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Abstract:

Due to their superior wear performance and biocompatibility compared to tlterna
polymer/metal prostheses, alumina-on-alumina total hip replacements (THRs) are
extensively used for young and more active patients. However, the tamdigng of the
wear mechanisms of alumina in vivo remains relatively poor, and therains little
quantitative understanding of the structural and chemical changlee atticulating
surface. In the current study, the surface and sub-surfacestnicrtoires of retrieved in
vivo alumina THRs are presented. Severe wear, also called strgvgewas observed
in all cases. The transition between the stripe wear and the mildwasarery sharp.
Site-specific cross-section TEM specimens were prepared by FocusBddm (FIB)

at the stripe boundary region. The results suggest predominantly intergraactiarefr
occurred that was restricted to the outer layer of grains belewstinface, with
transgranular fracture also occurring in the stripe wear region. Craskisdpelieved
to be initiated by extensive dislocation slip. A thin layer of hydroxide wasodiserved
at the extreme surface of the mild wear region by aberration-tedraggh resolution

transmission electron microscopy (HRTEM). The wear mechanisms are discussed.

Keywords: alumina, high resolution transmission electron microscopy, focused ion

beam, total hip replacement

1. Introduction
About 2% of people suffer hip problems and need a replacement hip joint. In the UK, at

least 50,000 hip replacement surgeries are undertaken every year, and are highly
successful in reducing the pain and disability of worn or damaged hip joints. Total hip
replacement is one of the most successful applications of biomaterials, with joints

commonly lasting more than 10 to 15 years [1, 2]. However, the long-term (> 15



years) performance of the THRs is only achieved in a small proportion of cases. With
the increase of younger and high demand patients, as well as an increase in life

expectancy, long-term (> 15 years) high performance THRs are increasingly required.

Since the 1960s, metal-on-polymer THRs are by far the most common artificial hip
joints in the market [1]. However, due to the osteolysis (bone resorption) caused by
polymer wear debris and component loosening, interest in alumina-on-alumina THRs
continues to grow [3-5]. Additionally, alumina-on-alumina THRs show a higher survival
rate than metal-on-polymer THRs for patients younger than 50 years old [6- 8]. With
metal debris and ions release from CoCrMo alloys becoming a subject of intense interest
due to the higher than expected failure rate of metal-on-metal hip replacements [9-11],
alumina or alumina based ceramic THRs are increasingly used for young and more

active patients.

Alumina-onralumina THR was first introduced in the 1970s. However, early problems
with the performance of the alumimaalumina THRs, such as a high fracture rate,
restricted their development worldwide. This was mainly due to poor material quality and
hip design. With the development of medical-grade alumina, especially the introduction
of ISO 6474 alumina-on-alumina THRs now perform substantially better than the original
1%t generation alumina. Although over 2.5 million alumina femoral heads and nearly
100,000 alumina acetabular cups have been implanted worldwide since the first
introduction [12], the understanding of the wear mechanisms of alumina in vivo remains
relatively poor. Since wear plays an important role in limiting the lifetime ibicaat hip

joints it is important to understand the wear mechanisms that operate in vivo in alumina-

on-alumina THRs in detail.

In the wear of aluminanalumina THRsS, most of the research undertaken to date has
concentrated mainly on the wear performance of in vitro alumina hip prostheses. For the
in vivo studies, the focus of attention has been on key performance indicators such as
wear rate, survival rate, with virtually no focus on the microstructure and wear
mechanisms. Similarly, for the in vitro testing, the output has often been simple
parameters such as wear rate and general worn surface appearance. Only limited work
on the microstructural evolution from wear of alumina-on-alumina THRs has been

published [1323]. A region of high wear, often referred to as ‘stripe’ wear, on the



surface of both alumina acetabular cups and femoral heads has been observed in retrieved
in vivo alumina-on-alumina THRs [15]. However, wear mechanisms leading to this stripe
wear are not clearly understood.

In the current study, surface morphology across the stripe wear of the retrieved in vivo
alumina-on-alumina THRs was analysed by 3D optical microscopy and scanning electron
microscopy (SEM). Sub-surface microstructure was studied using FIB, HRTEM and
Electron Energy Loss Spectroscopy (EELS). Wear mechanisms leading to the stripe wear

on the worn alumina-on-alumina THRs are discussed.

2. Experimental procedure

2.1 Materials

7 pairs of retrieved alumina-on-alumina THRs were investigated and the details of each
pair are given in Table 1. An example of the retrieved in vivo alumina femoral head and

acetabular cup are shown in Fig.1. The alumina ceramics used for operations were
Biolox® alumina ceramic material with a mean grain size of 3.2 um and a density of 3.95

glen?.

Table 1 The dimension of stripe wear observed on the worn surface of retrieved in vivo
alumina-on-alumina THRsinvestigated.

samples Length of Max. width Diameter of Notes
thestripe  of thestripe the hip
prostheses
Head#1 40.0 mm 12.0 mm 32 mm 2 years implanted,
Cup#1  40.0 mm 12.0 mm 32 mm failure by dislocation
Head #2 75.4 mm 25.0 mm 32 mm 8 years implanted,
Cup#2  50.2 mm 11.0 mm 32 mm failure by loosening
Head # 3 38 mm 8 mm 38 mm 11 years implanted,
Cup#3 67.0mm 7.0 mm 38 mm failure by loosening
Head # 4 51 mm 30.0 mm 32 mm 1 year implanted,
Cup#4  50.2 mm 17.0 mm 32 mm failure by loosening
Head #5 26.0 mm 9.0 mm 38 mm 10 years implanted,
Cup#5 39.8mm 3 mm 38 mm failure by loosening
Head # 6 32 mm 6 mm 32 mm 1 year implanted,
Cup#6 33.5mm 12 mm 32 mm failure by migration
Head#7 89.5mm 23 mm 38 mm 12 years implanted,

Cup#7  59.7 mm 10 mm 38 mm failure by loosening
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Fig.1 A pair of retrieved in vivo alumina femoral head and acetabular cup.

2.2 Characterisation

2.2.1 Surface characterisation

The worn surface of retrieved in vivo alumina-on-alumina THRs were first inspected by
naked eye to locate the severe wear region, as shown in Table 1. The surface topography
of the retrieved in vivo alumina femoral heads was examined by a 3D optical microscope
(ContourGT, Bruker, UK).

Due to the difficulty and the size of the samples, it was not possiedstigate all

the samples using SEM. Therefore, a pair of retrieved in vivo aluomiadmina THR

was chosen carefully for further SEM investigation that was believedeto b
representative. The alumina THR chosen had been implanted for 12yddesled by
loosening (head # 7 and cup # 7 in Table 1). The material for the retrieved paiiwas 2
generation Biolox with a mean grain size of 3.2 um and density of 3.98.dhe worn
surfaces were analysed by SEM (Sirion, FEI Company, Netherlands) ngexatlO

kV. The samples were coated with carbon before the investigation to avoithgharg

2.2.2 Sub-surface damage

Site-specific TEM samples were prepared by an in-situ focused ion beam (FIB) lift-out
using a Quanta 200 3D FIB (FEI Company, Netherlands) equipped with an in-situ
tungsten probe (Omniprobe, USA), as shown in Fig.2. A gold layer was sputtered
(Emscope SC 500 A Sputter Coating Unit, UK) on the surface prior to FIB milling to
label the original surface and avoid charging. For FIB processing, a 30*k\gr@zeam

was used. Firstly, a carbon stripe was deposited onto the area of interest using a 0.3 nA
beam current to prevent damage of the surface due to ion milling (Fig.2a).



Secondly, two trenches were milled on both sides of the carbon deposition using high
beam currents (5 nA and 3 nA), as shown in Fig.2b. Thirdly, the TEM lamella was lifted
out using the Omniprobe (Fig.2c) and attached to a TEM grid via carbon deposition
(Fig.2d). Finally, the TEM lamella was further thinned from both sides with low beam
currens (varied from 0.5 nA to 30 pA) until it was electron transparent (< 50 nm), as

shown in Fig.2e.
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Fig.2 Site-specific TEM specimen
preparation by FIB in-situ lift-out.
(@) Carbon deposition on the area of
interest; (b) Two trenches were
milled on both sides of the carbon
deposition; (c) TEM lamela was
lifted out using the Omniprobe; (d)
TEM lamellawasattached toa TEM
grid via carbon depasition; (€) TEM
lamella was further thinned until it
was electron transparent.



TEM investigation was carried out using various TEMs, including FEI Tecnai 20 (FElI,
Netherlands), Jeol 2010F (JEOL, Japan) and Jeol R0O05 (JEOL, Japan), all operating at
200 kV. EELS (Gatan, USA) equipped on Jeol 2010F was employed to analyse the
cross-section samples. EELS measurements were made in conventional TEM

diffraction mode (image coupling to the spectrometer).

3. Results
3.1 Percentage of the stripe/severe wear on the retrieved in vivo alumina-on-alumina

THRs

Table 1 summarises the dimension of the stripe wear on the worn surface of retrieved

in vivo alumina-on-alumina THRs. Although they had failed for different reasons, all

the retrieved in vivo alumina prostheses exhibited stripe wear on the surface. The length
of the stripe ranged from 30 mm to 90 mm with maximum width ranging from 10 mm

to 30 mm. Some prostheses showed a much larger area of severe wear than just a ‘stripe’

such that the area of severe wear almost covered the entire head, such as head # 4 (more
than 80 %) in Table 1.

3.2 Surface characterisation of the retrieved alumina THRs
Four wear zones were observed on the worn surface of the simulated in vitro alumina

THRs, which were, following the definitions used in our previous work [20-23]: mild
wear zone, wear transition zone, stripe boundary zone and stripe wear zone. These four
different wear zones were also seen on the worn surface of the retrieved in vivo alumina-

on-alumina THRs, as shown in Fig.3 and Fig.4.

Fig. 3 shows SEM images of the worn surface from a retrieved in vivo alumina femoral
head (head #7 in table 1). In the mild wear zone (Fig. 3a), parallel grooves due to the
original polishing process could be observed. Wear debris was present on the surface
inside the grooves. Evidence of surface deformation could also be observed, as arrows
shown in Fig. 3a. In the wear transition zone, occasional surface pits due to grain pull
out were seen in an otherwise smooth surface. Wear debris was widely observed, with
some having a ‘smeared’ appearance, arrowed in Fig. 3b. A sharp boundary between

the mild/transition wear and the stripe wear is shown in Fig. 3c. Intergranular fracture
was observed along the stripe boundary. In the stripe wear zone, as shown in Fig. 3d, a

rough surface was seen with clear fracture facets,



indicating predominantly intergranular fracture, but also some transgranular fracture. In
addition, there were areas that had a ‘smeared’ appearance, presumably formed through
the compaction of wear debris. Plastic deformation was also observed around the surface

pits.
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Fig. 3SEM imagesof theretrieved in vivo aluminafemoral head, showing (a) themild wear
zone, (b) the wear transition zone, (c) the stripe boundary zone and (d) the stripe wear
zone. Arrowsin (@) and (b) areexplained in thetext.

Fig. 4 shows the surface topography of the retriemedvo alumina femoral heads
(representative of heads #1, #2, #3, #4 and #6 ire taphl Fig. 4a shows a low
magnification image of the mild wear zone from the retrievedvio alumina femoral
head, taken at the pole of the head. The parallel imdéee image were believed to be
original polishing marks (note the concentric rings are anaattefused by flattening
the image of a strongly curved surface). A higher mfagation image (Fig. 4b) shows
the original polishing marks with some mechanical damlagehad left small gouges
in the surface, together with occasional wear dedtaeisding proud of the surface.
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Fig.4 Surfacetopography of four wear zonesof theretrieved in vivo aluminafemoral head.
The mild wear zone (a) and the magnified image (b); the wear transition zone (c) and the
magnified image (d); the stripe boundary zone (e) and the magnified image (f); the stripe
wear zone (g) and the magnified image (h). The rectangle in (f) indicates the location of
TEM cross-section.

In the wear transition zone, a pitted surface could be seen (Fig. 4c). A magnified image
(Fig. 4d) revealed grain relief on the surface, indicating the wear rate differed from grain

to grain. An abrupt boundary could be seen at the boundary to the stripe



boundary, as shown in Fig. 4e. Dramatic changes were seen, with surface pitting due to
grain pull out visible along the stripe boundary (Fig. 4f). The location of the TEM cross-
section is shown in Fig. 4f, which is discussed later. In the stripe wear zone, a highly
pitted surface was observed (Fig. 4g). Magnified image (Fig. 4h) shows grain pull out

and smearing of the wear debris.

The surface profile of the alumina femoral heads in different wear zones is shown in
Fig.5 (representative of heads #1, #2, #3, #4 and #6 in table 1). In the mild wear zone
(Fig. 5a), a smooth surface with occasional peaks (which were believed to be wear
debris) could be seen. A mean roughness (Ra) of 59 nm was measured in this region.
Fig. 5b gives a surface profile in the wear transition zone, indicating grain relief, i.e.
individual grains were wearing at different rates. Interestingly, a mean roughness of 32
nm was measured, which indicates a smooth surface in the wear transition zone, in the
agreement with the SEM observations. In the stripe boundary zone (Fig. 5c), an abrupt
change from mild/transition to severe wear could be seen. An Ra roughness of 250 nm
was measured. Fig. 5d, which shows the surface profile in the stripe wear zone, which

exhibited a rough surface with a measured Ra of 251 nm.

In addition to Ra, the skewness (Ssk) and kurtosis (Sku) weasuresl in the various
wear zones, the results of which are presented ineTAbI'he skewness is a measure
of the degree of asymmetry of the surface heightidigion about the mean plane and

kurtosis is a measure of the sharpness of the peaksnfiskku can be evaluated as:

1
Ssk = S_QBJ] a (z(x, v))3dxdy

1
Sku = EI] a(z(x, v)*dxdy

A negative Ssk could be seen in all regions, indicating the dominance of valleys in the
profile, which of course is associated with grain pull-out. A value of Sku > 3 is normally
taken to indicate inordinately high peaks or deep valleys. The values of Sku in Table 2
indicate inordinately deep valleys in all cases. However, these were surprisingly larger
for mild and wear transition zones, perhaps because in the wear transition zone and the

stripe wear region the valleys had been filled by wear debris.
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Fig.5 Surface profilesof theretrieved in vivo aluminafemoral head in the mild wear zone
(a), the wear transition zone (b), the stripe boundary zone (c) and the stripe wear zone

(d).

The mean roughness was also measured by 3D optical microscopy according
geometric location on the surface, as shown in Table 3. In the mild/transition we:



zone, the mean roughness of 7- 64 nm was observed on the retrieved alumina femoral
heads. However, on the pole or equator of the retrieved alumina heads, an increasing
mean roughness could be seen. In other words, increased roughness tended to appear on
the pole or near the equator of the femoral heads, which also corresponded to the severe
wear region. Therefore, it could be concluded that the severe wear regions are related to

the impact caused by edge loading.

Table 2 3D surfaceroughness parameter values, skewness, Ssk and kutosis, Sku, in various
wear Zones.

Wear zone Ssk Sku
Mild wear -04 14.0
Wear transition -2.0 16.3
Stripe boundary -1.9 9.3
Stripe wear -1.2 5.2

Table 3 The mean roughness (Ra) of different regions on the worn surface of retrieved in
vivo alumina acetabular head, measured by 3D optical microscopy.

Sample Pole Mild/transition Equator
Head #1 445 nm 34 nm 705 nm
Head # 2 127 nm 34 nm 217 nm
Head #3 56 nm 64 nm 180 nm
Head #4 258 nm 7 nm 174 nm
Head #6 37 nm 40 nm 241 nm

3.3 Sub-surface characterisation of the retrieved in vivo alumina THRs

Fig. 6 shows TEM images of the site-specific cross-section of a retrieved in vivo alumina
femoral head (head # 7 in Table 1) from the stripe boundary zone (as indicated in Fig.
4f). Fig. 6a is a plan-view with stripe wear zone on the left side and mild/transition wear
zone on the right side, as indicated. A high dislocation density could be seen in the
surface grains in both wear zones. It is important to note that the dislocation slip was
limited in the outermost grains and was not observed in the grains below. Intergranular
fracture was seen between grains in the stripe wear zone and the mild/transition wear
zone, as shown in Fig. 6b. In the stripe wear zone, not only intergranular fracture, but
also transgranular fracture could be observed (Fig. 6¢). The inset diffraction pattern from
the top region indicated substantial arcing in the diffraction spots for a particular plane,
typical of misorientations arising from high dislocation density sub grain boundaries.
The difference between the stripe wear zone and the mild/transition zone appeared to be

that in the former, grains had been lost



from the surface from fracture, while in the latter, cracking had occurred, but it had not
yet led to loss of surface grains. However, given the amount of damage observed in the
mild/transition region, it is clear that grain pull out was imminent.

Fig.6 Site-specific TEM cross-section of the retrieved in vivo alumina femoral head from
the stripeboundary zone. (a) A plan-view; (b) intergranular fracturebetween grainsinthe
mild/transition wear zone and the stripe wear zone; and (c¢) intergranular fracture and
transgranular fracture in the stripe wear zone, with diffraction pattern from the top
surface inset.
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Fig.7 HRTEM images of the cross-section from the stripe wear zonein the mild/transition
side. (@) In the mild wear region shows a thin amorphous layer with nano-crystals
embedded, aswell as a thin hydroxide layer. (b) In the wear transition region shows only
a thin amorphous layer with nano-crystals embedded. (c) A thick amorphous layer with
nano-crystalsranged from 2-5 nm. (d) A thin amorphouslayer lessthan 2 nm. (€) Detail of
nano-crystalsin theamorphouslayer, insetsare FFT of selected nano-crystals. (f) Detail of
a nano-crystal in the amorphous layer with d-spacing of 0.196 nm and 0.217 nm,
respectively.



High resolution TEM (HRTEM) images of the site-specific TEM cross-section from the

stripe boundary zone are shown in Fig. 7 and Fig. 8. HRTEM images of the top surface
in the mild wear zone are shown in Fig.7. An amorphous layer of about 9 nm thick was
seen, Fig. 7a, that was embedded with nano-crystals ranged from 2 nm to 5 nm in
diameter. Below this, a layer ~ 10 nm thick was observed, that clearly had a different
structure to that of the substrate. Fast Fourier Transfer (FFT) of the HRTEM image of
this region suggested that the layer might be caused by the formation of aluminium

hydroxide.

Fig. 7b shows the surface structure from a regighefvear transition zone. A thinner
(~2 nm) amorphous layer was observed with no suggesfiatuminium hydroxide
being present. However, nano-crystal particles walbserved embedded in the
amorphous layer. A thicker (~20 nm) amorphous lagetcalso be seen, as shown in
Fig. 7c. Again, nano-crystals in the range of 2 nnb tom were observed. Fig. 7d
shows a HRTEM image showing a thin amorphous layer (<)2omrthe worn surface.
Fig. 7e and f give magnified images of the nano-crysibkerved. FFT of the thee
chosen nano-particles are shown in the inset, indig&to of the three particles were
alumina particles with d spacing measured of 0.196 ndn0aR17 nm, representing
(1011) and (0001) planes of alumina respectivelyilemine third was a gold partiel
from gold coating). Furthermore, d spacing of a naadigle was measured, as
indicated in Fig. 7f. Therefore, it can be concludedt tthe nano-particles in the

amorphous layer were mainly alumina nano-crystal@rwebris particles.

Fig. 8 gives HRTEM images of the top surface in the stripe wear zone. Compared with
the observation in the mild/transition wear zone, a thinner amorphous layer was seen (~
2 nm to 5 nm). A mixture of alumina nano-crystals and gold nano-particles could be seen

by FFT and d spacing measurement (Fig. 8b-d).

Fig. 9 compares three normalised electron energy loss (EEL) spectrafrtakethe
amorphous layer, the amorphous layer close to alumina raattithe alumina matrix. Ca
L2,3—edges were observed in the amorphous layer, suggestingahghanms layer was the
result of the tribochemical reaction between the body fluitthe alumina



surface. The O K-edge was seen in all the spectra, however, O K-edge near edge structure
characteristic of alumina was only seen in the alumina itself.

Fig. 8 HRTEM images of the cross-section from the stripe wear zone in the stripe wear
side. (@) A thin amor phouslayer isshown. (b)-(d) show a mix of alumina nano-crystalsand
gold nano-crystals.

Fig.9 Normalised experimental EEL spectra from the amorphous layer (bottom), the
amor phous layer closeto alumina matrix (middle) and alumina matrix (top).
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4. Discussion

4.1 Wear zones

Four wear zones were observed from the retrieved in vivo alumina femoral heads and
acetabular cups, namely: the mild wear zone, the wear transition zone, the stripe
boundary zone and the stripe wear zone, which in consistent with our previous work on
the simulated in vitro alumina THRs [20-23]. However, the boundary between the mild
wear zone and the wear transition zone was less obvious on the worn surface of the
retrieved in vivo alumina THRs compared with the observation on the worn surface of
the simulated in vitro alumina THRs. In most cases, a mild/transition wear zone was

observed.

The results are broadly similar to those reported by Nevelos et al. [14-16], who
investigated retrieved in vivo alumina THRs, and defined three regions according to the
wear pattern observed; namely, low wear, stripe wear and severe wear. Likewise,
Yamamoto et al. [17-21], classified five regions based on wear severity. Such
classification has also been used by Manka et al. [24], who showed that the wear zones
were broadly similar in retrieved alumina THRs and those simulated tested with

microseparation.

The results are also in agreement with Affatoto et[2%] who investigated six
retrieved alumina hip implants for severe damager atmean follow-up of 13 years
and mapped the wear pattern as: occasional pits athamvise smooth surface; large-
scale loss of grains, probably due to a fracture @sm; a transition zone from low
to severe wear, corresponding to the transition frgppédd to the abraded zone.

It is important to note that the regions exhibiting increased roughness tended to be on
the pole or near the equator of the femoral head (Table 3), where severe wear was highly
likely to occur. These results suggest that high impact occurred on the top or near the
equator of the femoral head, which resulted in severe wear, was a result of edge loading
due to microseparation [26]. Thus, the stripe wear region appears to be associated with

edge loading in these cases.



Perhaps not surprisingly, the skewness of the surface roughness profiles indicated that
valleys dominated the profile. Such values are known to result in lower friction [27]. It
was interesting to see that higher values of the kurtosis were observed for the mild and
wear transition regions than for the stripe and stripe boundary regions. The valleys in
each case were formed by grain pull out, but SEM suggested that the stripe wear regions
contained extensive wear debris in them, which presumably reduced the value of the

kurtosis.

4.2 Wear Mechanisms

Plastic deformation by dislocation slip is believed to have contributed toahe of
aluminaen-alumina THRs, however, no direct observation of this mechanism has bee
reported before. In the current study, we have shown for the firstthiateplastic
deformation occurred on the worn surface of retrieved in vivo alumina-onaurhiRs
using site-specific TEM. Indeed, plastic deformation was widely seen owdhe
surface of retrieved alumina-on-alumina THRs, even in the mild wear (Zenshown
in Fig. 3a). The high dislocation activity under the worn surfaag @i in both severe
wear and mild wear regions, was restricted to the outer alumina grdicases, with
the grains further below the surface largely dislocation free, as showg.if.Ftven
in the stripe wear zone where severe wear was observed, the péstroation was
limited in the outermost grains, as shown in Fig. 6a and Fig. 6¢. This isdenagnt
with Barceinas-Sanchez and Rainforth [27] who observed dislocatiamityact
distributed heterogeneously throughah¢ surface grains, when polycrystalline a-

alumina was worn against Mg-patrtially stabilized zirconia using water lubrication.

Tribochemical reactions are believed to control the mild wear of alumina and forms
hydroxide layers [29, 30]. Rainforth [31] concluded that the wear rate of ceramic-on-
ceramic wear was determined by the rate of hydration of the surface, the removal of the
hydrated film, and the damage caused by the film as a 3-body abrasive. Additionally, the
amorphous wear debris rather than crystalline wear debris was observed at the sliding
surface of ceramics that was believed to be hydrated phase. Fischer et al. [32] studied
the sliding wear of alumina and observed thin hydroxide layers, which can act as
lubricants. In addition, roll wear debris was observed as a result of removal of the layer.

However, the amorphous wear debris was not seen in



the current work and our previous work [23] on simulated in vitro alumina hip
prostheses, even though a thin amorphous layer (~ 2 nm to 5 nm) was widely observed
on the surface, as shown in Fig. 7 and Fig. 8. In addition, a thin hydroxide layer (~ 10
nm) was directly observed by HRTEM in the mild wear zone (Fig. 7a). EEL spectra (Fig.
9) showed the existence of Caiedges together with O K edge in the amorphous layer,
indicating the layer was the product of tribochemical reaction between alumina and the
body fluid. Therefore, tribochemical wear did happen in the wear of alumina-on-alumina
THRs, but was restricted to the mild wear regions and was clearly not the main reason

causing the failure of the components.

The current results suggest that high wear associated with fracture of the surface grains
was the dominant wear mechanism initiating the failure of the alumina-onalumina THRs.
Barceinas-Sanchez and Rainforth [28] studied the wear of alumina in water lubrication
environment, indicating that grain boundary microcracking arises directly from
dislocation pile-ups at grain boundaries and proposed the following sequence: 1) the
local contact stresses increase because of a reduced real contact area as a result of the
differential wear between grains (grain relief). 2) The increase in the contact stresses
produces dislocation flow and cracks initiate at the grain boundaries due to dislocation
pile-ups. 3) Grain boundary cracking leads to the formation of a wear particle. 4) The
liberated wear particle acts as a third-body abrasive. 5) At some point the dislocation and
microcrack density reach a critical value that, in combination with residual thermal
stresses and asperity contact stresses, promote intergranular fracture at the surface and a
catastrophic increase in wear rate. In the case of aluminaon-alumina THRs, because of
the design of the femoral head and the actabular cup, the entire articulating surface is in
contact, resulting in deformation anywhere on the surface, as seen in Fig. 3 and Fig. 6.
However, the contact stresses here are probably too low to cause high wear. However,
edge loading due to microseparation increases the contact stresses in certain areas,
particularly at the equator or the pole of the alumina femoral head, leading to crack
initiation at the grain boundaries due to dislocation pile-ups. The nature of the loading
explains the sharp boundary observed between the stripe wear and surrounding regions
(Fig. 3c, Fig. 4e, Fig. 4f and Fig. 6a). Intergranular fracture at the surface laads to
formation of wear particles with crystalline structure (Fig. 7 and Fig. 8). The liberated
wear particles are embedded in the amorphous tribo-layer and presumably can act as

third-body abrasives (Fig. 7 and



Fig. 8). In the severe wear region, the dislocation and microcrack density reach a critical

value, promoting intergranular and transgranular fracture at the surface.

5. Conclusions
1. Four wear zones were observed from retrieved in vivo alumina-on-alumina THRs,

namely: mild wear zone, wear transition zone, stripe boundary zone and stripe wear
zone.

2. Site-specific TEM cross-section samples of retrieved in vivo alumina femoral heads
were prepared by FIB for the first time.

3. Plastic deformation due to dislocation activity was distributed throughout the worn
surface and concentrates in the outermost grain. Dislocation pile-ups at grain
boundaries resulted in grain boundary cracking, which resulted in intergranular
fracture.

4. The dislocation and microcrack density reach a critical value, at which point,
intergranular and transgranular fracture was promoted at the surface, leading to the
formation of the stripe wear region. Therefore, surface plastic deformation was a key
step in the formation of stripe wear.

5. Fracture, tribochemical wear and three-body abrasive wear contributed tcathef we
retrieved in vivo alumina-on-alumina THRs, however, intergranular and transgranular

fracture in the stripe wear region was the dominant wear mechanism.
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