crosslinking of the single particles, leading to a dramatic reduction of the inter-

granular chain diffusion upon heating above melting temperature.

The beneficial properties of precompacted and sintered samples compared to sintered only

specimens were also detected in fatigue crack propagation measurements. The former

exhibited slightly higher crack inception values than the latter and lower standard deviation in

the data, pointing to an improved homogeneity of the material. Unfortunately, the fatigue

crack resistance of commercially processed, pristine UHMWPE exceeded that of

corresponding samples produced from as-received powder in this work. As described above,

this could be due to the processing routine of the latter, which allowed detrimental oxygen

contact of the precompacted "green bodies" prior to sintering.

In agreement with earlier reports,[7"11] crosslinking of UHMWPE specimens caused a

reduction of the crack inception values, depending on the applied radiation dose.

Interestingly, the fatigue characteristics of samples crosslinked with e-beam radiation did not

show a dependence on the crosslinking temperature, indicated by the nearly identical AKth

values of samples crosslinked above and below the melting temperature, respectively.

However, e-beam radiation was found to lead to a higher reduction of the fatigue crack

resistance than y-radiation. Finally, artificial aging, simulating 5 years of shelf aging, of

y-sterilized samples caused a significant loss in crack propagation resistance compared to the

non-aged samples. This embrittlement of the medical grade UHMWPE due to crosslinking
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necessitates a careful optimization of the radiation dose when designing parts subjected to

cyclic load.
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Abrasive Wear Properties of Solution-Crystallized
Polyethylene

4.1 Introduction

After the discovery of low density polyethylene (LDPE) in 1937[1' 2] and especially linear,

high density polyethylene (HDPE) in 1955,[1' 3] the advantages of polyethylene as a

construction material were rapidly recognized. Today, polyethylene is used in countless

applications such as packaging, bags, piping, toys, sports equipment, machine parts and other

engineering components. Among other outstanding properties, the excellent wear resistance

of ultra-high molecular weight polyethylene (UHMWPE) grades was subsequently

discovered.[4' 5]
Already in 1962, Sir John Charnley first adopted UHMWPE as a bearing

material for hip joint replacements.[6] Although many other applications followed in which

resistance against wear is critical (see Chapter 1), a fundamental and predictive understanding

of the origin of abrasive wear is still lacking. It is generally accepted that the wear resistance

of polymers improves with increasing molecular weight.[7"16] However, some studies correlate

that improvement with the number-average molecular weight, M„,[10"12] others with the

weight-average molecular weight, Mw, or the viscosity,[13"15] while some researchers report

that the wear resistance of polymers depends on their crystallinity.[16'17]

In a study of the abrasive wear of 20 melt-processed polyethylene grades of vastly different

molecular weights and polydispersities, Tervoort et al.[7] advanced that the effective number

of physical crosslinks per macromolecular chain is the only factor governing their abrasive

wear behavior. It was argued that molecules that are too short to contribute to connectivity

throughout the material (for linear polyethylene molecules with a molecular weight below

5,000 g/mol) function merely as "diluent" and should be corrected for in theM„-value of the

polymer. Adoption of this concept led to a satisfactory correlation with the abrasive wear
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resistance for polyethylenes of M„ from 2 to 450 kg/mol, Mw from 2 to 2,100 kg/mol and

polydispersities from 1 to 82 (see Chapter 1).[7]

In this chapter, the above-mentioned approach based on the number of effective physical

crosslinks per macromolecular chain is investigated from a different viewpoint. Instead of

analyzing melt-processed samples of different molecular weights with an approximate

constant molecular weight between chain entanglements, 1,250 g/mol,[18] the number of

physical crosslinks per macromolecular chain is here varied by dissolving polyethylenes of a

particular molecular weight at elevated temperatures at different concentrations, followed by

gelation-crystallization and evaporation of the solvent, yielding polymer solids of different

entanglement spacings and densities;[19] the latter can be determined from the maximum draw

ratios of the solid polymer samples at elevated temperatures.[20]

4.2 Experimental

4.2.1 Materials

Stamylan® UH 210, Stamylan® HDPE 7048 and Stamylan® HDPE 8621 were obtained from

DSM, The Netherlands, and GUR® 2105, GUR® 4012 and GHR® 8110 from Ticona GmbH,

Germany. Narrow molecular weight distribution standards SRM 1483 and 1484 were

purchased from the National Institute of Standards and Technology (NIST), USA. Irganox® B

215 FF (Ciba Specialty Chemistry, Switzerland) was used as antioxidant. Xylene (puriss. p.

a.) and acetone (purum) were purchased from Fluka Chemie, Switzerland.

4.2.2 Molecular Weights

The determination of the molecular weight distributions of all samples, except the two

narrow-distributed standards SRM 1483 and 1484, was carried out at Basell Polyolefins

GmbH, Frankfurt, Germany. The gel permeation chromatography (GPC) measurements were

conducted according to Chapter 5.2.2 and the molecular weights of samples SRM 1483 and

1484 were adopted from the supplier. Prior to the GPC, intrinsic viscosities were measured

with an Ubbelohde viscosimeter in decalin at 135 °C, according to ISO 1628. Two samples

(Stamylan® UH 210 and GUR® 4012) with an intrinsic viscosity above 8 dl/g were not

measured by GPC because their molecular weights were beyond the calibration range of the
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GPC and the high viscosity of these polymer solutions would facilitate clogging of the

columns. The molecular weights of these two grades were calculated from the intrinsic

viscosities, cf. Chapter 5.2.2.

4.2.3 Thermal Analysis

Thermal analysis was performed with a Netzsch differential scanning calorimeter (DSC 200),

calibrated with indium. Samples of about 8 mg were heated to 200 °C at a rate of 10 °C/min.

Crystallinities were calculated from the melting endotherm in the DSC curves, adopting the

value of 293 J/g for 100 % crystalline PE.[21]

4.2.4 Preparation of Solution-Crystallized Films

Solution-crystallized films were prepared by adding predetermined amounts of polyethylene

powder and 0.2 wt% (based on the polymer) Irganox® B 215 FF to xylene. After degassing

under vacuum for 30 min, the mixtures were stirred for 5-7 min in an oil bath at 130 °C. To

achieve complete dissolution, the mixtures were heated for a total of 60 min under occasional

stirring. All solutions of polymer concentrations below 5 wt% were subsequently poured into

an aluminum tray and the solvent was evaporated at ambient conditions. To prevent very long

dissolution times, due to higher viscosities, all solutions of concentrations in excess of 5 wt%

of the polymer were prepared with an intermediate step. First, a solution with a concentration

of 4 wt% was produced as above. The solution was poured in an aluminum tray and the

xylene was evaporated at ambient conditions until the desired concentration was reached. The

resulting gel was reheated to 130 °C in a hot press (Carver, model MH) between two

aluminum sheets to re-dissolve the polymer and subsequently quenched to room temperature,

after which the residual solvent was evaporated at ambient conditions. Finally, all solution-

cast films were dried in a vacuum oven at 40 °C for 2 days.

In order to establish that the solution-crystallized films exhibited the desired, systematic

variation of the molecular weight between entanglements Me with the initial polymer volume

fraction 0', i.e. Memlut'°" = Memelt/(f>', their maximum draw ratios -<4iax were determined in tensile

tests carried out at 90 °C.[20] The latter quantity is predicted to linearly vary as:

2 solution n melt 11-1/2
/'/I 1 \

max max r V*• */
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Figure 4.1 displays a gratifying accord between the above relation and experimental data here

shown for Stamylan® UH 210, providing confidence that the experimental procedure

employed yielded UHMWPE samples with controlled entanglement spacings and densities.
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Figure4.1 Maximum draw ratios versus <fi'
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of melt-crystallized and solution crystallized samples of

Stamylan® UH 210.

For this purpose, samples of the solution-crystallized films were pressed in a Carver press

between two aluminum sheets at 100 °C and 5 tons for 15 min to eliminate residual porosity

resulting from the preparation procedure. The polymer sheets obtained were cut into samples

with a length of 26 mm and a width of 2 mm. Tensile tests were performed using an Instron

Tensile Tester (model 4464) equipped with a heating chamber. For all drawing experiments,

90 °C was selected as the drawing temperature to provide sufficient chain mobility[22"26] and

prevent disentanglement through chain slippage.[27] The gauge length was 10 mm and the

crosshead speed 20 mm/min, which corresponds to an initial strain rate of 2 min"1. The

maximum draw ratio was determined by measuring the displacement of ink marks placed 1

mm apart on the specimens prior to drawing. For each sample, at least 5 specimens were

analyzed.
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4.2.5 Micro-scale Abrasive Wear Measurements

Samples for the abrasive wear test were prepared in a cylindrical compression mold made of

steel with an inside diameter of 20 mm. A quantity of 0.2 g material was used to achieve a

typical sample thickness of 0.6 mm. All solution-crystallized samples were pressed at 100 °C

(i.e. well below the melting point to prevent re-entanglement of the macromolecules) in a

Carver press (model MH), 5 min without any pressure, followed by 10 min at 20 MPa. Melt-

crystallized samples were processed at 200 °C using the same pressures and times. After the

heating step, all samples were quenched to ambient temperature for 3 min with a pressure of

60 MPa using a water-cooled Carver press.

Abrasive wear measurements were carried out using a custom-modified micro-scale abrasive

wear tester (CSEM, Switzerland) according to the specifications and the method described by

Hutchings et al.[28] The machine was the same that was previously used by Visjager[29] and a

schematic drawing of the test apparatus can be found in Figure 1.2. In this device, a hard

sphere (1 inch tungsten carbide ball with a 400 nm surface finish, Atlas Ball & Bearing Co.

Ltd.), clamped between two coaxial driving shafts, rotated at a constant speed of 200 rpm.

The sample was placed against the ball with a normal force of 0.27 N using a pivoted L-

shaped arm, while an abrasive slurry (0.75 g SiC (F-1200 C5, Washington Mills Ltd,

England) per cm3 of distilled water) was dripping onto the ball at a feed rate of 0.4 cmVmin.

A normal force of 0.27 N was chosen, because Visjager showed linear behavior of the wear

volume per unit sliding distance up to a force of 0.3 N.[29] The size of the resulting crater was

measured with an optical microscope (Leica MS 5 stereo-microscope, magnification 25 x). In

all tests the total number of ball rotations was 12,000, which corresponds to a sliding distance

of 958 m. At least three measurements on three different specimens were conducted for each

sample.

4.3 Results and Discussion

The molecular weights, crystallinities and wear coefficient data of reference melt-crystallized

samples are summarized in Table 4.1. Here, 0 corresponds to the volume fraction of effective

polymer, i.e. molecules with a molecular weight above 5,000 g/mol andM„ to the corrected

number-average molecular weight,[7] see below.
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symbol sample Mw

[kg/mol]

Mn

[kg/mol]

<pMn'
[kg/mol]

crystallinity

[%]

wear coefficient,
*<*104 [mm3/Nm]

UHMWPE 210 2,412 333 334 50.9 2.79 ±0.10

• GUR® 4012 1,408 367 367 56.8 2.64 ±0.15

GHR® 8110 520 23 47 64.3 3.50 ±0.07

^ GUR® 2105 287 25 50 69.0 3.33 ±0.14

HDPE 8621 196 10 31 70.5 4.60 ±0.18

© SRM 1484 120 102 102 62.0 3.06 ±0.30

HDPE 7048 104 21 33 65.1 4.00 ±0.05

• SRM 1483 32 29 29 73.9 4.23 ±0.19

Table 4.1 Molecular weights, crystallinities and wear coefficients of melt-crystallized polyethylenes.

Data of the solution-crystallized samples of the grades Stamylan® UH 210, GUR® 4012,

GHR® 8110 and Stamylan® HDPE 8621 are listed in Table 4.2, which additionally includes

the volume content of the polymer in the solution-crystallization process, </>'.

symbol sample

[vol%] [kg/mol]

crystallinity

[%]

wear coefficient, k*104

[mm3/Nm]

UHMWPE 210 100.0 334.0 50.9 2.79 ±0.10

64.0 214.0 53.5 2.89 ±0.03

54.8 183.0 58.4 2.83 ±0.11

41.4 138.0 61.9 3.02 ±0.02

32.7 109.0 66.6 3.28 ±0.28

16.6 55.3 70.1 3.44 ±0.09

9.7 32.4 72.0 3.42 ±0.13

5.6 18.6 72.3 3.46 ±0.34

1.9 6.2 74.1 3.59 ±0.08

1.0 3.2 76.0 3.48 ±0.07

• GUR® 4012 100.0 367.0 56.8 2.64 ±0.15

2.8 10.3 80.7 3.58 ±0.18

GHR® 8110 100.0 47.0 64.3 3.50 ±0.07

22.3 10.5 76.8 3.99±0.11

4.7 2.2 76.9 4.03 ±0.30

HDPE 8621 100.0 31.0 70.5 4.60 ±0.18

37.7 11.3 76.0 5.07 ± 0.09

4.7 1.4 79.5 5.12 ±0.03

Table 4.2 Initial volume contents of polymer (<p\ see text), corrected M„, crystallinities and wear coefficients of

solution crystallized samples.
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4.3.1 Influence of Entanglement Density

For a broad spectrum of melt-processed polyethylenes, Tervoort et al.[7] have shown a relation

between the abrasive wear coefficient, k, and the number of effective physical crosslinks per

macromolecular chain, which is most convincingly illustrated in a plot of k vs. <pMn . Here,

<pMn corresponds to the corrected number-average molecular weight for a volume fraction of

effective polymer, <f>, see Section 1.4, and is proportional to the number of crosslinks per

chain. Values of <pMn of all melt-crystallized samples are listed in Table 4.1. Forthose grades

that were not analyzed with GPC, <pMn was calculated from the intrinsic viscosities, assuming

a log-normal molecular weight distribution. It can be seen that for polymers with a high

polydispersity, e.g. Stamylan® HDPE 8621, <pMn significantly differs from M„, and for

narrow distributed polymers, such as SRM 1484, the two values are almost identical.

Solution-crystallization (Table 4.2) introduces a second important factor that reduces the

effective number of entanglements per macromolecular chain.[20] The latter is readily

accounted for simply by multiplying (pMn of the melt-crystallized material by the initial

polymer volume fraction of the corresponding sample, </>', see Table 4.2.
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Figure 4 2 shows a plot of the wear coefficients k against (f>M„ of all present melt-

crystallized samples As can be seen, a strong correlation exists between the abrasive wear

characteristics of polyethylene and the corrected value oîM„, confirming the previous results

of Tervoort et al[7]

If the data obtained for solution-crystallized samples are added to that same plot, the unique

correlation between k and (now) </>'</>M„ is dramatically affected, see Figure 4 3
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an

Clearly, solution-crystallized samples of low initial polymer concentration of Stamylan® UH

210 (), GUR® 4012 (•), GHR® 8110 (A) and Stamylan® HDPE 8621 () did not follow

the trend as the melt-crystallized samples and revealed wear coefficients much lower than

expected from simply their number of effective physical crosslinks per chain For Stamylan®

UH 210 (), for example, although the wear coefficients at high initial polymer volume

fraction are in excellent accord with expectations, i e systematically increase with <p'<pM„ ,
at

concentrations of 20 vol% and below surprisingly reach essentially a constant value of about
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3.50-10"4 mm3/Nm. Remarkably, a sample made with a 1 vol% solution shows the same wear

resistance as a sample made from a 20 vol% solution, although the number of physical

crosslinks per chain is reduced by a factor of 20! The same trend was found for the other three

grades for which solution-crystallized samples were prepared, although the critical

concentration of the leveling off and the absolute value of k increased systematically with

reduced molecular weights.

The observation that the wear resistance of solution-crystallized samples derived from

relatively dilute solutions is independent from their number of physical crosslinks per

macromolecular chain appears to deviate from the results for melt-crystallized samples

determined in this study and in an earlier publication.[7] The origin of this discrepancy may be

found, perhaps, in the macroscopic deformation behavior of these materials; and more

specifically in their post-yield stress-strain characteristics. For this purpose, tensile

deformation tests were carried out at ambient conditions, as detailed in the Experimental

section. The results are treated and presented according to the model originally proposed by

Haward,[30] in which engineering stress-strain curves of a polymer without intrinsic strain

softening and neglecting the elastic regime are represented by:

(4.2)

where creng is the engineering stress, X the extension ratio, Gr the strain-hardening modulus

and o-y the yield stress. Typically, the strain-hardening modulus is measured in a deformation

mode that promotes homogeneous deformation at larges strains, such as uniaxial

compression. In this study, Gr was estimated for all Stamylan® UH 210 samples from

uniaxial tension experiments by plotting creng versus X-X'2, assuming homogeneous

deformation in the later stages of the tensile experiments (see Figure 4.4).

a~=h+G* [x-j?
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Figure 4.4 Engineering stress vs. X-X2 of all melt- and solution-crystallized Stamylan® UH 210 samples. Stress-

strain curves are recorded at ambient conditions with an initial strain rate of 1 min"1. The insert shows a

magnification of the small-strain region. cf>' indicates the initial polymer volume fraction, see text.

Recently, it has been advanced that, depending on the ratio between cry and Gr, three different

modes of deformation lead to macroscopic tensile failure of semi-crystalline polymers.[31] For

0 < o-ylGR < 3, the material deforms homogeneously up to a value of X where catastrophic

failure occurs. In the second region (3 < ctJGr < ~6), inhomogeneous deformation occurs and

a stable neck is formed upon deformation and, finally, for values of cryIGR > ~6, a stable neck

can not be formed since the maximum draw ratio is reached first. For these high values of

o-ylGR, large strain localization occurs at such a small scale that inhomogeneous deformation

and macroscopic brittle failure is observed. In Table 4.3, the values of cry, Gr, o-yIGR and the

corresponding wear coefficients of all Stamylan® UH 210 samples are listed. The melt-

crystallized, the 64 vol% and the 54.8 vol% samples, all exhibiting o-yIGR values below 3,

showed homogeneous or close to homogeneous deformation behavior without necking. The

specimens produced from the 41.4 and 32.7 vol% solutions (3 < o-ylGR < 7) deformed by

82



Abrasive Wear Properties of Solution-Crystallized Polyethylene

forming a stable neck prior to failure. Samples produced from lower concentrated solution-

crystallized films showed extremely brittle fracture behavior (see Figure 4.4), and their o-JGr

values could not be determined by tensile tests.

fi [vol%] o> [MPa] GR [MPa] <TylGR [-] wear coefficient,
*<*104 [mm3/Nm]

100.0 18.2 10.5 1.7 2.79 ±0.10

64.0 23.8 9.6 2.5 2.89 ±0.03

54.8 28.4 10.2 2.8 2.83 ±0.11

41.4 28.7 6.9 4.2 3.02 ±0.02

32.7 30.0 4.3 6.9 3.28 ±0.28

16.6 31.01} -2)
- 3.44 ±0.09

9.7 29.91} -2)
- 3.42 ±0.13

5.6 22.61} .2)
- 3.46 ±0.34

1.9 14.4 .2)
- 3.59 ±0.08

1.0 14.0 .2)
- 3.48 ±0.07

Table 4.3 Initial volume content of polymer (<p'), yield stress (cry), strain-hardening modulus (GR), cryIGR and

wear coefficients of Stamylan® UH 210 samples. 1}The indicated number corresponds to the stress at break

(brittle failure before yielding). 2)Strain-hardening modulus could not be determined by the tensile test.

Although the increasing crystallinity of samples crystallized from increasingly diluted

solutions leads to slightly enhanced yield stresses, the increase in cr/G« is predominantly

induced by a decrease in strain-hardening modulus, due to a lower chain entanglement

density.[31] As can be seen in Table 4.3, samples crystallized from 54.8, 41.4, 32.7 and 16.6

vol% solutions, exhibit nearly identical yield stress. However, their o-yIGR ratio increases,

leading to a change from homogeneous deformation behaviour (54.8 vol%) to unstable

necking, followed by brittle failure (16.6 vol%).

Gratifyingly, the above detailed change in the macroscopic deformation behavior coincides

with the remarkable change in abrasive wear resistance of the various Stamylan® UH 210

samples. Specimens exhibiting homogeneous deformation or stable necking (melt-crystallized

and solution-crystallized samples above 20 vol% polymer), exhibited wear coefficients that

correlate with their effective number of physical entanglements per chain, see Figure 4.3.

However, the wear coefficients of samples crystallized from solutions of concentrations

below 20 vol% polymer, all displaying brittle fracture, were independent of the number of

crosslinks per chain. Evidently, once the macroscopic ductile-brittle transition is reached by a
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continuous dilution of the polymer network, the brittle nature of materials produced below

this critical concentration dictates their abrasive wear resistance, and a further increase of the

wear coefficient due to lower entanglement density is not observed.

For polymers with molecular weights lower than Stamylan® UH 210, the ductile-brittle

transition of the solution-crystallized samples shifted to higher initial polymer concentrations.

The 22.3 vol% sample of GHR® 8110 showed brittle tensile failure and its wear coefficient

was at the plateau level (4.00-10"4 mm3/Nm). For Stamylan® HDPE 8621, even the sample

crystallized from a 37.7 vol% solution exhibited brittle fracture and a wear coefficient in the

plateau regime (5.10-10"4 mm3/Nm). The wear resistance of all brittle, solution-crystallized

samples, i.e. the value of the plateau regime, was found to systematically and strongly depend

on molecular weight, cf. Figure 4.3, the origin of which - at least for now - is not fully

understood.

4.3.2 Influence of Crystallinity

Crystallinity [%]

Figure 4.5 Wear coefficient vs. crystallinity of all melt-crystallized and solution crystallized polyethylene

samples. () Stamylan® UH 210, (•) GUR® 4012, (A) GHR® 8110, () Stamylan® HDPE 8621, (^) GUR®
2105, () Stamylan® HDPE 7048, (£) SRM 1484, (*) SRM 1483.
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As was already stated in the introduction, it has been suggested that the abrasive wear

resistance of polymers is related to their degree of crystallinity.[16' 17]
Figure 4.5 shows the

wear coefficients k as a function of the degree of crystallinity for all samples studied. Once

again,[7'29] it is evident that there is no unique, predictive and useful correlation between these

two characteristics, at least for polyethylene.

4.4 Conclusions

In this chapter, the macromolecular origin of the abrasive wear resistance of polyethylene was

revisited and expanded. The model of Tervoort et al.[7] correlated the wear resistance of melt-

crystallized samples with the effective number of physical crosslinks per macromolecular

chain. But, instead of examining only a broad range of melt-crystallized polyethylene grades

with different molecular weights and molecular weight distributions, the number of physical

crosslinks per chain was varied by producing solution-crystallized films of different initial

polymer concentrations.

All melt-crystallized samples displayed excellent correlation with (pMn ,
which is the number

average molecular weight corrected by the fraction of molecules that are too short to

contribute to the connectivity in the material, and is proportional to the number of effective

crosslinks per macromolecular chain. However, solution-crystallized polyethylenes may

exhibit wear coefficients independent of their entanglement density. Dried, solution-

crystallized films of low initial polymer concentrations, e.g. Stamylan® UH 210 with a

concentration of 1 vol%, showed considerably higher wear resistance than expected from their

number of effective physical crosslinks per chain. The wear resistance of these samples

appeared to be dictated by their macroscopic deformation behavior. Below a critical

concentration of polymer in the solution from which the samples were prepared (for

Stamylan® UH 210 -20 vol%), the material exhibited macroscopic brittle failure instead of

ductile deformation observed for the melt-crystallized and higher-concentrated solution-

crystallized polymer and the wear coefficients of these samples were found to exhibit a

constant value. This abrupt ductile-brittle transition is mainly dictated by the reduction of the

strain-hardening modulus due to lower entanglement density of the polymer network as

described earlier in more detail.[31] The critical initial polymer concentration at which the

ductile-brittle transition was observed as well as the plateau value of the wear coefficients of
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low-concentrated solution-crystallized samples was found to be molecular weight dependent.

Nonetheless, the model proposed by Tervoort et al.[7] was established to be applicable for

melt- and solution-crystallized polyethylene that exhibit ductile deformation behavior,

including homogeneous deformation or stable necking prior to failure, as is observed for all

industrially important melt-crystallized polyethylenes.

Finally, it was shown that the wear resistance of polyethylene is not associated with its

crystallinity.
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Ultra-High Wear Resistant, Melt-Processable

Polyethylene

5.1 Introduction

In the literature, a large variety of methods is described to improve the wear resistance of

polyethylene: crosslinking with radiation or peroxides,
[1"5]

optimizing processing

conditions,[6"10] introducing fibers or particles to form composites,[5'1M8] applying coatings[19"
21]

or implanting nitrogen ions.[22] Also the influence of different sterilization techniques on

the wear of acetabular hip cups has been evaluated.[23] However, all these attempts show

disadvantages, ranging from lower fracture toughness and crack propagation resistance to

higher undesirable particle release rates or more complex processing procedures. In a previous

study it was reported that it is possible to design linear polyethylene grades of molecular

weights and molecular weight distributions that show the same wear resistance as UHMWPE,

but simultaneously exhibit the excellent processing properties of high density polyethylene

(HDPE).[24] It was shown that for commercially relevant melt-processed polyethylenes, the

effective number of physical crosslinks per macromolecular chain is the principal factor that

determines the abrasive wear resistance. Both, entanglements in the amorphous parts of the

semi-crystalline material and crystallites, may as physical crosslinks; both are typified by very

similar characteristic length scales. When considering a single polymer chain of a certain

length (i.e. molecular weight), it can be easily understood that the smaller the crystallites (at

constant crystallinity), the higher is the number of physical crosslinks per chain and,

therewith, the connectivity through the material. It is well known that by introducing

comonomers like butène, hexene or octene into the polyethylene backbone, the lamellar

thickness, which is a measure of the crystal size, is significantly reduced,[25"28] which could in

turn beneficially impact their wear resistance. Remarkably, although many authors have

investigated the influence of comonomers or crystal size of polyethylene on physical and
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mechanical properties like melting point, crystallinity, yield stress, modulus and resistance to

strain,[25"34] the wear properties of ethylene copolymers are only slightly explored.

Hence, in this chapter, the wear resistance of a wide range of linear polyethylenes and

ethylene copolymers will be evaluated and compared. Samples with molecular weights

ranging from 14,000 to several million g/mol, polydispersities from about 1-25 and

comonomer contents from 0 to 11 % were selected for this study, offering the opportunity to

determine the ideal molecular architecture that combines both excellent wear performance and

convenient melt processing.

5.2 Experimental

5.2.1 Materials

For this project, 18 linear polyethylenes (further referred to as PE-1 to PE-18), some of them

commercially available, and 22 ethylene copolymers (LLDPE-1 to LLDPE-22), all especially

synthesized by different partners for this study and available only in small quantities, were

examined (see Appendix). 26 of the 40 grades were obtained from Ticona GmbH, Germany.

The remaining 14 grades were supplied by the following companies or institutions: PE-6, PE-

16 and PE-18 from DSM, The Netherlands; narrow-distributed standards PE-12 and PE-17

from National Institute of Standards and Technology (NIST), USA; LLDPE-4 to LLDPE-7,

LLDPE-10, LLDPE-11, LLDPE-14 and LLDPE-22 from the group of Geoffrey W. Coates at

Cornell University, USA; and LLDPE-2 from Mitsubishi Chemical Corp., Japan. Four of the

22 copolymers contained 0.9 - 10.8 mol% propene, five comprised 0.25 - 1.35 mol%

cyclopentene and the remaining 13 samples 0.2 - 3 mol% hexene. Figure 5.1 shows the

chemical structure of all polymer types examined in this work. A summary of all samples,

including the reference provided by the suppliers and selected properties, is presented in

Tables 5.6 and 5.7 in the Appendix.

90



Ultra-High Wear Resistant, Melt-Processable Polyethylene

polyethylene
18 samples

poly(ethylene-co-propylene)
comonomer: 0.9 - 10.8 mol%

4 samples

poly(ethylene-co-hexene)
comonomer: 0.2-3.0 mol%

13 samples

poly(ethylene-co-cyclopentene)
comonomer: 0.35 - 1.35 mol%

5 samples

Figure 5.1 Chemical structure of linear polyethylene, poly(ethylene-co-propylene), poly(ethylene-co-hexene)

andpoly(ethylene-co-cyclopentene).

5.2.2 Molecular Weight Determination

Determination of molecular weights of most samples was carried out by gel permeation

chromatography (GPC) at Basell Polyolefins GmbH, Frankfurt, Germany. Prior to GPC,

intrinsic viscosities were measured with an Ubbelohde viscosimeter in decalin at 135 °C,

according to ISO 1628. Four samples with an intrinsic viscosity above 8 dl/g were not

measured by GPC because their molecular weights were beyond the calibration range of the

GPC and the high viscosity of these polymer solutions resulted in clogging of the columns.

The GPC measurements were conducted according to DIN 55672 using a Waters 2000

instrument with the following specifications: column type: 3 x Shodex GPC UT-806M and

1 x Shodex GPC UT-807 with a Shodex GPC UT-G guard column; column temperature: 135

°C; mobile phase flow rate: 1 ml/min; solvent and mobile phase antioxidant: 1,2,4-

trichlorobenzene and 2,6-di-fert-butyl-4-methyl-phenol (250 ppm); detector: refractive index

(wavelength -3.5 /im). Standard polystyrene and polyethylene samples were used for

calibration.
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The molecular weights of the narrow-distributed standards PE-12 and PE-17 were not

measured with GPC; instead, the molecular weights indicated by the suppliers were adopted.

The molecular weights of all samples with intrinsic viscosities above 8 dl/g (PE-2, PE-6,

LLDPE-4 and LLDPE-5) were calculated from the intrinsic viscosities [77] using the Mark-

Houwink-Sakurada equation:

[v] = km; (5.1)

where Mv corresponds to the viscosity-average molecular weight, K = 62-10" dl/g and a =

0.7.[35] Mw values of the above 4 grades were subsequently determined using the linear fit of

Mv versus Mw of the 34 samples measured by GPC (cf. Figure 5.2); the corresponding M„

values were estimated using the polydispersities indicated by the suppliers.

1000

800-

o

E

600-

400-

200-

1000

Mw [kg/mol]

Figure 5.2 Mn vs. Mw of all samples measured by GPC, including linear fit.

It has to be noted that, instead of the above used equation, a number of other equations exist

(see ASTM D 4020), resulting in significantly different molecular weights for the same

intrinsic viscosity.
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5.2.3 NMR Measurements

To determine the comonomer content of the different copolymers, nuclear magnetic

resonance (NMR) measurements were performed. For this purpose, all samples were

dissolved in l,2-dichlorobenzene-ö?4 (Cambridge Isotope Laboratories, Inc.) for 2 hours at 150

°C. The concentration was chosen between 0.1 and 1 %, depending on the molecular weight

of each sample. *H NMR spectra were recorded at 130 °C on a Bruker UltraShield

spectrometer at a frequency of 300MHz. A 45° pulse of 5 /isec was applied with an

acquisition time of 2.65 sec and a recycle delay of 1 sec. For all spectra, 210 scans were

accumulated yielding a high signal to noise ratio and a total experimental time of 13 min. All

spectra were referenced to the first solvent peak at 6.935 ppm. Baseline correction and

integration of the detected peaks was performed with the XWINNMR software.

5.2.4 Thermal Analysis

Melting temperatures and crystallinities were measured with a Mettler Toledo DSC 822e

differential scanning calorimeter, calibrated with indium. Samples of about 3-5 mg were

heated from 25 to 200 °C at a rate of 10 °C/min. Crystallinities of the melt-processed wear

samples were calculated from the endothermic peak of the first heating, adopting the value of

293 J/g for 100 % crystalline polyethylene.[36]

5.2.5 Small-Angle X-ray Scattering

To determine the lamellar thickness of all samples, small-angle x-ray scattering (SAXS)

measurements were carried out at the Dutch-Belgium beamline (DUBBLE) at the European

Synchrotron Radiation Facility (ESRF) in Grenoble, France. SAXS profiles were obtained

with an area detector positioned at a distance of 5.5 m from the sample. A parallel ionization

detector was placed in front and behind the sample to record the incident and transmitted

intensity. Quenched, melt-crystallized samples (cf. Chapter 4.2.5) were measured at ambient

conditions for 120 s. The recorded experimental data were corrected for background

scattering, detector nonlinearity, sample thickness and transmittance. Background scattering

was subtracted from SAXS data and the q-axis was calibrated with dry rat tail collagen. The

long period, representing the combined length of the crystalline lamella and the amorphous

phase, was calculated from the first peak maximum of the Lorentz-corrected scattering

intensity. Thereupon, the crystalline lamellar thickness / was calculated by multiplying the

long period with the degree of crystallinity obtained from DSC measurements.
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5.2.6 Micro-scale Abrasive Wear Measurements

All wear samples were produced according to the procedure specified in Section 4.2.5. The

micro-scale abrasive wear measurements as well as the determination of the wear coefficients

are previously described[37'38] and presented in Chapter 6 in detail. For all samples, at least 3

measurements were performed.

5.3 Results and Discussion

The results of the GPC, *H NMR, thermal analysis and abrasive wear studies are listed in

Table 5.1 for the linear polyethylenes and in Table 5.2 for the ethylene copolymers.

5.3.1 Molecular Weights

As can be seen, most of the polyethylene grades examined were of medium-range molecular

weights, Mw between 100 and 500 kg/mol, and narrow molecular weight distributions, Mw/Mn

< 6. According to Tervoort et al., these grades are the most promising candidates for

exhibiting high resistance to abrasive wear and, simultaneously, facile melt-processability.[24]

Two ethylene copolymers (LLDPE-4 and LLDPE-5) showed remarkably high number-

average molecular weights, substantially exceeding that of the commercial-grade Stamylan®

UH210.
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sample intrinsic Mw Mn MJMn Nc3) [-] Tm [°C] crystallinity wear coeff., k*104

viscosity [dl/g] [kg/mol] [kg/mol] [%] [mm3/Nm]

PE-1 7.40 787 134 5.9 45 136.0 54.6 2.59

PE-21) 11.90 1,408 367 3.8 86 135.9 60.6 2.64

PE-3 5.83 519 93 5.6 32 135.1 57.7 2.70

PE-4 5.74 521 124 4.2 34 136.1 57.7 2.71

PE-5 7.15 655 160 4.1 41 135.2 57.0 2.78

PE-61) 17.37 2,412 333 7.2 82 135.3 56.4 2.79

PE-7 3.55 281 57 4.9 23 134.3 60.8 2.83

PE-8 5.65 480 113 4.3 33 135.1 58.4 2.83

PE-9 4.98 429 42 10.3 22 134.9 65.9 2.94

PE-10 5.44 489 107 4.6 32 135.1 58.4 2.94

PE-11 3.77 264 78 3.4 22 135.0 63.8 3.06

PE-122) n.a. 119 101 1.2 30 133.8 66.2 3.13

PE-13 3.51 287 25 11.3 16 134.3 72.9 3.33

PE-14 2.96 221 51 4.3 20 132.6 65.2 3.35

PE-15 5.44 520 23 22.9 16 132.6 69.2 3.50

PE-16 1.69 104 21 5.0 12 133.8 70.8 4.00

PE-172) n.a. 32 29 1.1 12 133.2 78.3 4.23

PE-18 2.94 196 10 20.1 10 133.4 74.0 4.60

Table 5.1 Intrinsic viscosities, molecular weights, Nc, thermal properties and wear coefficients of all linear polyethylenes. 1}The molecular weights of PE-2 and PE-6

were calculated from the intrinsic viscosities. 2)The molecular weights of the narrow-distributed standards PE-12 and PE-17 were adopted from the suppliers. 3)NC denotes

the effective number of physical crosslinks per macromolecular chain (see text).



sample intrinsic viscosity Mw Mn MJMn Nc3) [-] comonomer Tm [°C] crystallinity wear coeff., k*104

[dl/g] [kg/mol] [kg/mol] content4' [mol%] [%] [mm3/Nm]

LLDPE-1 1.70 101 36 2.8 22 3.0 (hex) 118.4 34.1 2.03

LLDPE-2 5.03 370 174 2.1 54 2.3 (prop) 127.2 45.7 2.14

LLDPE-3 8.01 773 137 5.7 53 1.15 (hex) 126.9 46.8 2.18

LLDPE-41} 31.40 5,608 2,504 2.2 821 0.35 (cp) 128.3 37.6 2.23

LLDPE-51) 17.51 2,440 1,094 2.2 465 0.6 (cp) 121.7 32.3 2.36

LLDPE-6 6.14 474 159 3.0 56 0.5 (cp) 127.7 44.5 2.60

LLDPE-7 4.55 405 150 2.7 84 1.35 (cp) 118.4 36.6 2.61

LLDPE-8 4.15 348 14 24.4 19 1.4 (hex) 121.9 46.3 2.64

LLDPE-9 2.62 161 59 2.7 26 1.0 (hex) 125.3 52.9 2.68

LLDPE-10 2.86 186 96 1.9 34 1.3 (prop) 129.3 60.2 2.82

LLDPE-11 2.87 211 84 2.5 29 0.5 (cp) 128.9 50.2 2.88

LLDPE-12 2.57 150 50 3.0 21 0.7 (hex) 127.6 56.3 2.91

LLDPE-13 3.64 285 40 7.1 19 0.4 (hex) 132.6 60.3 3.01

LLDPE-14 2.44 111 74 1.5 24 0.9 (prop) 130.2 63.4 3.01

LLDPE-15 3.71 288 83 3.5 27 0.2 (hex) 135.6 57.3 3.02

LLDPE-16 2.48 180 53 3.4 22 0.7 (hex) 133.3 54.6 3.06

LLDPE-17 4.56 315 57 5.5 21 0.2 (hex) 135.3 61.2 3.20

LLDPE-18 3.18 204 59 3.5 23 0.5 (hex) 128.7 60.8 3.24

LLDPE-19 3.15 297 34 8.7 19 0.4 (hex) 133.5 61.1 3.32

LLDPE-20 2.92 199 33 6.0 18 0.35 (hex) 133.6 60.4 3.46

LLDPE-21 2.71 193 63 3.1 20 0.25 (hex) 133.0 61.6 3.53

LLDPE-222) 5.78 514 132 3.9 72 10.8 (prop) 100.6 17.9 n.a.

Table 5.2 Intrinsic viscosities, molecular weights, Nc, comonomer contents, thermal properties and wear coefficients of all ethylene copolymers. ^The molecular weights
of LLDPE-4 and LLDPE-5 were calculated from the intrinsic viscosities. 2)The wear coefficient of LLDPE-22 could not be determined due to the high elasticity of the

material, see below. 3)NC denotes the effective number of physical crosslinks per macromolecular chain (see text).4)The expressions in brackets indicate the type of

comonomer, where (hex) is hexane, (prop) is propene and (cp) corresponds to cyclopentene.
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5.3.2 Chemical Composition

Figure 5.3 shows typical liquid-state *H NMR spectra of a linear polyethylene, poly(ethylene-

co-propylene, poly(ethylene-co-hexene) and poly(ethylene-co-cyclopentene).

polyethylene

poly(ethylene-co-propylene)

poly(ethylene-co-hexene)

poly(ethylene-co-cyclopentene)

1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9 0.8 ppm

1.8 1.7 16 15 14 13 1.2 1.1 1.0 09 0.8 ppm

1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1-0 0.9 0.8 ppm

1.8 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9 0.8 ppm

Figure 5.3 Typical lH NMR spectra of the samples used for this work. Polyethylene corresponds to PE-11,

poly(ethylene-co-propylene) to LLDPE-10, poly(ethylene-co-hexene) to LLDPE-1 and poly(ethylene-co-

cyclopentene) to LLDPE-7.

The spectrum of the linear polyethylene sample consisted mainly of a single peak at 1.31 ppm

corresponding to -(CH2)- groups of the polymer, accompanied by two minor spinning side¬

bands around 0.2 ppm apart caused by the rotation of the NMR tube. For poly(ethylene-co-
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propylene), an additional sharp doublet was detected at 0.9 ppm, and for poly(ethylene-co-

hexene) a triplet at the same position. These peaks correspond to the -CH3 groups of linear

alkanes of the comonomer side-groups. Compared to linear polyethylene, poly(ethylene-co-

cyclopentene) additionally showed two multiplets between 1.55 and 1.90 ppm due to the

-(CH2)- groups of the cyclopentane moiety. All measured peak positions and shapes fully

matched the expected values and the chemical shifts indicated in literature, see Table 5.3.

structure chemical shift [ppm] source

-CH3 of linear alkane 0.91 [39]

-(CH2)- of linear alkane 1.31 [39]

-(CH2)-of cyclopentane 1.46-2.00 [40]

Table 5.3 Chemical shifts of relevant peaks used for the analysis of :H NMR spectra of linear polyethylene and

ethylene copolymers.

The comonomer content was calculated by determining the ratio between the integrals of the

peak of the side-groups and the peak of the -(CH2)- groups within the polymer backbone. For

instance, for poly(ethylene-co-propylene), the following equation was applied:

%CC =
2— 2-100% (5.2)

-(CH)2- *-CH,

2 3

where I_CH corresponds to the integral of the peak assigned to the methyl group of the

propene unit and F(Ch) -

to the integral assigned to the hydrogen atoms of the linear

backbone. The comonomer contents of the hexene and cyclopentene copolymers are

calculated with the corresponding procedures. As can be seen in Table 5.2, all ethylene

copolymers exhibited comonomer contents between 0.2 and 3 mol%, except LLDPE-22 with

a noticeable 10.8 mol%.

5.3.3 Thermal Properties

The melting temperatures (Tm) and crystallinities, calculated from the endothermic peaks in

the DSC thermograms of the melt-processed wear samples, are listed in Tables 5.1 and 5.2.

All linear polyethylenes displayed Tm between 132 and 136°C, which is in agreement with
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generally observed melting temperatures of HDPE and UHMWPE.[41] The crystallinities of

these samples were found to be between 54 and 78 %, depending on their molecular weight.

Samples with M„ above 50 kg/mol showed crystallinities between 54 and 65 %, whereas the

crystallinity increased to 78 % with decreasing molecular weight.

As is well established,[27"30] the incorporation of comonomers into linear polyethylene reduced

both the melting temperatures and the crystallinities. The data presented in Figure 5.4 reveal

that the melting temperatures decreased from 135 °C to -120 °C and the crystallinities from

60 % to -35 % with increasing comonomer content. Also the type of comonomer affected the

thermal properties of ethylene copolymers. Propene, being the smallest side-group in the

polyethylene chain, had the least impact on both melting temperature and crystallinity,

whereas the addition of cyclopentene affected these properties to a significantly greater

extent. Hexene, the third type of comonomer employed, induced changes of the melting

temperature and crystallinity between the other two comonomers. The above noted effect of

the comonomer type is illustrated by the dashed vertical lines in Figure 5.4, which delineate

changes with comonomer type at approximately constant comonomer content.

0

Ü o^ o

1—1

<D 130-

3

ro

At
o

o

<D
o

Q.

E A o

B 120-

Ö) A
c

+j

<D

2

110-

1 2 3

Comonomer content [mol %]

0 12 3

Comonomer content [mol %]

Figure 5.4 Plots of melting temperature (left) and crystallinity (right) vs. comonomer content of poly(ethylene-

co-propylene) (), poly(ethylene-co-hexene) (O) and poly(ethylene-co-cyclopentene) (A) samples. The dashed

vertical straight lines delineate changes with comonomer type at constant comonomer content. Sample LLDPE-

22 with a comonomer content above 10 mol% is not displayed in these graphs.

It should be noted however, that besides comonomer content and type the molecular weight

also has an influence on both melting temperature and crystallinity, as shown above for linear

polyethylenes. Table 5.4 collects the properties of two groups of samples with similar

molecular weights and comonomer contents, but different comonomer types. Both Tm and
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crystallinity decreased in the order of linear polyethylene > poly(ethylene-co-propylene) >

poly(ethylene-co-hexene) > poly(ethylene-co-cyclopentene). Compared to linear

polyethylene, the influence on thermal properties of the presence of comonomer at contents

below 1 mol% was found to be significantly lower than above.

sample Mn comonomer content comonomer type Tm [°C] crystallinity

[kg/mol] [mol%] [%]

PE-14 51 - - 132.6 65.2

LLDPE-14 74 0.9 Propene 130.2 63.4

LLDPE-12 50 0.7 Hexene 127.6 56.3

LLDPE-11 84 0.5 Cyclopentene 128.9 50.2

PE-10 107 - . 135.1 58.4

LLDPE-10 96 1.3 Propene 129.3 60.2

LLDPE-3 137 1.15 Hexene 126.9 46.8

LLDPE-7 150 1.35 Cyclopentene 118.4 36.6

Table 5.4 Thermal properties of linear polyethylene and ethylene copolymers with similar molecular weights

(M„) and comonomer contents.

5.3.4 Small-Angle X-ray Scattering

Already more than 35 years ago it was demonstrated that incorporation of comonomers into

linear polyethylene leads to a reduction of the lamellar thickness of the crystalline material.[25'

26] This relation between lamellar thickness and comonomer content was also found for the

samples used for this study, see Figure 5.5. All linear polyethylenes exhibited a lamellar

thickness between 16 and 23 nm. Addition of already small amounts of comonomer led to a

substantial reduction of the crystal thickness.

Figure 5.6 shows the same data plotted on a logarithmic comonomer-content axis. This graph

clearly illustrates the different efficiencies of reduction of the different comonomers, as

already discussed in the section on the thermal properties. It can be seen that the influence of

the comonomers on the lamellar thickness of ethylene copolymers increased in the order

poly(ethylene-co-propene) < poly(ethylene-co-hexene) < poly(ethylene-co-cyclopentene).

The lowest reduction in lamellar thickness of all three examined comonomers was found for

the propene copolymers. This effect is attributed to the fact that the resulting methyl side

groups, in contrast to longer alkyl branches, to a substantial degree are included in the crystal

lattice.[42]

100



Ultra-High Wear Resistant, Melt-Processable Polyethylene

25-

20-

5-

É
fc

V) 15-

T

<n o
CD o

<r
:*. o
o eo
<r

i_
10- % a

CD

CD

E 9
ro

2 4 6 8

Comonomer content [mol%]

10 12

Figure 5.5 Lamellar thickness versus comonomer content of all samples used for this work: (A) = linear

polyethylene, (^) = poly(ethylene-co-propene), (O) = poly(ethylene-co-hexene), (©) = poly(ethylene-co-

cyclopentene).
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Figure 5.6 Logarithmic plot of the lamellar thickness versus comonomer content of all samples used for this

work: (A) = linear polyethylene, (^) = poly(ethylene-co-propene), (O) = poly(ethylene-co-hexene), (©) =

poly(ethylene-co-cyclopentene). The comparatively high scattering in the data of poly(ethylene-co-

cyclopentene) could be caused by the higher uncertainty of the comonomer content data due to the width and the

low intensity of the NMR peaks.
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The above values of the lamellar thicknesses / are listed in Table 5.5 together with the melting

temperatures of the corresponding samples. The correlation between melting temperature and

lamellar thickness is known as the so-called Thomson-Gibbs equation:[43]

ry rri 0

m m

lAhf
if J

(5.3)

T° corresponds to the equilibrium melting temperature, y is the lamellar surface free energy

and Ah'f is the enthalpy of fusion per unit volume.

sample Tm [°C] / [nm] sample Tm [°C] / [nm]

-1 136.0 17.7

-2 135.9 23.4

-3 135.1 17.9

-4 136.1 18.1

-5 135.2 18.8

-6 135.3 21.1

-7 134.3 16.7

-8 135.1 17.9

-9 134.9 19.5

-10 135.1 18.1

-11 135.0 20.8

-12 133.8 20.4

-13 134.3 21.3

-14 132.6 19.8

-15 132.6 18.4

-16 133.8 16.3

-17 133.2 17.5

-18 133.4 17.4

-1 118.4 4.8

-2 127.2 12.1

-3 126.9 10.0

-4 128.3 10.4

-5 121.7 6.9

-6 127.7 10.1

-7 118.4 6.4

-8 121.9 8.1

-9 125.3 9.9

-10 129.3 14.9

-11 128.9 11.7

-12 127.6 11.8

-13 132.6 15.5

-14 130.2 16.2

-15 135.6 15.7

-16 133.3 12.5

-17 135.3 17.3

-18 128.7 13.9

-19 133.5 15.5

-20 133.6 14.4

-21 133.0 15.4

-22 100.6 3.1

Table 5.5 Melting temperature Tm and lamellar thickness / of all examined samples.

According to Equation 5.3, a plot of Tm versus the reciprocal lamellar thickness yields a

straight line with the equilibrium melting temperature as the y-axis intersection point. Figure
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5.7 shows data obtained with all linear polyethylenes and ethylene copolymers used in this

work. The linear dependence of the melting temperature on the reciprocal lamellar thickness

is recovered. The equilibrium melting temperature T° extrapolated from the experimental

data was found to be 414.1 K, which is in remarkably good agreement with the value found

decades ago by Wunderlich and Czornyj (414.2 K).[43] The dashed line in Figure 5.7

represents the data published by these authors for solution- and melt-crystallized

polyethylenes. In contrast to the coinciding value of T°, it can be seen that the slopes of the

experimental (solid line) and the literature data (dashed line) are fairly different. The reason

for this discrepancy is attributed to the difference in the method of determination of the

melting temperatures of the examined materials: While all samples in this work were heated

with 10 °C/min in the DSC apparatus, the data used by Wunderlich and Czornyj were

collected by extrapolating DSC data, acquired with heating rates between 0.5 and 32 °C/min,

to a hypothetical heating rate of zero,[25] which yields lower melting temperatures.

420

0 00 0 05 0 10 0 15 0 20 0 25

1/Lamellar thickness [1/nm]

0 30 0 35

Figure 5.7 Melting temperatures of linear polyethylenes () and ethylene copolymers (O) as a function of

reciprocal lamellar thickness, as suggested by the Thomson-Gibbs equation. The solid line represents the linear

regression of the experimental data of this work and the dashed represents the correlation found by Wunderhch

and Czornyj.[43]
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5.3.5 Abrasive Wear Resistance

In the following discussion on the wear resistance of linear polyethylenes and ethylene

copolymers, sample LLDPE-22 is not included. Due to its extremely high propene-

comonomer content of 10.8 mol%, this sample exhibited a very low crystallinity (-18 %) and

predominantly elastic behavior. This led to a different wear mechanism and the wear craters

generated during the micro-scale abrasive wear measurements tended to deform from the

usual spherical shape causing accurate measurements to be virtually impossible. Figure 5.8

shows wear craters of LLDPE-22 (A) and exemplary LLDPE-1 (B) after 12,000 revolutions

on a micro-scale abrasive wear tester. LLDPE-22 exhibited a very small and highly deformed

wear crater, whereas the wear scar of LLDPE-1 with a comonomer content of 3 mol%

appeared spherical.

Figure 5.8 Wear crater of LLDPE-22 (A) and LLDPE-1 (B) generated by micro-scale abrasive wear

measurements. The width of one image corresponds to 3.3 mm.

As was discussed in Chapter 1, several studies suggested a correlation between the wear

resistance and the number-average molecular weight, M„, while others claimed a relationship

between the viscosity or weight-average molecular weight, Mw of the polymer. For the very

broad spectrum of polyethylene samples examined here, both M„ and Mw did not yield

satisfying, useful correlations, cf. Figure 5.9.
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Figure 5.9 Graphs of the abrasive wear coefficient k vs. M„ (left) and Mw (right). Symbols denote linear

polyethylenes (), copolymers with comonomer contents up to 1 mol% (3) and copolymers with comonomer

contents 1 mol% and higher (O) (samples listed in Tables 5.1, 5.2).

In a recent publication, Tervoort et al. advanced that notM„ orMw, but the effective number of

physical crosslinks per macromolecular chain, Nc, governs the abrasive wear behavior of

polyethylene.[24] It was argued by these authors that molecules that are too short to contribute

to the macromolecular connectivity within the material (for linear polyethylene molecules

with a molecular weight below approximately 5,000 g/mol) should be treated as "diluent" and

the value ofM„ corrected for a volume fraction of effective polymer, <f>, yielding (pMn (<x iVc).

This concept was verified by examining the resistance to abrasive wear of 20 different melt-

crystallized polyethylenes of a wide range of molecular weights (M„ 2 - 450 kg/mol, Mw 2 -

2,100 kg/mol) and polydispersities (MJMn from ~1 to 82). Indeed, a plot of the wear

coefficients versus the corrected number-average molecular weights, as described above,

yielded a unique correlation. Figure 5.10 presents the same plot, i.e. wear coefficients versus

<pMn ,
of the data obtained with the present samples. Again, an improved correlation was

found by linking k to <pMn instead ofM„ orMw (cf. Figure 5.9).
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Figure 5.10 Graph of the abrasive wear coefficient k versus cf>Mn*. Symbols refer to linear polyethylenes (),

copolymers with comonomer contents up to 1 mol% (3) and copolymers with comonomer contents 1 mol% and

higher (O).

Figure 5.11 shows a similar graph of the wear coefficients k of all present samples against Nc.

To calculate Nc, an effective physical crosslink was taken to be three crystal passes per chain,

taking into account the different crystallinities and lamellar thicknesses of the examined

samples. The calculated values of Nc are listed in Table 5.1 for all linear polyethylenes and in

Table 5.2 for all ethylene copolymers. The data presented in Figure 5.11 reveal that the same

correlation as in the cited work of Tervoort et al.[24] between wear resistance and effective

number of physical crosslinks per chain was found for all linear polyethylenes () and most

of the copolymers of low comonomer content (< 1 mol%, 3). The majority of these samples

exhibited high resistance to abrasive wear with wear coefficients below 3.5 mm3/Nm. For

comparison, a commercial-grade UHMWPE (PE-6, Stamylan® UH 210) exhibited a wear

coefficient of -2.8 mm3/Nm. Significantly lower wear coefficients were measured for

specimens with comonomer contents of 1 mol% and higher (O) and samples with very high

M„-values, which, however, are unattractive for melt processing. As a matter of fact, all

samples with comonomer contents exceeding 1 mol% exhibited lower wear coefficients than

the above mentioned commercial-grade UHMWPE.
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Figure 5.11 Graph of the abrasive wear coefficient k versus the effective number of physical crosslinks per

chain, Nc (see text). Symbols refer to linear polyethylenes (), copolymers with comonomer contents up to 1

mol% (3) and copolymers with comonomer contents 1 mol% and higher (O). The dashed line merely is a guide
to the eye.

Instead of correlating the wear coefficient to the effective number of physical crosslinks per

chain, it is, of course, also possible to choose the fraction of non-effective crosslinks per chain

as the relevant parameter. The latter fraction is inversely proportional to Nc and will be small

for high molecular weight polymers. Plotting \Ik against the fraction of non-effective

crosslinks per chain, to a good approximation yielded a straight line, see Figure 5.12. Also

here, the only samples conspicuously deviating from this correlation were the copolymers of

high comonomer content which exhibited very low wear coefficients. A plausible reason for

this phenomenon might be the higher force required for a copolymer chain to be pulled

through a crystal or an entangled network compared to a linear polyethylene chain.
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Figure 5.12 Graph of the reciprocal wear coefficient \Ik versus \INC. Symbols refer to linear polyethylenes (),

copolymers with comonomer contents up to 1 mol% (3) and copolymers with comonomer contents 1 mol% and

higher (O).

In conclusion, reduction of the crystal lamellar thickness by introduction of comonomer into

the ethylene chain yielded a higher connectivity within the polymer compared to linear

polyethylene, resulting in enhanced resistance to abrasive wear.

Regarding the melt-processability of various polyethylenes, their melt viscosity, which is

largely dictated by the weight-average molecular weight Mw, is the critical characteristic. In

Figure 5.13, the wear resistance of samples withMw above 50 kg/mol are plotted as circles in

a diagram with Mw on the logarithmic x-axis and the comonomer content on the y-axis. The

sizes of the circles are inversely proportional to the wear coefficient of the material on an

arbitrary, relative scale; i.e. the higher the wear resistance, the larger the circle. The

commercial-grade Stamylan® UH 210, as a benchmark for the wear resistance of ultra-high

molecular weight polyethylene, is specially marked (©). The graph clearly illustrates that

several materials exhibited higher resistance to abrasive wear than the commercial-grade

UHMWPE, most of them copolymers with a comonomer content above 0.5 mol%. The

highest wear resistance was observed for polymers of a comonomer content between 1 and 3
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mol%, which again demonstrates the importance of the incorporation of comonomers.

Although it should be noted that the melt viscosity of polyethylene depends on other factors

such as molecular weight distribution, branching content and temperature, generally

polyethylenes with Mw < 400 kg/mol are considered to exhibit zero-shear viscosities that

allow processing at modest shear rates,[24] indicated by the dashed line in Figure 5.13.

Interestingly, both samples with the highest abrasion resistance feature weight-average

molecular weights below 400 kg/mol; LLDPE-1, with the best wear performance, even ranks

among the materials of the lowest Mw-values.
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Figure 5.13 Wear resistance of all samples withMw > 50 kg/mol in dependence ofMw and comonomer content.

The size of the circles corresponds to the wear resistance (large circle is equivalent to high wear resistance) of

the material. The circle marked with a cross (©) denotes the commercial-grade UHMWPE Stamylan® UH 210.

The present results clearly show that the wear resistance of polyethylene can be reduced by

introducing relatively minor amounts of comonomer into the polymer chain. In fact, ethylene

copolymers with comonomer contents between 1 and 3 mol% and of modest molecular

weights even substantially exceed the wear resistance of commercial-grade UHMWPE.
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5.4 Conclusions and Outlook

In the present work, the resistance to abrasive wear of 18 linear polyethylenes and 22 ethylene

copolymers, predominantly non-commercial, experimental grades, was investigated. The

results conspicuously show that it is possible to combine ultra-high wear resistance with facile

melt processing by introducing minor amounts of propene, hexene or cyclopentene into the

polyethylene backbone. Several ethylene copolymers with weight-average molecular weights

below 400 kg/mol, allowing processing from the melt at modest shear rates, surpassed the

wear resistance of commercial-grade, essentially intractable UHMWPE. A few of the new

materials even exhibited a lower wear coefficient than completely defect-free UHMWPE

GUR® 4120, processed from solution cast films, with wear coefficients around 2.35 mm3/Nm,

see Chapter 2. From the examined variety of different linear polyethylenes and ethylene

copolymers, a molecular architecture for the most promising candidates, with respect to

superior mechanical properties and processability, can be formulated: generally, the

(co)polymer would exhibit Mw between 200 and 400 kg/mol and a polydispersity around or

below 2. As comonomer, propene and hexene would be preferred to cyclopentene, since the

latter led to a higher reduction of both melting temperature and crystallinity. Finally, the

comonomer content would ideally take a value between 1 and 2 mol%, as higher comonomer

contents led to softening of the material, observed for LLDPE-1 with a comonomer content of

3 mol%. The most attractive polymer for use in commercial applications among the present

set is LLDPE-2 (Mw « 370 kg/mol, polydispersity = 2.1 and comonomer content = 2.3 mol%),

but also LLDPE-9 and LLDPE-10 revealed promising thermal and mechanical properties.

The investigation of the present linear polyethylenes confirmed the results reported by

Tervoort et al., in which a correlation between the resistance to abrasive wear of polymers and

the effective number of physical crosslinks per macromolecular chain was proposed.[24] All

wear coefficients of the 18 linear polyethylenes examined in this work were in agreement

with the published proportionality relating the wear coefficient to the corrected number-

average molecular weight <pM„ . Additionally, it was shown that polyethylenes with Mw

around or below 500 kg/mol and low polydispersities (PE-3. PE-4, PE-7 and PE-8) have

similar or even superior abrasion resistance compared to the intractable UHMWPE studied in

this work (PE-6). Unfortunately, beside the standard reference materials with polydispersities

close to 1 (PE-12 and PE-17), linear polyethylenes exhibiting polydispersities below 3 were
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not available for this study, but would certainly be materials of interest with respect of their

wear resistance.

The vast majority of all polyethylene grades examined in this work displayed a high

resistance to abrasive wear. All ethylene copolymers and most of the linear polyethylenes

exhibited wear coefficients around or below 3.5 mm3/Nm. This is indeed remarkable, since

commercial-grade UHMWPE, which is reported to have the highest abrasion resistance of all

thermoplastic polymers,[44' 45] exhibited wear coefficients around 2.8 mm3/Nm (see also

Chapter 2). However, prior to widespread use of the polyethylenes that combine high abrasion

resistance with facile melt processing, other mechanical properties such as tensile properties,

impact strength and crack propagation resistance need to be determined. Unfortunately, this

was impossible within this work, since all ethylene copolymers and 13 of the 18 linear

polyethylenes were available in quantities of only 1-20 grams. Therefore, synthesis of

ethylene copolymers with the above mentioned characteristics in larger quantities would be

the next step towards the commercialization of ultra-high wear resistant, melt-processable

polyethylenes.
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5.6 Appendix: Supplier Information and Selected Properties of All

Polyethylene Samples Used
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sample supplier product name Mw Mn wear coefficient, k*10

[kg/mol] [kg/mol] [mm3/Nm]

PE-1 Ticona GmbH H08GM97 787 134 2.59

PE-2 Ticona GmbH GUR® 4012 1,408 367 2.64

PE-3 Ticona GmbH H06GM82 519 93 2.70

PE-4 Ticona GmbH H06GM93 521 124 2.71

PE-5 Ticona GmbH H07GM92 655 160 2.78

PE-6 DSM Stamylan® UH 210 2,412 333 2.79

PE-7 Ticona GmbH H03GM96 281 57 2.83

PE-8 Ticona GmbH H06GM81 480 113 2.83

PE-9 Ticona GmbH H05GM72 429 42 2.94

PE-10 Ticona GmbH H06GM47 489 107 2.94

PE-11 Ticona GmbH H03GM61 264 78 3.06

PE-12 MST SRM 1484 119 101 3.13

PE-13 Ticona GmbH GUR® 2105 287 25 3.33

PE-14 Ticona GmbH H03GM62 221 51 3.35

PE-15 Ticona GmbH GHR® 8110 520 23 3.50

PE-16 DSM Stamylan® HDPE 7048 104 21 4.00

PE-17 MST SRM 1483 32 29 4.23

PE-18 DSM Stamylan® HDPE 8621 196 10 4.60

Table 5.6 Supplier information, molecular weight and wear coefficient of all linear polyethylenes.



sample supplier product name comonomer comonomer Mw Mn wear coefficient, k* 10

content [mol%] type [kg/mol] [kg/mol] [mm3/Nm]

LLDPE-1 Ticona GmbH LLDPE 22 3.0 Hexene 101 36 2.03

LLDPE-2 Mitsubishi Chemical Corp. SH154T 2.3 Propene 370 174 2.14

LLDPE-3 Ticona GmbH C08GE154 1.15 Hexene 773 137 2.18

LLDPE-4 Cornell University RTM 3-68 0.35 Cyclopentene 5,608 2,504 2.23

LLDPE-5 Cornell University RTM3-71 0.6 Cyclopentene 2,440 1,094 2.36

LLDPE-6 Cornell University RTM 2-88 0.5 Cyclopentene 474 159 2.60

LLDPE-7 Cornell University RTM 2-87 1.35 Cyclopentene 405 150 2.61

LLDPE-8 Ticona GmbH LLDPE 23 1.4 Hexene 348 14 2.64

LLDPE-9 Ticona GmbH C03HM847 1.0 Hexene 161 59 2.68

LLDPE-10 Cornell University JMiR-1-122 1.3 Propene 186 96 2.82

LLDPE-11 Cornell University RTM 2-90 0.5 Cyclopentene 211 84 2.88

LLDPE-12 Ticona GmbH C03HM845 0.7 Hexene 150 50 2.91

LLDPE-13 Ticona GmbH CO4GMH190 0.4 Hexene 285 40 3.01

LLDPE-14 Cornell University JMiR-1-111 0.9 Propene 111 74 3.01

LLDPE-15 Ticona GmbH CO3HM220 0.2 Hexene 288 83 3.02

LLDPE-16 Ticona GmbH C03HM221 0.7 Hexene 180 53 3.06

LLDPE-17 Ticona GmbH C05GMH176 0.2 Hexene 315 57 3.20

LLDPE-18 Ticona GmbH C03HM846 0.5 Hexene 204 59 3.24

LLDPE-19 Ticona GmbH C04GMH189 0.4 Hexene 297 34 3.32

LLDPE-20 Ticona GmbH C03HM222 0.35 Hexene 199 33 3.46

LLDPE-21 Ticona GmbH C03HM219 0.25 Hexene 193 63 3.53

LLDPE-22 Cornell University JMiR-1-116 10.8 Propene 514 132 n.a.

Table 5.7 Supplier information, comonomer content and type, molecular weight and wear coefficient of all ethylene copolymers.





Advanced Micro-Scale Abrasive Wear Analysis

6 Advanced Mirco-Scale Abrasive Wear Analysis

6.1 Introduction

As reviewed in Chapter 1, in the past decades, several experimental methods have been used

to analyze wear properties of materials, a most critical characteristic that determines the

ultimate useful lifetime of objects that are subjected to intimate dynamic mechanical contact.

Laboratory investigations are usually carried out either to investigate the mechanisms by

which wear occurs, or to provide useful wear data.[1] Among the classical methods to

determine wear of materials are the pin-on-disc,[2"4] pin-on-plate,[5"7] ball-on-disc,[8'9] block-

on-ring,[10'11] pin-on-roll[12] and the sand-slurry test;[13] schematics of a selected few of them

are presented in Figure 1.1. The recently growing use of ultra-high molecular weight

polyethylene (UHMWPE) in dynamic friction applications in the human body, such as hip-

joint and knee implants, has led to the design of additional test methods simulating the in-vivo

behavior of the implanted parts, such as hip joint simulators[2'3'5' 15"17] and knee simulators.[18"

20]

In 1996, Hutchings and co-workers first introduced the micro-scale abrasive wear test[21' 22]

(also known as the ball-cratering test) as a method to determine the abrasive wear properties

of materials. In this method, a test sample is placed against a rotating ball while wetted with

an abrasive slurry, see Figure 1.2. The size of the resulting wear crater is measured by optical

microscopy and a wear coefficient can be calculated therefrom. Compared to the above

mentioned test methods, the micro-scale abrasive wear test has three main advantages. First,

only a small test sample is needed. Second, the reproducibility of the determination of the

wear coefficients is high. In contrast to all other wear test methods, which estimate the

abraded wear volume by weight loss, the wear volume in this method is determined optically,

leading to a higher accuracy in the measurement. And third, three-body wear, predominant in
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most practical applications,[23] is the main acting wear mode, provided that all measuring

parameters, such as applied load, rotational speed, ball material and surface roughness, slurry

concentration and feed rate, are chosen correctly.[23'24]

Due to the above advantages, the micro-scale abrasive wear test has attracted considerable

attention in the past ten years and is used to examine the wear properties of a variety of

materials: polymers,[23' 25"27] metals and metal glasses,[23' 28"30] coatings,[31"34] hardmetals,[35'36]

composites[37'38] and inorganic glasses.[39'40] In this section, an improved micro-scale abrasive

wear apparatus is introduced. The new equipment is based on the original device developed

by Hutchings et al.,[41] but features novel options, such as on-line wear and friction-force

measurements.

6.2 The First Micro-Scale Abrasive Wear Apparatus

6.2.1 General Specifications

Figure 6.1 First-generation micro-scale abrasive wear apparatus (left) with detailed side view of the ball-sample
contact area. The numbers refer to the following: 1) slurry feed tube, 2) dead weight, 3) sample holder with

specimen, 4) end of the slurry feed tube.
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The first micro-scale abrasive wear apparatus that was used was bought from CSEM (Centre

Suisse d'Electronique et de Microtechnique SA), Switzerland. After a minor in-house re¬

design, the equipment produced satisfying results and was employed for several years without

significant problems. Photographs of that apparatus with a detailed side view of the ball-

sample contact area are shown in Figure 6.1.

6.2.2 General Test Procedure

As is true for most other wear testing methods, also the micro-scale abrasive wear test

involves many different testing parameters, such as applied load, rotational speed, ball

material and surface roughness, slurry concentration and feed rate, to name only a few. To

induce the desired three-body rolling wear mechanism, all variables have to be carefully

adjusted. Several studies have reported the influence of different test conditions on the wear

properties and the scar formation during the micro-scale abrasive wear test.[22'24' 39"43] It is

now widely accepted that only a rolling abrasive-particle motion leads to wear rates and

coefficients that are relatively insensitive to test conditions. Grooving motion or two-body

wear, that occur when one or more of the mentioned testing parameters is misadjusted, results

in wear rates which vary much more with operating conditions. Hence, for reproducible test

results, rolling abrasion has been suggested to be the appropriate wear mode.

With our test method, with which mainly different polyethylene grades were investigated, the

following test procedure produced the most reliable results:[44] a one inch diameter tungsten

carbide ball with a 400 nm surface finish (Atlas Ball & Bearing Co. Ltd.) is clamped between

two coaxial driving shafts and rotated at a constant speed of 200 rpm. An abrasive slurry,

consisting of 100 g distilled water and 75 g SiC (F-1200 C5, Washington Mills Ltd, England,

see Figure 6.2), is dripped onto the ball at a feed rate of 0.4 cmVmin. The sample is placed

against the ball with a normal force of 0.27 N.

Prior to the actual measurements, each new tungsten carbide (WC) ball was rolled in for

50,000 revolutions, because it was reported that reproducible results are obtained only with

such "pre-conditioned" balls.[24] Figure 6.3 shows a scanning electron microscopy (SEM)

picture of the surface of a new, unused ball (left) and a ball that is rolled in for 50,000

revolutions (right). It can be clearly seen that the unused ball shows a pressed surface

structure and manufacturing marks, whereas the pre-conditioned ball reveals the

homogeneous, grainy structure of the WC particles, which remained unchanged for the
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duration of about 12 measurements. In all tests, the total amount of ball rotations is 12,000,

which corresponds to a sliding distance of 958 m.

Figure 6.2 Scanning electron microscopy image of the SiC powder used for abrasion tests (F-1200 C5,

Washington Mills Ltd, England).

Figure 6.3 SEM micrographs of a new, unused WC ball (left) and a ball that was rolled in for 50,000
revolutions (right).

Determination of the resistance against wear is conducted according to Hutchings et al. J

After 3,000, 6,000, 9,000 and 12,000 revolutions, an image is taken with an optical, reflected-

light microscope and the diameter d of the resulting wear crater measured with a graphic
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software package (Micrografx Designer 9.0). The resulting wear volume, V, is calculated

according to:

V = nh

3Z)_
2K~2~") (6.1)

where D is the diameter of the rotating ball and h is the depth of the resulting crater which is

determined according to:

D \(D^ IM|

2
"" ~ '

For all craters, a spherical shape was observed which consisted of a spherical center

surrounded by a scuffed annular region. This is taken into account by adopting the empirical

correction factor for the crater diameter d according to Trezona et al. :[23]

(d'-0.U01mm) (6.3)
d =

± '- for 0.5 mm < d < 2.193mm
0.9358

d = d' ford> 2.193 mm

The abrasive wear volume of homogeneous materials is expected to be proportional to the

sliding distance S and the applied normal force N

V = tdSN (6.4)

This relation defines the wear coefficient k, which can be easily determined by plotting the

wear volume V against the sliding distance S times the normal force N. Figure 6.4 shows a

typical wear diagram with related micrographs of the wear craters. The wear coefficient

corresponds to the slope of the dashed line, here k = 2.50-10"4 mm3/Nm. The wear coefficients

show a high reproducibility with standard deviations typically < 5 %.
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Figure 6.4 Typical wear diagram of a polyethylene grade with corresponding micrographs of wear craters after

3,000, 6,000, 9,000 and 12,000 revolutions. The width of the micrographs corresponds to 3.3 mm.

6.3 The New Micro-Scale Abrasive Wear Apparatus

Although the previous wear apparatus produced reliable results, a number of issues showed

potential for improvement. The most promising, but at the same time most challenging, idea

was to directly and continuously measure the size of the wear crater by its depth instead of its

diameter. This would provide the opportunity to perform a wear test without interrupting for

taking pictures of the wear craters and, if connected to a computer, conducting a wear test on¬

line.

The new micro-scale abrasive wear apparatus was built according to our specifications by

Brago AG, Waldkirch, Switzerland, and, subsequently, improved by M. Kupfer of the

mechanical workshop of the Chemistry Department at ETH Hönggerberg. The main testing

principle, i.e. placing a sample against a rotating ball and applying the force by a dead weight,
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remained the same as in the previously described apparatus, cf. to Figure 1.2. However, a

number of improvements were made and novel monitoring and measuring devices were

introduced, which will be discussed below.

Figure 6.5 shows schematics of the most important improvements and Figure 6.6 photographs

of the new micro-scale abrasive wear apparatus.

Vertical force

sensor

Displacement

measuring system

Movable slide

/

Turning knob

/ f

o
/

Motor with

air-cushion spindle

Figure 6.5 Schematics of the principal improvements of the new micro-scale abrasive wear apparatus. The front

view (left) shows the eddy current displacement measuring system, the movable slide for the sample holder and

the vertical force sensor. On the side view (right), the turning knob for ball replacement and the motor with air-

cushion spindle are sketched.

Concerning the controls and drive mechanism, the following changes were made compared to

the previous wear testing apparatus:

• The entire system is operated electronically by a touch screen. Ball-rotating speed,

number of rotations, automatic or manual modus and resetting of all measured

parameters are just a few operations that can be controlled with the touch-screen.

• Instead of a pivoted axis that is driven by a belt, the new equipment comprises a motor

that contains an air-cushion spindle.

• The mechanism to replace used balls has been changed to a user-friendly turning

knob.
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Figure 6.6 General front view (left) and detailed view (right) of the new micro-scale abrasive wear apparatus.
The numbers refer to the following: 1) touch-screen operating panel, 2) air filtering and pressure control unit, 3)

sample holder with sample, 4) turning knob for ball replacement, 5) slurry feed tube, 6) movable slide for sample
holder, 7) vertical-force sensor, 8) rotational-speed sensor, 9) eddy current displacement measuring system.

The general test procedure, which is described in Section 6.2, remains unchanged for the new

wear apparatus. All parameters like ball rotation speed, slurry concentration, applied load, etc.

remain the same. In the following, the most important modifications of the new wear testing

equipment compared to the previous one will be described below.

1. Movable slidefor sample holder

In the previous wear apparatus, the sample was placed on a pivoted L-shaped arm, see Figure

6.1. Thus, thicker samples lead to slightly higher applied forces due to the increasing angle

between plumb line and sample holder. In contrast, the new wear apparatus is designed with a

movable sample mounting system, which accounts for different sample thicknesses. By

turning the adjusting knob, the slide onto which the sample holder is mounted can be moved.

If positioned correctly, the applied force is perpendicular to the plumb line for all sample

thicknesses up to about 10 mm.
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2. Eddy current displacement measuring system

The depth of a developing wear crater is measured by a contactless measuring system with a

dynamic resolution of 1 /im (multiNCDT 100, Micro-Epsilon AG, Switzerland[45]). The

sensor measures the displacement of the sample holder, which increases with test duration,

relative to a zero position. The displacement measuring system can also be moved by a

turning knob to account for different sample thicknesses and to position it correctly relative to

the sample holder.

3. Turning knobfor ball replacement

Since the rotating ball has to be exchanged after a few measurements, an easy replacement

mechanism is introduced. The turning knob proved to be a fast and user-friendly solution,

which can simultaneously be employed to adjust the correct force on the ball.

4. Motor with air-cushion spindle

When using a micro-scale abrasive wear apparatus, it is critical to rotate the ball with a

minimum of disturbing vibrations. The first-generation wear apparatus, which was designed

with a pivoted axis driven by a belt, showed a modestly high ball rotation precision. The left

image of Figure 6.7 shows a photograph with an exposure time of 30 seconds of a distance

test indicator that is in contact with the rotating ball ofthat equipment. On the magnified inset

on the left, a maximum torsional vibration of 18 /im can be identified.

The new wear test apparatus was built with a high precision air-cushion spindle. Although the

ball is mounted directly on the motor axis, the torsional vibrations are much lower than in the

previous equipment. The right image of Figure 6.7 shows a photograph, also with an exposure

time of 30 seconds, of the distance test indicator touching the rotating ball of the new

apparatus. Within the accuracy of the measurement, no vibrations can be detected.
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Figure 6.7 Photographs of a distance test indicator in direct contact with the rotating ball of the previous wear

test equipment (left) and the new apparatus (right). Exposure time is 30 seconds.

If wear coefficients obtained with the new and the previous test equipment (both optically

determined) are compared, a systematic difference in the values obtained is found. With the

same experimental conditions, the first-generation apparatus consistently yielded larger wear

craters and, consequently, higher values of k than the new machine (see Table 6.1 below). The

above described torsional vibrations of the previous apparatus are likely to be the origin of

this discrepancy.

5. On-line wear measurement device

With the first-generation wear apparatus, the wear volume of a tested sample was calculated

from the diameter of the developing wear crater. In order to generate data to calculate the

wear coefficient, the test has to be interrupted and the sample removed each time to optically

determine the crater diameter (see Figure 6.4). With the new wear apparatus, this cumbersome

procedure is eliminated. By connecting the eddy current displacement measuring system to a

computer with, for instance, LabView acquisition software, the depth of the crater can

immediately be converted into the wear volume, and the "wear diagram" can be displayed on

the screen during the measurement. Figure 6.8 shows a Screenshot taken during a running

wear experiment with the sliding distance x normal force on the x-axis and the wear volume

on the y-axis. Although the air-cushion spindle shows no torsional vibrations and the

contactless displacement measuring system has a high accuracy, a completely straight line can
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not be expected due to the variation in size of the SiC particles in the slurry, which show an

average particle diameter of 4 - 5 /im. However, the linear development of the wear volume,

as suggested by Hutchings[22] and reliably measured on the previous wear apparatus (Figure

6.4), is evident even during more than 100,000 revolutions.

»'Siaph PHO 1|
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Figure 6.8 Screenshot of a wear measurement of an UHMWPE sample with the new wear apparatus.

To demonstrate the efficiency of the on-line wear measurement and to evaluate the

comparability of the optical off-line and on-line wear coefficient determination, two standard

polyethylene grades were examined. First, 11 measurements with a commercial high-density

polyethylene (HDPE, Mw =104 kg/mol, M„ = 21 kg/mol) were performed with the new

apparatus. The crater depths were evaluated optically and on-line for each analysis. As can be

seen in Table 6.1 A, the average crater depths of the off-line optical and the on-line

evaluations are significantly different. Consequently, also the wear coefficients show a

significant difference. In general, the optically determined crater depths are larger than the

crater depths determined on-line with the eddy current displacement measuring system. The

same trend is detected for a commercial ultra-high molecular weight polyethylene (UHMWPE

GUR® 4120), see Table 6.1 B. For both polyethylene grades, the standard deviation of

optically determined data is smaller than on-line measured values. This was to be expected

because in the optical determination of the wear crater, the diameter with a size around 2 mm

is the critical dimension, instead of the depth around 30 /im, which is directly measured on¬

line.
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A
crater depth

optical |//m]

crater depth
on-line |//m]

wear coefficient optical
[mm3/Nm]

wear coefficient on-line

[mm3/Nm]

#1 44.5 35.1 2.87 1.89

#2 46.1 36.8 3.09 2.10

#3 47.3 42.1 3.27 2.71

#4 46.1 36.6 3.09 2.08

#5 46.3 37.7 3.13 2.15

#6 47.7 38.7 3.32 2.33

#7 46.5 36.2 3.15 2.01

#8 47.8 37.1 3.34 2.14

#9 47.2 37.4 3.25 2.14

#10 45.8 35.3 3.05 1.90

#11 47.6 41.8 3.30 2.64

average 46.6 37.7 3.17
*}

2.19

st. dev. 1.0 2.3 0.14 0.27

B

#i 32.0 24.5 1.42 0.94

#2 34.8 36.1 1.70 1.98

#3 34.0 29.3 1.61 1.29

#4 33.3 27.8 1.54 1.18

#5 34.2 27.9 1.64 1.17

#6 33.2 27.5 1.53 1.11

#7 34.9 30.9 1.71 1.46

#8 35.3 38.7 1.75 2.33

#9 35.1 28.1 1.74 1.24

#10 35.0 29.1 1.72 1.24

#11 34.8 27.0 1.70 1.09

average 34.24 29.72 1.64
*}

1.37

st. dev. 1.03 4.15 0.11 0.42

Table 6.1 Comparison of crater depths and wear coefficients of commercial HDPE (A) and UHMWPE (B)
measured optically and on-line, respectively. *}N.B. These average values of the wear coefficients are

substantially lower than the ones determined with the first apparatus, which, as noted above, we attribute to the

significant vibrations of the rotating ball in the latter, resulting in a "hammering motion".

The origin of the discrepancy between depths of optically and on-line measured craters was

investigated with profilometry. The actual depth and the spherical shape of craters were

determined with a profllometer (Tencor Instruments). Figure 6.9 shows profllometric scans of

wear craters in HDPE and UHMWPE samples and, in addition, calculated plots of perfect

sphere segments with the same diameter. For both samples, the track of the actual crater

shows a deviation from a perfect sphere, yielding an overestimation of the depth in both cases.

This means that the craters in reality are slightly smaller than optically measured, or - in other

words - the diameters determined from the microscopic pictures of the craters are too large.
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As a consequence, the optically measured crater depths and the corresponding wear

coefficients listed in Table 6.1 are overestimated.

urn

O

-10

-20

)..

A

~.$o i

-40

//

irfif
"

-3D

—40 i

\
>,

...••'/

2SÖÖ 'T^ßö'"

Figure 6.9 Profiles of wear craters of HDPE (left) and UHMWPE (right). The black dotted line represents the

measured profile, the red line a perfect sphere segment of the same diameter.

Table 6.2 shows crater depth measurements of the previously mentioned HDPE and

UHMWPE samples determined by the three different methods employed.

crater depth ^gap^ crater depth ^gap^ crater depth on¬

optical |//m] profilometer [//m] line |//m |

HDPE #1 49.8 5.5 44.3 5.8 38.5

HDPE #2 48.3 3.9 44.4 6.0 38.4

HDPE #3 47.8 4.8 43.0 4.0 39.0

average 48.6 4.7 43.9 5.3 38.6

UHMWPE #1 39.0 4.7 34.3 3.5 30.8

UHMWPE #2 38.7 4.8 33.9 4.2 29.7

UHMWPE #3 38.1 2.7 35.4 3.0 32.4

average 38.6 4.1 34.5 3.6 30.9

Table 6.2 Crater depths of HDPE and UHMWPE measured optically, on-line and with a profilometer. Also

included are the deviations of the optical and on-line depths to the profilometer depth.

Interestingly, for both samples the actual crater depth measured by profilometry lies between

the other two values. The underestimation of the actual wear crater by the on-line

measurements is most likely due to the presence of the SiC particles. As can be seen from

Table 6.2, the average difference between the on-line measured depth and the profilometry

depth is around 4-5 /im, which is exactly the average particle size of the SiC particles used

in the abrasive slurry. This fact strongly supports the hypothesis that, during a running

experiment, one single layer of SiC particles is entrained between sample and rotating ball,
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and the discrepancy between actual crater depth and on-line determined depth can be

eliminated by setting the displacement measuring device to zero only after the sample has

been "wetted" with that single layer. Despite the above mentioned deviations, the on-line

measurement remains an interesting technology that merits further development.

6. Vertical-force sensor

As a completely new feature, a vertical-force sensor based on the vibrating string technology

(M6 U/9800, PESA AG, Switzerland[46]) is installed in the new wear apparatus. After placing

the sample holder on the movable slide and resetting the force sensor, it is possible to measure

vertical forces (perpendicular to the rotating axis) up to 6 N with an accuracy of 0.001 N. This

force corresponds to the friction force between the ball and the sample. In addition to

measuring the friction force during a normal abrasive wear experiment, the new wear

apparatus can also be employed as a device to determine sliding (also known as dynamic)

friction coefficients, provided, of course, that addition of the abrasive slurry is suspended. By

varying the material of the ball and/or the sample, the friction coefficient, defined as the ratio

between normal and friction force, of any material pair can be determined. For illustrative

purposes, a few material combinations were examined; the results are presented in Table 6.3.

ball material sample material sliding friction coefficient literature data[47 48]

WC PTFE 0.17 -

WC UHMWPE 0.22 -

WC silicon rubber 0.87 -1

WC steel 0.39 0.4-0.6

WC glass 0.56 -

steel PTFE 0.20 -0.1

steel UHMWPE 0.37 0.2-0.5

steel silicon rubber 0.82 -1

steel steel 0.74 0.6-0.8

steel glass 0.78 -

nylon PTFE 0.21 -

nylon UHMWPE 0.27 0.15-0.25

nylon silicon rubber 0.80 -1

nylon steel 0.35 -0.3

nylon glass 0.26 -

Table 6.3 Sliding friction coefficients of various material pairs determined with the new micro-scale abrasive

wear apparatus.
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The applied normal load was 1 N and the rotational speed 100 rpm (0.13 m/s) in all tests.

Balls of one inch diameter of the above mentioned tungsten carbide (WC), polished steel and

nylon were used. They were rolled against polytetrafluoroethylene (PTFE), ultra-high

molecular weight polyethylene (UHMWPE), silicon rubber, mild steel and inorganic glass.

The obtained data were found to be in genereal agreement with literature values.[47'48]

In addition to the above "dry" friction experiments, the new apparatus can be used also to

conduct lubricated friction tests. Fluids that can be fed by the tubing pump, e.g. water, mineral

oils, synovial fluid, etc., can be used as lubricating agent. As an illustration, some of the

above described "dry" experiments were repeated with deionized water as lubricating agent.

The measured coefficients of friction are listed in Table 6.4. Not surprisingly, compared to the

"dry" experiments, all material combinations exhibited lower friction coefficients.

ball material sample material sliding friction coefficient

WC silicon rubber 0.01

WC steel 0.37

steel UHMWPE 0.11

steel glass 0.53

nylon PTFE 0.14

Table 6.4 Sliding friction coefficients (water lubricated) of various material pairs determined with the new

micro-scale abrasive wear apparatus.

6.4 Conclusions

In the present chapter, a new micro-scale abrasive wear apparatus has been presented and

evaluated. The most distinct improvements compared to the previous wear apparatus are the

on-line wear measurement system and the vertical force sensor. It was shown that with an

eddy current displacement measuring system it is possible to measure the wear volume on¬

line. Unfortunately, a systematic deviation was observed in the values of the crater depths

determined by profilometry, as is also true for the previously used optical evaluation.

However, since wear rates are not intrinsic material characteristics and, thus, are determined

on a relative scale, the new on-line test system can nonetheless be reliably used to investigate

the abrasive wear properties of materials. The vertical force sensor was successfully employed

to measure friction coefficients of various material combinations.

133



Advanced Micro-Scale Abrasive Wear Analysis

6.5 References

[I] I. M. Hutchings, Tribology, Arnold, 1992

[2] J. R. Cooper, D. Dowson, J. Fisher, Wear, 1991, 151(2), 391

[3] C. Allen, A. Bloyce, T. Bell, Tribology International, 1996, 29(6), 527

[4] A. A. Besong, J. L. Hailey, E. Ingham, M. Stone, B. M. Wroblewski, J. Fisher,

BiomedicalMaterials andEngineering, 1997, 7(1), 59

[5] B. Derbyshire, J. Fisher, D. Dowson, C. Hardaker, K. Brummitt, Medical Engineering

& Physics, 1994, 16(3), 229

[6] A. Wang, V. K. Polineni, A. Essner, M. Sokol, D. C. Sun, C. Stark, J. H. Dumbleton,

Journal of Testing andEvaluation, 1997, 25(2), 239

[7] M. M. Endo, P. S. M. Barbour, D. C. Barton, B. M. Wroblewski, J. Fisher, J. L. Tipper,

E. Ingham, M. H. Stone, BiomedicalMaterials and Engineering, 1999, 9(2), 113

[8] F. Lampe, M. Grischke, M. A. Wimmer, R. Nassutt, C. P. Klages, E. Hille, E.

Schneider, Biomedizinische Technik, 1998, 43(3), 58

[9] Y. S. Zoo, J. W. An, D. P. Lim, D. S. Lim, Tribology Letters, 2004, 16(4), 305

[10] L. C. Seabra, A. M. Baptista, Wear, 2002, 253(3-4), 394

[II] J. Tong, Y. H. Ma, M. Jiang, Wear, 2003, 255, 734

[12] J. M. Hofste, H. H. G. Smit, A. J. Pennings, Polymer Bulletin, 1996, 37(3), 385

[13] H. Hohn, W. Materne, Kunststoffe, 1992, 82(5), 391

[14] J. Berzen, CZ-Chemie-Technik, 1974, 3, 129

[15] V. O. Saikko, P. O. Paavolainen, P. Slatis, Acta Orthopaedica Scandicavica, 1993,

64(4), 391

[16] B. M. Wroblewski, P. D. Siney, D. Dowson, S. N. Collins, Journal ofBone and Joint

Surgery - British Volume, 1996, 78B(2), 280

134



Advanced Micro-Scale Abrasive Wear Analysis

[17] A. Wang, A. Essner, C. Stark, J. H. Dumbleton, Biomaterials, 1996, 17(9), 865

[18] S. E. White, L. A. Whiteside, D. S. McCarthy, M. Anthony, R. A. Poggie, Clinical

Orthopaedics andRelatedResearch, 1994, 309, 176

[19] I. C. Burgess, M. Kolar, J. L. Cunningham, A. Unsworth, Proceedings of the Institution

ofMechanical Engineers Part H - Journal ofEngineering in Medicine, 1997, 211(1),

37

[20] J. H. Currier, J. L. Duda, D. K. Sperling, J. P. Collier, B. H. Currier, F. E. Kennedy,

Proceedings of the Institution of Mechanical Engineers Part H - Journal of

Engineering in Medicine, 1998, 212(H4), 293

[21] K. L. Rutherford, I. M. Hutchings, Surface and Coatings Technology, 1996, 79, 231

[22] K. L. Rutherford, I. M. Hutchings, Journal of Testing and Evaluation, 1997, 25(2), 250

[23] R. I. Trezona, I. M. Hutchings, Wear, 1999, 233-235, 209

[24] D. N. Allsopp, R. I. Trezona, I. M. Hutchings, Tribology Letters, 1998, 5, 259

[25] F. J. Buchanan, P. H. Shipway, Biomaterials, 2002, 23(1), 93

[26] T. A. Tervoort, J. Visjager, P. Smith, Macromolecules, 2002, 35(22), 8467

[27] Y. J. Mergler, R. J. van Kampen, W. Nauta, R. P. Schaake, B. Raa, J. G. H. van

Griensven, C. J. M. Meesters, Wear, 2005, 258(5-6), 915

[28] A. L. Greer, K. L. Rutherford, M. Hutchings, International Materials Reviews, 2002,

47(2), 87

[29] A. R. Yavari, W. J. Botta, C. A. D. Rodrigues, A. L. Greer, J. L. Uriate, G. Huenen, G.

Vaughan, A. Inoue, Journal ofNon-crystalline Solids, 2002, 304(1-3), 44

[30] T. Gloriant, Journal ofNon-crystalline Solids, 2003, 316(1), 96

[31] V. Imbeni, C. Martini, E. Lanzoni, G. Poli, I. M. Hutchings, Wear, 2001, 250, 997

135



Advanced Micro-Scale Abrasive Wear Analysis

[32

[33

[34

[35

[36

[37

[38

[39

[40

[41

[42

[43

[44

[45

[46

[47

[48

J. Richter, I. M. Hutchings, T. W. Clyne, D. N. Allsopp, X. Peng, Materials

Characterization, 2000, 45(3), 233

A. Dorner, C. Schurer, G. Reisel, G. Irmer, O. Seidel, E. Müller, Wear, 2001, 249(5-6),

489

J. C. A. Batista, A. Matthews, C. Godoy, Surface & Coatings Technology, 2001, 142,

1137

A. J. Gant, M. G. Gee, A. T. May, Wear, 2004, 256(9-10), 954

P. H. Shipway, L. Howell, Wear, 2005, 258(1-4), 303

V. Imbeni, I. M. Hutchings, M. C. Breslin, Wear, 1999, 235, 462

R. Colaco, R. Vilar, Wear, 2003, 254(7-8), 625

P. H. Shipway, Wear, 1999, 235, 191

P. H. Shipway, C. J. B. Hodge, Wear, 2000, 237(1), 90

R. I. Trezona, D. N. Allsopp, I. M. Hutchings, Wear, 1999, 225-229, 205

G. B. Stachowiak, G. W. Stachowiak, Wear, 2004, 256, 600

K. Adachi, I. M. Hutchings, Wear, 2005, 258, 318

J. Visjager, Ultra-High Molecular Weight Polymers, Dissertation No. 13978 ETH

Zurich, 2001

http://www.micro-epsilon.com/

http://www.pesa.ch/frame.html7S

F. P. Bowden, D. Tabor, The Friction and Lubrication of Solids, Oxford: Clarendon

Press, 2001

http://www.roymech.co.uk/Useful_Tables/Tribology/co_of_frict.htm

136



Conclusions and Outlook

7 Conclusions and Outlook

The present thesis was concerned with the optimization of both processing procedure and

molecular architecture to achieve maximal (mechanical) properties, in particular resistance

against abrasive wear, for the commercially important polyethylene.

7.1 Processing of UHMWPE

Since compression molding still is the technique of choice for converting UHMWPE powder

into consolidated objects, the initial challenge was to optimize this technique to yield material

with maximal abrasive wear resistance. In Chapter 2 it was shown that for commercially

employed UHMWPE grades, the highest wear resistance is obtained by sintering completely

defect-free, highly disentangled solution cast films. A correlation between initial crystal

morphology and mechanical properties was already reported earlier.[1' 2]
However, in this

work it was demonstrated that a wear resistance nearly identical to that of completely defect-

free material can also be achieved by directly processing UHMWPE reactor powder.

processing procedure sinter time

[min]

crystallinity

[%]

wear coefficient,
*<*104 [mm3/Nm]

reactor powder sintered at 200 °C

(standard procedure in air)
10 49.4 2.94 ±0.13

reactor powder sintered at 200 °C, pre¬

heated in argon
10 47.6 2.37 ±0.12

precompacted (120 °C) and sintered (200

°C) solution-crystallized film (1 wt%)
10 48.1 2.33 ±0.16

Table 7.1 Processing procedures and properties of selected UHMWPE GUR® 4120 samples sintered for 10 min.

As can be seen in Table 7.1, the wear coefficient of reactor powder pre-heated in argon

atmosphere and subsequently sintered for 10 min (k = 2.37 mm3/Nm) is close to the one of

precompacted and sintered solution cast films (2.33 mm3/Nm). Therefore, it can be concluded
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that fusion defects, such as grain boundaries, which are readily detected in micrographs of

processed reactor powder (see Figure 2.8), are not the most important factor governing the

abrasive wear resistance of UHMWPE, which confirms the results found in a previous

study.[3]

Table 7.1 also lists the wear coefficient of reactor powder sintered at 200 °C for 10 min in air

(standard procedure), exhibiting a value of 2.94 mm3/Nm. This value is substantially higher

than the wear coefficient of a sample pre-heated in argon and subsequently sintered for 10

min (2.37 mm3/Nm), although the only difference between these two is the atmosphere in

which the samples were pre-heated for 5 min immediately prior to sintering. Due to its high

surface area, UHMWPE reactor powder is prone to oxidative degradation upon contact with

oxygen above its melting temperature. In general, the wear resistance of all processed

UHMWPE strongly correlated with the oxidation indices measured by FTIR. Hence, it was

concluded in Chapter 2 that the complete absence of oxygen during processing of UHMWPE

reactor powder is a primary requirement for high abrasion resistance.

Introduction of a solid-state precompaction step at 120 °C prior to sintering proved to be

beneficial for selected mechanical properties of UHMWPE. In Chapter 2, it was found that

the abrasive wear resistance of precompacted and sintered samples does not depend on the

sinter time and arrives at relatively low values (2.56 mm3/Nm) already after a sinter time of

10 min. This is attributed to the intimate contact between the powder particles upon

precompacting and the higher diffusion rate resulting therefrom. As mentioned above,

however, prevention of contact with oxygen during sintering was more beneficial for the wear

resistance than the introduction of this precompaction step. Nonetheless, the results presented

in Chapter 3 illustrate the beneficial effect of the precompacting step on thefracture behavior

of UHMWPE. In Table 7.2, the Charpy impact strength and the threshold value of fatigue

crack growth (AKth) are compared for sintered only and precompacted and sintered medical

grade UHMWPE GUR® 1020. Both the Charpy impact strength and AKth of the precompacted

sample exceeded those of the sintered only sample. In addition, the precompacted and sintered

samples, compared to the sintered only, exhibited lower standard deviations, suggesting a

higher homogeneity of the former material.
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polymer precompaction at 120 °C sintering,it 200 °C Charpy impact AffA

strength [MPam1/2]

pressure time pressure time [kJ/m2]

[MPa] [min] [MPa] [min]

GUR® 1020 - - 10 30 170 ± 15 1.33 ±0.05

GUR® 1020 20 30 10 30 195 ± 10 1.37 ±0.04

Table 7.2 Comparison of the fracture properties of sintered only and precompacted and sintered medical grade
GUR® 1020.

Although the beneficial effects of an additional precompaction step in the common

compression molding routine of UHMWPE were demonstrated in this thesis, it has to be

noted that, most importantly, oxygen contact should also be avoided for precompacted and

sintered samples. As can be seen in Figure 3.14, a precompacted and "free sintered" sample

still exhibits numerous voids and therefore enables oxidative degradation upon heating above

melting temperature. This can be prevented by either processing in an inert atmosphere or by

applying pressure immediately at the beginning of the sintering step when the temperature of

the material still is well below its melting temperature. Additional experiments presented in

Chapter 3 showed that radiation crosslinking between the precompacting and the sintering

step is highly detrimental for the Charpy impact strength ofUHMWPE samples.

7.2 Entanglement density

In Chapters 2 and 4 it was shown that the entanglement density, both prior to and after

processing, is not the only factor governing the abrasive wear resistance of polyethylene.

Processing of fully entangled melt-crystallized GUR® 4120 (k = 2.68 mm3/Nm) yields only

marginally higher wear coefficients than slightly disentangled reactor powder (2.56

mm3/Nm); and even the difference to solution-crystallized material, exhibiting very low

entanglement densities prior to processing, is only moderate (2.33 mm3/Nm). Further,

abrasive wear measurements of polyethylenes crystallized from solutions of low

concentrations yielded wear coefficients that were independent of their entanglement density.

Although the number of physical crosslinks per macromolecular chain was continuously

reduced in solids derived from increasingly diluted solutions, their wear resistance leveled off

to a constant value at a (molecular-weight-dependent) critical concentration. The wear

resistance of the latter samples was found to be dictated mainly by their macroscopic
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deformation behavior. Below a critical initial polymer concentration in solution (for instance,

Stamylan® UH 210 -20 vol%), solution-processed material exhibits brittle failure instead of

ductile deformation, caused by a reduction of the strain hardening modulus due to a lower

entanglement density of the polymer network.[4] It is concluded that the model proposed by

Tervoort et al.[5] for abrasive wear of polyethylene is applicable only for materials that exhibit

ductile deformation behavior.

7.3 Molecular architecture

It has been proposed that medium-molecular-weight polyethylenes of low polydispersity may

offer the unique combination of melt-processability and high wear resistance.[5] In Chapter 5,

this hypothesis was verified and the abrasive wear resistance of 18 different linear

polyethylenes of different molecular weights and polydispersities, predominantly non¬

commercial experimental grades, was investigated. In addition, the effect of incorporation of

comonomers in polyethylene, heretofore unexplored, was analyzed by determining the

abrasion resistance of 22 ethylene copolymers. Some of the most promising grades, regarding

wear resistance, molecular architecture and melting temperature, are listed in Table 7.3. As a

benchmark, characteristics of a commercial-grade UHMWPE, Stamylan® UH 210 (PE-6), are

also listed. Linear polyethylenes with molecular weights far below the one of the latter exhibit

the same or even lower wear coefficients, cf. PE-4 and PE-7. The wear resistance of such

linear polyethylenes could likely be further improved by using material with lower

polydispersity, preferably MJMn < 3; unfortunately, these materials were not available for

this study. Incorporation of comonomers, such as propene or hexene, proved to be a highly

effective procedure for further increasing the abrasive wear resistance of polyethylene. As can

be seen from Table 7.3, some ethylene copolymers with comonomer contents between 1 and

2.3 mol% exhibit substantially lower wear coefficients than UHMWPE, cf. LLDPE-2 and

LLDPE-9. The higher abrasive wear resistance of ethylene copolymers is attributed to a

reduced lamellar thickness, which yield a higher macromolecular connectivity within the

polymer compared to linear polyethylene of the same molecular weight and molecular weight

distribution. The above grades exhibit weight-average molecular weights below 400 kg/mol,

allowing processing from the melt at modest shear rates.
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sample Mw Mn MJMn comonomer T wear coeff., k*104

[kg/mol] [kg/mol] content2' [mol%] [°C] [mm3/Nm]

LLDPE-2 370 174 2.1 2.3 (prop) 127.2 2.14

LLDPE-9 161 59 2.7 1.0 (hex) 125.3 2.68

PE-4 521 124 4.2 - 136.1 2.71

PE-60 2,412 333 7.2 - 135.3 2.79

LLDPE-10 186 96 1.9 1.3 (prop) 129.3 2.82

PE-7 281 57 4.9 - 134.3 2.83

Table 7.3 Chemical composition, melting temperatures and wear coefficients of selected linear polyethylenes

(PE) and ethylene copolymers (LLDPE). 1}PE-6 corresponds to the commercial-grade UHMWPE Stamylan® UH
210.2)The expressions in brackets indicate the type of comonomer, where (hex) is hexene and (prop) is propene.

From the variety of different linear polyethylenes and ethylene copolymers analyzed in this

work, a molecular architecture for the most promising candidates, regarding mechanical

properties and processability, can be derived. Generally, these materials should exhibit Mw

between 200 and 400 kg/mol and polydispersities around or below 2. As comonomer, propene

and hexene would be preferred over more bulky groups, such as cyclopentene, since the last-

mentioned lead to a significant reduction of both melting temperature and crystallinity.

Finally, the comonomer content should be between 1 and 2 mol%, as material of higher

comonomer contents exhibit unwanted softening. Materials of this molecular architecture

combine ultra-high wear resistance with facile melt processing, and should be synthesized in

larger quantities, in order to evaluate other mechanical properties, which would be the next

step towards their industrial production.

7.4 Advanced micro-scale abrasive wear analysis

An advanced micro-scale abrasive wear apparatus was presented and evaluated in Chapter 6.

The most distinct improvements compared to the previous wear device were the on-line wear

measurement system and the vertical force sensor. With an eddy current displacement

measuring system it was possible to measure the wear volume on-line, allowing the execution

of abrasive wear tests without undesired interruptions. The vertical force sensor was

successfully employed to measure friction coefficients of various material combinations. The

new micro-scale abrasive wear apparatus combined the advantages of the ball-cratering

procedure - small sample size, reproducibility and three-body wear - with these two new

features, as well as a stable and user-friendly design.
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7.5 Outlook

The present study has described a new processing procedure for UHMWPE by introducing an

additional solid-state precompaction step, which yielded samples with enhanced mechanical

properties. Prior to industrial application however, mechanical testing has to be expanded and

other properties, such as tensile strength and Young's modulus as well as application-related

properties (e.g. wear resistance on hip simulators) have to be determined. The introduction of

the precompaction step on a compression molding machine of commercial size would provide

a sufficient amount of material for these tests. In addition, the feasibility of the precompaction

step itself could be analyzed on a commercial-scale apparatus.

For this study, ethylene copolymers, which yielded higher abrasion resistance than

commercial grade UHMWPE, were only available in small quantities (typically < 20 g). For

the industrial application of these materials, other mechanical properties are of utmost

importance. The synthesis of ethylene copolymers with the most promising macromolecular

architecture in larger quantities would, therefore, be the next step towards their industrial

production. Regarding the combination of abrasion resistance and processability, also linear

polyethylenes exhibiting medium molecular weights (Mw between 200 and 400 kg/mol) and

low polydispersities (MJMn around or below 2), unfortunately not available for this work, are

considered as highly attractive materials and production in larger quantities could be very

promising.

The role of entanglement density on the wear resistance of polymers, which was analyzed for

the commercially relevant polyethylene within this work, could also be investigated for other

polymer systems. Polyurethane, poly(etheretherketone), poly(oxymethylene) or

poly(methylmethacrylate), to name only a few, are also materials that are used in friction- or

wear applications. In addition, the influence of the number of hydrogen bonds, a different type

of physical crosslinks, on the abrasive wear resistance of polyamides should be evaluated.
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