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Abstract

Implant treatment is currently overriding other prosthetic solutions especially in
the case of replacing anterior teeth in the aesthetic zone. Zirconia ceramics exhibit
promising aesthetigperiointegration and antibacterial properties that may overcome
critical drawbacks associated with titanium based dental implants. They also possess
distinctive mechanical properties due to the unique transformation toughening
mechanism. However, the efits of lowtemperature degradatiobTD) or ageing on
the durability of the material is od major concern. Additionally, the currently
available onepiece and twepiece zirconia dental implant designs exhibit-stdndard

performance.

This study aimedo investigate ageing, mechanical properties and biofunctional
characteristis of a new implant system with a novel biomechanical design. The
proposed dsign utilises a relatively lowtrength glass fibre composite abutment
bonded with resin cement to anjectionmoulded, soft tissue level, aesdched

zirconia implant.

Hydrothermal treatment was used to simulatevivo ageing. A battery of
complimentary crystallographic and imaging studies was used to characterise
hydrothermally and stressnduced phas transformation. Additionally, the effect of
ageing on basic mechanical properties of standard sampkesnwestigated at the
macrae, micro- and nanescales. Dynamic fatigue was performed in order to determine
durability and reliability of various congments and interfaces of the design under
simulated clinical conditions. Theid-etchedzirconia surfaceNIDS) was compared
to a high-performance,mechanically and chemically modifietitanium surface in

terms of; surface topography, biocompatibility axedl biofunctional response.

The results of this study indicated that hydrothermal ageing resulted in phase
transformation that was localised to the surface of the material without any
involvement of the bulk. No evidence of extensive cracking was ddtasta result of
the used ageing conditions. The aged samples exhibited static mechanical properties
that were not significantly different frorthe control group apart from marginal
decreases in surface hardness. The implant samples restored witffévemidcrown
materials did not exhibit any premature failures. The engineered weak connection

seemed to favour retrievable failures especially whenstrength crown material was



used to restore the implants. The studidS zirconia surface exhibitechoderate
surface roughness and high biocompatibility when tested lwithanosteoblastike
cellsand human gingival fibroblasts. Cell attachment and bone formation caphcity
cells were similar or marginally higherin cells cultured onMDS surface when

compared tditanium SLActivelike) counterpart.

Within the limitations of this study, it can be concluded that the studied zirconia
material was not drastically affected by hydrothermal ageing and thémellyp LTD
may be not of a concern whilesing such material. The current implant design may
withstand longterm functional forces in the anterior region of the oral cavity. The
MDS surface may reduce the time required for bone and soft tissue healing which is
essential for clinical cases remgiimmediate provisionalisation and/or early loading.
Soft tissue remodelling may be of a less concern owmghe high soft tissue

attachment (periointegration) capacity of the studi®S zirconia surface.
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Chapterl:
General Introduction

Despite the significant improvement of oral healjlmality and accessibilitpf
health care services,according to the Adult Dental Health Survey, in 200%
average number of lost teeth amdhgdentate population ithe UK was reported to
be as high asix teeth (Steeleet al, 2012) If left untreated, tooth loss may
compromisethei ndi vi dual 6s or ato sotialisec tTiaditionallg nd a
removable and fixed partial dentures were tiieatment of choice to replace missing
teeth. However, such prostheses havehigh biological cost andiongterm
complicatiors. Replacing missing teeth with osseointegrated dental implants can be
regarded as the most significant breakthrough in theatprafessior(Depprichet al,
2012) Implant dentistry began more than four decades ago when the first dental

implant was placed by BranemdiBranemarket al, 1977, Albrektsson, 1988)

Dental implantology is the art and science of studying surgieaement and
restoration of dental implants. Endosseous dental implants can be defined as
fiprosthetic devices made of alloplastic materials implanted into the oral tissues
beneath the mucosal, periosteal layer and within the bone to provide retention and
support for a fixed or removable dental prosthesis or as substances that are placed
into the jaw bone to support a fixed or removable dental prosth@ie Academyof
Prosthodontics, 2005)

Dental implants have revolutionised the rehabilitation arsforation of oral
health in patients suffering from complete or partial edentulism. Commercially pure
titanium CpTi) has been and is still, the gold standard material for such implants
owing to itsdé excellent bi ol e @lbrektsson, phy s
1988, Adell, 1990, Taborelkt al, 1997, Niinomi, 1998, Gonzéalez, 1999, Akagawa
and Abe, 2003, Abrahamsson and Cardaropoli, 200Fpe outstanding lonterm
serviceability of this material has been proven by high quality experimental and
clinical research that igell documentedn the dental literatur¢Albrektsson, 1988,
Jemt and Johansson, 2006, Simaatisal, 2010) A plethora of changes involving;
design features, surface treatments and placement techniques of dental implants have
evolved in an attempt to improve the outcome of this treatment modality. However,
these changes spared to a large extent, materials from which implants are made.
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1.1 Development of alternative implant materials:  factors
driving this trend

Titanium implants hae a long traceable record of predictable clinical
performance with a cumulative success rate of 98.8% for 15 (leadquist et al.,
1996) Only recently there has been a move toward seeking alternativepTo
Suchatrend has been driven by seMdrderplaying factors that were summarised by
Andreiotelliet al. (2009) into four groups:

1.1.1 Aesthetic challenges with cpTi

The tremendous i1increase 1in patientos
implant treatment has made clinicians not only interested in the osseointegration and
survival of implants, but also concerned with the aesthetic outcome of this treatment
(Heydecke 1999, Meijeret al, 2005, Zembiet al, 2009) Implant dentists are also
under extraordinary pressure from their patients to speed up the process of implant
treatment as patients find it difficult to cope with provisional restorations, especially
whenit comes to replang missing teeth within the aesthetic zone. Therefore, more
dentists are now considerinthe use of advanced clinical techniques such as;
immediate implant placement alwhding via provisiorof aprosthetic supratructure.

These adances, however, come at the expense of aesthetic complications as it
has been found that pessttractive placement using titanium dental implants can be
associated with aesthetic compromisgchs as wound dehiscence and +fadial
recessior(Espositoet al, 2010) There is strong evidence suggesting that it is possible
to successfully load dental implants immediately or early after their placement in
selected patientglthough it has been suggested that not all clinicians may achieve
optimal results. Tmds suggest that immediately loaded implants fail more oftam th

those conventionally loadexbunterpart§Espositoet al,, 2009)

There have been significant concerns as far as stability and longevity of soft
tissue aesthetics, synonymously callginkd aesthetics, and subsequently patient
satisfaction This type of failure is usually encountenedh immediately placed and
restored dental implants. Ironically, this aspess been found to be underexposed in
the dental literaturdDen Hartoget al, 2008, Langet al, 2012) The aesthetic
complications of immediate replacement techniques are more evident in patients with
thin gingival biotype who are more prone to recessidn such patientanid-facial
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recession causegreyish shimmering through the mucosa which jeopardises the
aesthetic out come (WoGCovapia2004,osyettal, 20a88Dens f a c t |
Hartog et al, 2008) Figure 1shows a commonly encountered aesthetic failure
following immediate implant placement in the aesthetic zohe.fact, it has been

shown in a recent clinical trial that more than 30% of patients who received single
immedate implant treatment needed further surgical procedure namely, connective
tissue grafting, after 12 months of placement due to major alveolar process
remodelling and advanced midfacial recesg©asynet al, 2012) It is worthwhile to

remark that im@nts were placed using flapless surgery and only patients with thick
gingival biotype and intact labial bone plate after extraction were included in this

study.

Figure 1. Aesthetic complications with immediately placeccpTi dental implant.

Mid-facial, pertimplant soft tissue recession around immediately placed ar
provisionalised cpTi dental implant in the area of upper right central incisor
Cervical margin of the crown and 23 mm of implant head were exposed creatir
significant aesthetic concern for the patient 18 months after implant placemer

Used with permission from Dr. Howard Gluckman.

The correction of the aforementioned aesthetic complication is posisiblegh
using different grafting procedurgSchneideret al, 2011) However,there is only
limited, weak evidence in the dental literature suggesting that augmentation at implant
sites with soft tissue grafts is effective in increasing soft tissue thickness improving
aesthetics. Furthermore, there alimited number of randomised controlled studies
showing that surgeriesised toincrease the height of keratinised mucosa using
autografts or an animalerived collagen matrix gre able to achieve their goahdse
studies also revealed that the aboveru#etion came at the price of a worsened



aesthetic outcomeot to mention the potentially serious complications and donor site

morbidity following autograft harvestindespositoet al., 2012)

1.1.2 Health related issues with cpTi

Unfortunately, it is no longethe case that titanium is considerechasmpletely
bi oi nert materi al. I n contrast, titani um i
demonstrated by several reports and studi€everal authorgeportedincreasd
prevalence of oral allergies to metatg;luding inert naterials like gold and titanium.
This was particularly evidenh patients witha history of allegy to other, less noble
metals. They also maintained that titanium oral implants can induce toxicity or type |
or IV allergicreactions wheh may accounfor unexplained failures of dental implants
in some patient¢Evrardetal., 2010) A histological study on retrieved titanium hip
implants showed a quite strong inflammatory response to these implants and was
regarded as a contributing fac for failure (Lalor, 1991) In addition, Siciliaet al
(2008) reported a 0.6% prevalence of allergy to titanium in patients who received
dental implants and recommended allergy tests in some (&is#is et al.,, 2008)

Significant concernshave beenraised recentlyregarding allergies and
sensitisatiorto titanium particlesreleasd due to corrosion and weékoutayaset al.,
2009) High concentrations of titanium ions were detected locally i.e.e horthe
vicinity of implants andsystemically asn regional lymph nodes , iatnal organs ,
serum and urinevhich is potentially hazardous to human bd@&ack et al, 1990,
Kazuhisa and lizuka, 1993, Onodetaal, 1993, Jorgensoet al, 1997, Jacobst al,
1998) Despite the aforementioned findgghe significance of these concerns is not
clear in light of huge amount of reports that proved safetgpdfi for oral use
Furthermoretesting patients for titanium allergy on regular basis still cannot be easily
justified (Wenzet al, 2008)

1.1.3 Metal-free prosthetic reconstructions

The steadily growing concerns about the aesthetics and potential health problems
associated with metal alloygsulted inanincreased number ohetalphobic dental
patients(BagedahiStrindlundet al, 1997, Andreiotelliet al., 2009) This has been
substantiated by the constantly emerging reports correlating systemic diseases and
genetic mutations to ion release from metallic restoratigaggela et al, 2008,
Geieretal., 2011) Nowadays, it is a routine situation that clinicians face in dental
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practice, where patients are reluctant to receive metallic prosthesdsraadhg for
metalfree alternativesThis in turn, directed large attention toward developing and

studyingalternativeceramicimplant materials

1.1.4 Breakthroughs in bioceramic 8 AAOAT T i AT O

Advances in biomaterials sciencakowed the production of high strength and
biocompatiblemplantableceramicmaterials. The extensive number of zirconia based
ceramics is the best example on such achievement in this field. The enormous
progress in the field aferamic manufacturing technoleg enabled the production of
high precision biomedical implantshe introduction of Powder or Ceramic Injection
Moulding (PIM, CIM) and Hot Isostatic PressingIP ) techniques were the hallmarks
of this developmentAndreiotelli et al, 2009, Parlet al, 2012a) Collectively, these
two factors played an important rola the growing popularity of zirconia as a

bioceramic dental implantnaterial(Vagkopoulouet al, 2009)

1.2 Ceramics in dental implantology

Bioceramics is a term that refers to medical grade ceramic materials that can be
used as implantable devices in theman body. The last half century witnessed
unsurpassed progress in the field of development and innovation of ceramic implants.
The large number of patents and research publications proposing or investigating such
bioceramics is a strong indication onethsubstantial increase of interest and
achievemerttin thisfield. Ceramic implants for total hip arthroplasty procedures and
ceramic oral implants are major examples on the outcome of such progress.
Bioceramics vary in their chemical compositiand micostructure Poly-crystalling
ceramic oxide glass, glassceramic and ceramic composite are all exampues
materials that can be uséal manufacture bioinert or bioactive ceramic implantable
devicegBestet al,, 2008)

Ceramic endosseous implants have been advocated, investigated and used since
thelate 1 9 6.0Mbrso- and polycrystalline aluminium oxidevere amongt the first
used ceramic materials owing to their high biocompatibility and ease of
manufacturing. CerasafidTubingef¥, Bionit®, Pfeilstif®, Munct, Bioceran? and
Sapphir€ are examples ofommerciallyavailable ceramic alumina based implants.

However, such systems are currently obsolete owinligetiolow flexural strength and
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fracture toughness particulpihe monecrystalline form. Ironically, implant fracture
was among the rarest cause of implant lossclinical studies investigated the

performance of these implar(tsawahareet al, 1980, Andreiotellet al, 2009)

To date, zirconia is by far the ntosidely usedand investigatederamic as an
alternative implant material. Zirconia based dental ceramics have been subjected to
thorough investigationfor useas alternative material for; orthopaedic implants, fixed
dental prostheses and abutments fentdl implants(Piconi and Maccauro, 1999,
Andersson, 2003, Paolo Francesco Manicone, 2007e largeamount ofinterest in
zirconia is not only attributed to high strength and biocomih&ilin comparison to
alumina, but alsalue to theits potential to outperforntpTi in terms of aesthetic

properties soft tissue response and antibacterial characteristics.

1.2.1 Zirconia based dental ceramics
1.2.1.1 Zirconium as mineral and zirconium oxide (zirconia)

Zirconium is a transition metal located in IVB gmand period number 4 in the
periodic table.The atomic number dfirconiai s 40, i ts6 atomic weight
and itso6 den?¥iZropniuin snelifg ténﬂoeragu‘edsnﬁ,8§5 and it
transforms to gaseous state at 4,&0.9 It has five natrally occurring and 28 artificial
isotopes which have hdlives that greatly varpetweemanoeseondsandhundreds of
years(Rall, 1947)

Some auth@r ef erred the origin of the word zircc
which means golden in colour. Amnt Indian tales,Roman historian and some
biblical writings have also mentioned naturally occurring gems containing zirconium
(Christie and Brathwaite, 1999)Pure zirconium is found in either amorphous or
crystalline forms. The former is bki#ack pavder in which atoms are not
symmetrically arranged within the metal lattice in contrashédatter, which exists as
a white powderwhere theatoms assume symmetrical arrangem@@hristie and
Brathwaite, 1999)

Zirconium dioxide ZrO,) (alternatively cled zirconia) was discovered in 1789
upon heating Jargon (old gemstone) by the German chemist, Martin Henrich Klaproth.
The Swedish chemist, Jons Jakob Berzelius isolated the impure metallic form of

zirconium in 1824 using heat treatment with a mixturgatassium and potassium
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zirconium fluoride inaniron tube(Christie and Brathwaite, 1999)Herzfield (1916)
managed to isolate the pure zirconium dioxide usidiigh concentration of
hydrochloric acid to convert zirconium silicate to zirconium oxychloride octahydrate
(Herzfield, 1916) In 1925, van Arkel and de Boer used iodide decomposition to
prepare hafnium zirconium which is considered as pure zircodugrb thedifficulty

of separating the two metals from each ofiriserman, 1991)

Zirconia assumes three structurally different crystalline phdkedirst one is
the monoclinic phase, in which the zirconium and oxygen atoms are arranged in a
deformed psm with parallelepiped sides, the second one is the tetragonal phase, in
which atoms assume straight prism with rectangular sides and the third one is the cubic
phase, where the atoms are arranged in the form of straight prisms and square sides
(Pittayachavan, 2008) At room temperature, the stable phase is the monothaic
remains so until 1170 °Gfter which thetetragonal phase becomes stabilised up to
2,370 °C. Above that temperature, cubic phase is predominantly ssdhili the
melting pointis reachedScott, 1975)

Among the three phases, tetragonal is the preferred one in terms of structural and
mechanical properties and ability to be machinedthe clinical environment
(Guptaetal., 1977) Addition of dopants like 3% yttrium oxideY£03) made
stabiligng this phase at room temperature possfblellmann and Stubican, 1983a)
However, yttria partially stabilisedtetragonal zirconia polycrystalsY{TZP) is a
metastable compound, i.e. it may undergo phase transformation when subjected to
certain stimuli. In essence, this describes the basis of the unique toughening
mechanism of partiallgtabilisedzirconia compounds which is called transformation

toughening.

When subjected to heat, cracks, grinding, or sandblasting, the apparently stable
Y-TZP underges transformationto the monoclinic phase. This process is
accompanied by-8% volume expansion of the crystals which induces compressive
stresgswithin the crystalline lattice that aes crack stoppers. This transformation is
said to be martensitic i.e. d o e s. nidig af f
proved to have a major contribution to the outstanding mechanical properties of the so
call ed 06 CdGawieeiat,19833.eel 0



1.2.1.2 Zirconia as a bioceramic in dental implantology

The high strength and exceptional biocompatibility qualified zirconia to be one
of the leading biomaterials or bioceramics. The earliest work dasgribe first
biomedical application of monia asa surgical implant was in 1969 by Helmer and
Driskell (Helmer and Driskell, 1969) In dentistry, zirconiawas first used for
endodontic postser high strength extraoronal, crown and bridge restorations. Later
on, implant dentistry withessed a surge in the use of zirconia taahsmucosal
abutment material. This has been a direct result of the introduction and notable
progress in computer astd design and computer assisted manufacturing
(CAD-CAM) technology.

Functional parameters are no longer the sole determimdnisplant success.
Great attention has been drawrthe aesthetic outcome of such treatment modality as
aesthetics mapye he chi ef a n domptaimt! (§hanget dl,i1898)t The
introduction of zirconia abutments offered improved mechanical properties,
biocompatibility and radiopacity in comparison to alumina counterfkdatayaset
al., 2009) Additionally, Rimondhi et al (2002) concluded that zirconia surfaces
accumulated significantly less bacteria when compameditanium counterparts
(Rimondini et al, 2002) Thisin vivo finding has been confirmed by a human study
conducted by Scararet al (2004)who utilised titanium and zirconia discs placed in
the oral cavity for 24 houréScaranoet al, 2004) Furthermore, pefimplant soft
ti ssuesd response and health was found
(Brodbeck, 2003) Moreover, zirconia and titamin abutments have been clinically
assessed by van Bralatlal (2011 who found that there was no significant difference
between the two groups. However, zirconia abutments were associated with shallower

sulcus depths aftéhreemonths in this stud{an Brakelet al, 2011)

The fracture resistance and marginal fit of prefabricated and custom made
zirconia abutments have been investigated by a numbenafo and clinical studies.
In their chewing simulation study, Bu&t al (2005) compared fracture strength of
titanium reinforced zirconia, alumina and titanium abutments. Zirconia abutments
showed fracture resistance similar to titanium controls and significantly higheththan
alumina group. No screw loosening or deteleta@ipacks could be found thezirconia

group after chewing simulatigiButz et al, 2005) These findings were confirmed by
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Gehrkeet al (2006) who concluded that zirconia abutments exceeded the established
values for maximum incisal bite forces repakin the literature and maintained a tight

fit inside titanium fixtures after five million chewing cyclé&ehrkeet al, 2006)
Marginal adaptation of altirconia abutments and zirconia abutments with titanium

inserts was found to be clinically adequé@rodbeck, 2003)

CAD-CAM technology enabled manufacturing of custemmade all ceramic
abutments and offered improved aesthetics and soft tissue intedkatiatayaset al.,
2009) Marginal adaptation and fracture strengthC&D-CAM processed abutments
was found to satisfy clinical requiremeii@anullo, 2006, Gehrket al, 2006) These
virtually designed zirconia abutments are individualhgtomised t@ccurately follow
gingival contours. Theirish line is placed just below theenith of the perrimplant

soft tissudor optimum final crowraestheticgFigure2).

Figure 2. Custom designed and manufactured zirconia abutments.

Left, 3D CAD of a zirconia abutment to restore implant replacing upper righ

central incisor. Right, zirconia abutment fittedin situ with optimum margins

following prei-E1 D1 AT O O1 £0 OE OCed&hA2014A)Y 1T O1T 6008

Outstanding performance of zirconia abutments has been demonstrated in a
clinical study(Glauseret al, 2004) A 100%four-year survival rate was reported by
the authors. It is noteworthy that 70% of abutments studied, were used in implants that
restored missing anterior teeth. Linkevicius & Apse (2008) systematically reviewed
studies investigated zirconia dments and only found two clinical trials that satisfied
their inclusion criteria. They concluded that titanium abutments did not maintain
higher bone levels when compared to zircaoanterpartgLinkevicius et al, 2008)
One year later, Zembiet al. (2009) published results of their randomised controlled
trial in which 18 zirconia and 10 titanium abutmewisre usedo restore implants in

canine and posterior regions. Results showed 100% survival rate when abutments



were followed up to a mean periofl3 years. This trial also showed no difference in
the biological outcome between the two groups in terms of probing depth, plaque

index and bleeding on probirfgembicet al, 2009)

Nothdurft and Pospiech (2010) studied the performance of zirconia abutments for
posterior single tooth replacement and found no mechanical or biological signs of
failure associated with any reconstruction followed up to six maofMbshdurft and
Pospiech,2010) From an aesthetic point of view, zirconia abutments can be
advantageous in many way¥ildirim et al, 2000) Frank exposure of the white
zirconia abutment as a result of recessienfar from perceivableby patient
Moreover, zirconia was found to be associateith \ss discoloration of 1.5 mthick
soft tissue when compared to titanium as reported in an animal §udget al,

2007) Bressaret al (2011) confirmed these results in their multicentre prospectiv
clinical study(Bressaret al, 2011) However, care should be takexgardingthese
claims in light oftheclinical trial by Zembicet al. (2009) who assessed colour changes
by means of spectrophotometryThe authordound that both zirconia and titiaum
abutments induced similar visible colour changes in-ipgsiant soft tissue§Zembic

et al, 2009)

A hybrid implant design where the fixture was mademfi with a zirconiasoft
tissue collar or transnucosl part was introduced by a French dental piant
manufacturer (TBR Group, France). In the clinical trial by Biaetlal (2004), it was
found that this hybrid implant system performed better than titanium controls in terms
of probing depth, bleeding on probing and plaque index. Also, splilisation of
peririmplant tissues was documented in the first year and survival rate after two years
was100%(Bianchiet al, 2004) However, this clinical trial seems to be at a high risk
of bias as there was not enough information about randomisatidnakkocation
conceal ment , a smal l sample size and no i nf
Additionally, the risk of delamination dhe zirconia collar may be an issue with such

design upon theengtermuse.

Two case reports were published abasing laser acquisition techniques to scan
extracted roots and mill truly anatomic, r@otalogue zirconia implasiusing CAM
technology to replace extracted teethigure 3). The authors claied good

performance of these implants after 30 months. Theyalleged potential benefits of
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being atraumatic and the fact that this procedure negates thdondmshe and soft
tissueaugmentation surgeri€Birker and Kocher, 2008, Pirket al, 2011) However,

the presence of bone defects due to previoustiofes may be the major challenge to
this approach Thus; careful case selection should be warranted. In addition, damage
of unsupported thin labial bone platkiring insertion of the implanmay be an

inevitable sequel &t may undermine th#zeatment atcome.

Figure 3. Anatomical zirconia dental implants.

Top left, Xray showing nonrestorable upper right second premolar tooth. To
right, tooth was atrumatically extracted and scanned to produce a zircon
replica. Bottom ldt and right, clinical and radiographic appearance of tr
placed implant. Reused with permission(Pirker and Kocher, 2008) Licenss
Numbers for re-use permission: 3592490908779.

Onepiece and to a lesser extent, tpiece zirconia implants have emergasl
viable alternative to titanium counterpain the last two decades. The number of
clinical studies that investigated the survival of zirconia implants is considerably less
thanin vitro counterparts In addition, it is not surprising that quality dfese studies
is not as high as those available for titanium dental implahtss is attributed to the
short followrup period and/or small sample size rendering the evidence supporting the
use of zirconia dental implants inconclusive. Talleshows the nost popular
commerciallyavailablezirconia dental implants systerasd their manufacturers.
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Table 1. Commercially available zirconia dental implant systems

System Manufacturer

WhiteSK¥ ceramic implants Bredent MedicalGermany

CeraRoo? Dental Implant System Oral Iceberg S.L, Spain
ZeramexT Zermax, Germany

Zirkolith® & Z-Look® Evo Zirconia Implant Z-Systems Switzerland

Curav® Maxon Motor Dental, Germany
The Strauman® PURE Ceramic Implant Straumann , Switzerland
SD& Implants Swiss dental solutions AG

A recent systematic review on different types of dental implants found no
randomised controlled trials describing implants made or coated with materials other
than titanium(Espositoet al, 2007) However, studies providing lower level of
evidence were reviewed by Andreiotedli al. (2009) who found three retrospective
cohort studies on ongiece zirconia dental implants that met the inclusion criteria of
their systematic revieWAndreiotelli et al., 2009) The first two studies investigated
189 and 10Qirconia implants and found ongar survival rates of 93% and 98%,
respectively. Most failed implants did so in the healing phase, in which increased
mobility was noticed. Only one implant fad after prosthetic reconstruction due to
implant fracturgMellinghoff, 2006, Olivaet al, 2007) Lambrichandlglhaut(2008)
observed 127 zirconia and 234 titanium implants fonean observation period of
21.4months. In this study, zirconia implanggerformed as well as titanium
counterparts when insed in mandible (98.4% vs 97.2%).itdnium implants
preformed significantly better in the maxilla (98.4% vs 84.4%)l. failures were in

the healing phase due to increased implant molgilaynbrich andglhaut, 2008)

The final conclusion of the aforementioned systematic review was that scientific
data from animal and human studies sbdthat zirconia implants osseointegrate as
well as titanium Additionally, Zrconia is a promising materiah iimplantdentistry.
However, these findings should be supported by lbeign clinical data before
recommending zirconia implants as a viable alternative to titarcommterparts

(Andreiotelli et al, 2009) These findings have been confirmed recently by
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Depprichet al (2012) who found only 17 clinical studies on zirconia implants
conducted between 2006 and 201lurv@al rate was between 748% after 1256
months. The authors remarked that all of the studies had sagtiBbortcomings and
thus, welldesignedcontrolled clinical trials are urgently needefDepprich et al,
2012)

Payeret al (2010) published their results after two yeéoHow-up of 19
immediately loaded zirconia implants. They reported 95%year survival according
to the clinical and radiographic parameters they exam(iRageret al, 2012) These
results are consistent with the data published by @ival (2010) who folbwed up
831 onepiece zirconia implants placed in 371 patients for five years and found a
survival rate of 95%. In the k&t study, three groups of implants with different
surface roughness were investigated. The-atbed implants were found to be
syperior to the coated and machined of@kva et al, 2010)

Kohal et al (2012) found that immediately restored guiece zirconia implants
had onéyear cumulative survival rate comparable to titanium counterparts. However,
they remarked that the incidee of bone lossaround zirconia implantsvas
considerably higher than that for titaniurounterparts at the followp. Thus, the
studied implants could not be recommended for clinical (Kedal et al, 2012)
These finding were in line with dafeom a study byCannizarroet al (2010) The
latter authorseported high failure rate due to significant bone resorption in the healing
phase around ongece zirconia implants Immediately placed and restored implants

were at an inciased risk for such cortipation (Cannizzarcet al, 2010)

Two-piece zirconia implants where a zirconia fixture and abutment are rigidly
connected by metal screw or bonded by resin cemvent proposed. A prototype
two-piece design was found to be potentially inadequate foicaliuse The studied
implants exhibited high rate aplant headracture(Kohal et al, 2009a) This can
be attributed tdahe largeamount of stress that a rigid zirconia abutment can induce on
the inner surface of an implant. In costraa Swissdental implant manufacturer
(Swiss dental solutions AG, Switzerland) clainm their marketing material that
3.8mm diameter zirconiamplant, zirconia abutmenand associated interfac®uld
withstand dynamidatigue testingfor two million cycles at 240N without fracture.

The associated interfacer in other words the joininghechanismcan be mechanical
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(utilising gold,titaniumor poly ether ether keton®EEK) screws) or adhesive (luting
cements) or both. The implant is machined frésiZP blocks ad annealed at high

temperatures.

A two-year, singlecentre, longitudinal case series reported the outcome of
treating 32 partially edentulous, systemically healthy patients with 49pisoe
zirconia implants (ZERAMEXT®, Denalpoint AG, Ziirich, Switzednd). Implants
were placed in the posterior region and zirconia abutments were bonded to implants
with adhesive resin cement (Figute In this studytwo abutments had fractured and
five implants were lost due to aseptic loosening. @héhors conclued that the

oneyear cumulative survival rate after loading was §Cncaet al, 2014)

Figure 4. ZERAMEXT® two-piece zirconia dental implant system.

Clinical (top left) and radiographic (top right) appearance of surgically placed zircon
implant and cemented zirconia abutment to replace lower right second premolar toot
Clinical (bottom left) and radiographic (bottom right) appearance of the restord implant
12 months postoperative (Cioncaet al., 2014). No permission was required for reuse fol

non-commercial purposes.

The above cited research findings cast dawubthe sufficiency of ongiece
zirconia implants owing to the possible accelerat@ueldoss duringhe healing phase.
Additionally, the use of twqpiece implant design utilising a zirconia abutment may
also contribute to irretrievable failures such as implant head fracture or aseptic

loosening owing to conveyance of excessive forcemgunasticatory function

df something is likely to fail, place it in an accessible locdiiomhisis a sound
engineering principle that is utilised in almost all fields of industry. This principle was
introduced, developed and investigated in thesqume study in collaboration with the
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White Implant Development Corp. (The Netherlands) and Maxon Mo&esfany).

The White Implant Systefhutilises a lowstrength glass fibre composi(&FC)
abutment (Triflof, E. Hahnenkratt GmbH, Germany) that@mented to a soft tissue
level zirconia implant (Curavex, Maxdviotors Germany) to support an aéramic
crown (Figureb). In this case, the weakest part in the clwainld be (1) abutment
implant bond(via adhesive cement), (2) abutment itself ort{® brittle allceramic
crown. Failure of any of these parts likely to be favourable, less drastic and
retrievable. The introduction ofrcementedsFC abutment as substitute to zirconia
may also providea cushioning mechanism. It caprevent detmental forces
e.g.trauma, from being transmitted to the implant and surrounding bone. Such impact
forces are more likely to break suprabony components rathetitenplant itself. In

a clinical situation, the failure of the abutment, crown or @frtyre adhesive borgican

be easily repaired as opposed to implant head fracture or crestal bone amsorpti
ercountered in conventional oner two-piece implant systems Embracing this
design conform to a treatmentmodality that is proven to be successinl dental
practice namely, restoration of endodontically treated teeth with-fifmesposts and
all-ceramic crownestorationgSignoreet al, 2009)

Figure 5. Two-piece, hybrid zirconia dental implant system.

The White implant system where a soft tissue level zirconia implant (top left) is bond¢

to a GFCabutment (top middle). A clinical case demonstrate the use of such desigr

replace an extracted upper left central incisor tooth (top right, bottom left).Bottom

middle and right, clinical and radiographic appearance three years postperative
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1.3 Thesis aims and objectives

The use bzirconia dental implants has been widely studied. While most studies
concentratean HIP and milled zirconia implantd, TD in CIM counterparts is as of
yet unreported. Additionally, the performanceaphovel,hybrid, twopiece zirconia
dental implantdesign has not been reportedthe literature Furthermorethere are
only a imited number of studies comjiag the biofunctional response of cells to the
propr iMBS6arzyi rc oni a wall-knbvan cpdi surfaces.olrhehorerall
aim of this multipart project is to perform pi@inical, in vitro testingof thereliability
of a novel, hybrid, twepiece zirconia dental implant design. The translational aim of
this project is to ingstigate, develop and refine timsplant design to ensure optimum
performance as an aesthetic alternative to conventapl¥alsystems used to replace
missing teeth in the aesthetic zone.

To achieve the aims& multitude of crystallographic, mechanical and biological
studies will be performedon standard, disshapedsamplesas well as implant
abutmentcrown asenblies. Dynamic mechanical studies will also be performed on
implants restored with two different crown materials with respect to their clinical
applications. This project will havethree main objectives thatilvbe presented
independently in the form of individual chapteeach with its own introduction,
materials & methods, results and discussion sectams$,consequently discussed and

correlated to each other in the context @ttlelinical relevance:

Chapter 2: Th&TD or ageing phenomenon will be characterised and quantified
as a result of hydrothermal treatment using crystallographic and direct imaging

techniques.

Chapter 3: The effect of hydrothermal ageing on basic mechammgerties of
the implant material will be investigated using static mechanical testing. The second
part of this chapter will examine the reliability and durability of various interfaces and
materials within implanabutmenicrown asenblies under simuated clinical

conditions.

Chapter 4: Surface roughness characterisation will be performed using different
techniques on the smooth and roughened zirconia implant surfaces and compared to
mechanically and chemically modifie€&pTi counterpart. Additionally, the
biofunctional response of human gingival fibroblasts and ostedtdastells to these

three surfaces will be compared.
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Chapter 2:
Crystallographic Analysis and Ageing Studies

2.1 Introduction

Zirconium oxide (ZrQ), or zirconia, is an inorganienetatoxide ceramic
material. Pure zirconia exhibits severathemicallyidentical but structurally

distinctive allotropes according to temperature:

A Below its melting point (2680 eC)
cubic crystalline system. Cubiareonia exhibits a faceentred cubic Bravais
lattice arrangement, an atomic infganar distance (d) of 2.94, unit cell
parameters (a=b=c) of 5.1A and interp| anar angl es
(Katz,1971)

an

(U=8

A Between 1170 eC and 2 3odycenged tetragonat c o n i

Bravais crystalline arrangement, an atomicemplanar distance (d) of
296, unit cell par afmaed5e855A arfdanteiahac )
angl es ( U¢rhshiitvjet alp 19949 0 e

of

A At room temper at u,mpae zaconhb islpedert &as abdsd 0 ¢

centred monoclinic Bravais arrangement with an atomic-piterar distance

(d) of 3.16 i, wunit c@A,|l521Apaad53mAt er s

respectively and interpl an(darezehal,g |
2007, Lughi and Sergo, 2010)

es

A Other crystalline arrangements have been discovered in surface treated

zirconia ceramics including a second cubic phase and orthorhombic phases

(Scott, 1975, Pittayachawan, 2008asic crystalline phases and a siifigd
phase diagramfairconia are demonstrated ifgEre6.

17



<1170°C 1170-2370°C 2370-2680°C
\ 1\ \
- 1\
i e
L \__1
\y___ ¥
L 3
Monoclinic Cubic
DIBBO; i i i i e 4
2370
C
S T
e
= un
I
)
2,
g
=
500
25
L 2 Y,0, mol% 8

Figure 6. Schematic representation of various zirconia phases and zirconia phase transition diagran
Top, spatial arrangement of zirconium (yellow) and oxygerfred) atoms in the three principle phase:
of zirconia. Bottom, relationship between concentrations of X0; stabiliser, temperature and phas
stability. The diagram clearly demonstrates the proportional increase of cubicCf phase with
increasing the conentration of Y>Osand temperature. Tetragonal phaseT) can be stabilised at roor
temperature by addition of 2-8 mol% of Y,O;. Monoclinic phase ) is stable between roon
temperature and 1170 °C and with ¥O; concentration below 1.8 mol%. Reproduced basl on original
phase diagram by Scot{Scott, 1975)
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The transformation process from tetragonal to monoclific () allotrope
exhibits the characteristics of martensitic transformati{Snbbaraoet al, 1974,
Schmauder and Schube986b, Devilleet al, 2004, Lughi and Sergo, 2010)
According to the phenomenological theory of martensitic crystallography, a
martensitic transformation can be characterisedalmpange in crystal structure (a
phase change) in the solid state thatakermal, diffusionless and involves the
simultaneous, coperative movement of atoms over disesdess than an atomic
diameter. The process shoutésult in a miroscopic change of shape of the
transformed regioiiDeville et al, 2004, Chevalieet al, 2009) Despite the fact that
the transformation process is diffusionless, i.e. involves omiynamal movement of
atoms less than the interatomic distanteY nresults in 35% net volumetric
expansion(Subbaraoet al, 1974, Bannister, 1993) This is adirect result of the
difference in unit cell volume of monoclinic and tetragonal zirconia phases
(140.96x10 vs. 67.12x10pm’). Dilatation and shear (unit cell) strain subsequent to
t Y rprocesanay resulin excessive cracking and catastrophic failuréciviindered
the use of zirconia as a reliable ceramic material for many de(@denister, 1993,
Lughi and Sergo, 2010)

I n the | ate 19200s, stabilisation of
successfully achieved at room temperature via additianetal oxide stabilisers such
asYb,03;, ErO3, EwO;, GAO3, Se0s, La0O3, Cao, MgO, Ce@and Y,0s. Alloying
zirconia with the last four chemical oxides was the most widely used process to
produce fullystabilised and partialigtabilised (metastable) zirconia ceramics and
received great attention among researcfierdf and Ebert, 1929, Ruft al, 1929,
Passerini, 1939, Guptd al, 1977, Hellmann and Stubican, 1983b, Gaetial, 1984,
Fassinaet al, 1992, Lughi and Sergo, 2010)

The required concentrations 0335 to achieve room temperatureetastable
tetragonal and fulhstable cubic phasesary among different studies. In his
cornerstone work, Scoitl975) reported that stabilisation of tetragonal and cubic
phases at room temperature requires addition13 #0l% and > 13 mol% of 205
respectively(Scott, 1975) However, it has been carsually cited that addition of
O8mol% Y.Os; to pure monoclinic zirconia can result in a fully stable, low
transformation capacity cubic zirconia. Also, addition of lower concentrations of

dopant or stabiliser such as -B8mol% Y.O3 can yield the most ecomonly used
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zirconia based ceramics nowadays, single phase, transformable or metésiZible
(Guptaet al, 1977, Hellmann and Stubican, 1983b, Hanrenlal, 2000, Lughi and
Sergo, 2010)

Tetragonal phase stabilisation using metal oxide dopants camh@nced by
emledding the stabilised crystals in a high elastic modulus matrix. Stabilised
tetragonal zirconia phase within a matrix of cubic zirconia or the so called, partially
stabilised zirconiaKS2Z is an example on this material. Alumina has &leen used
as a matrix to form the so called zirconia toughened alurdinA)((Lughi and Sergo,
2010)

Pure cubic zirconia is difficult to process and use in the biomedical R8d.is
very difficult to manufacture owing to the complexity of matrix préefon process.
Y-TZP is the easiest to manufacture among other forms of zirconia ceramics. It also
has a superior potential for use asgstal implant material owing toigh
biocompatibility, optimum aesthetic properties, machinability as well ds stigngth
and fracture toughnesgPiconi and Maccauro, 1999, Hisbergues al, 2009,
Vagkopoulouet al, 2009, Lughi and Sergo, 2010)

When mechanically challenged, for example by a propagating crack, the
metastable tetragonal crystatan transform to the monoclinic phase ¥ j This
process is accompanied by536 volumetric expansion of the crystals (analogous to
cooling unstabilised tetragonal zirconia to room temperature) which yields radial
compressive stresses that halts the cradpagation. The unique transformation
toughening mechanism or, strésduced t Y mis largely responsible for the
unsurpassed strength WfTZP in comparison to other cerami@Sarvieet al, 1975,
Guptaet al, 1978) A schematic representation of strésducedt Y nis presented in

Figure?.

In order to lead to toughening of the solid matter, the transformation should
exhibit the following features; (1) emperative atom movements without the need to
reconstruct the crystal structure in order for the t@msétion to take place in
association with advancing crack, (2) high speed in order to allow for spontaneous
reaction to the progressing crack and (3) a displacive component that leads to a
relatively significant shape change of the transformed volumeighddminated by
shear stresses (Deville et al., 2004).
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Figure 7. Schematic representation of phase transformation toughening mechanism.

The energy produced by a propagating crack can induce tetragonal (red) to monocli
(blue) phase transformation. The monoclinic crystals are-5% larger in size in comparisol
to tetragonal counterparts. The volumetric expansion yields compressive stresses that cl

the crack front and halts its propagation.

Interestingly,thet Y nprocess aatake place spontaneoustyvivo and upon
exposure to a humid environment. This phenomenon has been identified -as low
temperature degradatiobhTD) or ageing. As a consequence of this procéssZP
can suffer slow, longerm, structural deterioratiomanifested as microcracking adad

loss of strengtliKobayashiet al, 1981)

By definition, t Y nuluring LTD should not be triggered by the local stresses
produced at the tip of an advancing crack, as in the case of transformation toughening
phenomenor{Lughi and Sergo, 2010jiUnfortunately, the remarkable advantages of
the phase transformation toughening cannot be exploited without taking the risks of
LTD process (Chevalieret al, 2007b)

From a microstructural point of view, the major shortcomingr-fZP is that
once the tetragonal crystals transform to the monoclinic polymorph, they cannot
exhibit phase transformation toughening mechanism anyrflarghi and Sergo,
2010) LTD may have twanajor macroscopic adverse effects on zirconia biomedical

implants:
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A Cracking and monoclinic crystal pwut may cause loss of crystalline

coherence and consequently a decline@thanicateliability.

A Surface roughening and tisebsequent increase tine wear ratewhich may
elicit an immune response against the released wear parfidies may
ultimately cause aseptic bone loss and implant loosening in addition to
further decline in mechanical and aesthetic paramgtengvalier et al,
2007b, Lughiand Sergo, 2010)

2.1.1 Physicochemical and microstructural features of LTD

According to the majority of research repoit3,D is a watermediated phase
transformation that propagates véanucleatiorandgrowth mechanism. Several
models have been proposed to elucidate the role of water and explain the
physicochemical basis &fTD. Sato and Shimada (1985) were among the forerunners
to investigateLTD. They demonstrated the role of corrosive and/or corresive
mechanical stresin their pivotal work.They concluded that water and solvents with a
molecular structure containing a lepair electron orbital opposite to a protdanor
site, react with ZrO-Zr bonds at the propagating crack front and consequently form
Zr-OH bonds. The formation of the{OH_) bondmay relieve strain/tension stabilising
tetragonal phase and ultimately enhahc¥ ngSato and Shimada, 198 imilarly,
Yoshimuraet al (1987) adopted the hypothesis of anion diffusion andQ# bond
formation upon the exposure to water. According to their findings, such a reaction
triggerst Y by chemical adsorption of water molecules followed by the formation of
Zr-OH bonds at the surface. Hoveg, the latter group postulated that destabilisation of
the tetragonal phaseasattributed to the accumulation of lattice stsa@s a result of
this reaction rathdattice strain relief The accumulation adtrain by the migration of
(OH_) ionsat thesurface and in therystallinelattice results in formation of nucleating
defects. The nucleation of monoclinic phase in the vicinity of tetragonal grains
enhances$ Y nand subsequently causescro- and macrecracking(Yoshimuraet al,

1987)

In their transmission electron microscop¥EM) study, Langeet al (1986)
demonstrated that water vapour reacted with yttrium in YhEZP and produced
submicron clusters of Y(OH) This reaction caused stabiliser,(¥) depletion and

thereby, produced a monoclimeicleus on the surface of an exposed tetragonal grain.
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Monoclinic nuclei collectively grow t@ausetransfornation of the tetragonal phase.
The 35% volumetric expansion and shear strain associatedtwithnecan produce a
microcrack in the case where thige of the transformed grain is larger than the critical
size for microcracking.In this case, subsurface grains and bulk of the material will be
exposed to corrosive action of water penetrating into deeper layers with subsequent
spontaneous transfornat and strength deteriorationf not, t Y rnwill be limited by

the diffusion range of yttrium to the surface and the strength is less likely to be
affected. The authors concluded that catastrophic effedtDfcan be avoided by
reducingY-TZP grain size below the critical value required for microcracKirenge

et al, 1986) A similar mechanism was proposed by Schulf2@86) and Liet al
(1996) who demonstrated the vital role ofOH bond formation during TD process

and significant synergtic effect of watel(Li et al, 1996, Ustundag and Fischman,
2009)

Based on data obtained from neutron diffraction and accelerated ageing
dynamics, oxygen free radicles have been proposed as a more potent contributor to the
LTD process in comparison tother waterderived species, e(@H_). Water is
believed to provide free radicles @Dthat start the surface corrosive attack and cause
lattice shrinkage and buHdp of tensile stresses (corrosisteess procesgSchubert
and Frey, 2005} Y rmstarts in the most unstable areas such as grain boundaries where
the largest amount of tensile stresses are present and then propagates to the centre of
the grain as water attack continu@&hmauder and Schubert, 19&hevalieret al,
2007b, Chevalieet al., 2009)

A cascade of events occur after initial transformatiarcess; the transformed
grainscome under compressive forces and the sodimg tetragonal phase grains
come under tensile stresses which destabilisesthegbnal phase and agdiavours
furthert Y mvia reduction of the strain energse We, described later). In this way, a
nearto-near mechanism or autocatalytic effect is provokéda the tensile stresses
generated by the transformation process are @peabn grain boundaries,
microcracking starts in these areas and grainquuilirate increases significantlyf.his
in turn, facilitates diffusion of water molecules into deeayers of the material and
intensifies the acceleratory effect of water &TD (Devilleetal., 2004)

Chevalieretal further concluded that a thermodynamic driving force working
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synergistically with the diffusion of watekerived speciesis required for the

transformation to occuyChevalieret al, 2007b, Chevaliegt al, 2009)

Despite the uncertainties and controversies surroundingTiephenomenon, it
is well-established that;

A LTD is timedependent process that proceeds most rapidly at temperatures of
200-300°C.

A It commences at the surface and further progresses to ltheflihe material
via a nucleatiorandgrowth mechanism where nucleation refers to the
transformation of a single grain, which can act as a nucleus for further
transformation and growth refers to the preferential extensionYofo the
crystals in the \dinity of the nucleus.

A Water, vapour or moist environments have a significant role in the
enhancement of this process.

A It is dependent on many other microstructural and chemical variables
(Yoshimuraet al, 1987, Chevalieet al, 1999a, Lughi and Serga010)

The crucial, obligatory prerequisite for the occurrencet of mis that the
tetragonal zirconia crystals exhibit thermodynamic metastability. Whethémis
considered (positively) as a toughening mechanism or (negatively) part bff lhe
process is determined by the initiative that provoked the transformation process itself.
t Y ninduced at the propagating crack front is a stiedsced transformation and
considered as toughening mechanism. Spontariedusithat is not associated with
mechaical stress generated by propagating cracks, occurs at low temperatures and in a
humid environment is considered laED or ageing proces@d.ughi and Sergo, 2010)

In Y-TZP, t Y ris mechanically constrained under metastable conditions.

In order for thet ¥n to occur, sufficient energy should be introduced to the
metastable environment to end the equilibrium state and drive the transformation
process. It Y nis envisioned as a chemical reaction that is controlled by pertinent
free energy changedgG v ), thefactors affecting the transformation of a tetragonal
crystal to its monoclinic allotrope can be described irEtgation(1) (Lange, 1982)
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Meo Ve T F
Where;

&G, is the difference in chemical free energy betweeretin@gonal and monoclinic phases

aJse: refers to the change iglastic strain energy associated withY prand

aJg is the change in energy associated with the formation of new interfaces as a result of the
t Y rprocess including; microcracks, surface figliand volumetric expansion

The value ofee Gis negative whenever the temperature is below the martensite
start limit. It is largely determined by the temperature, chemical composition and the
amount of oxygen vacanciese Weis dependent on the modula$ the surrounding
matrix and the presence of internal (residual) or external (applied) stressgds
affected by the size and shape of the cry&alevalieret al, 2009, Lughi and Sergo,
2010) Martensitic transformation is a naguilibrium procss. Thus, fot Y o take
place, &8 G y nshould beless than zero. Tetragonal phase will be unstable or
undergoing Y nwherebaeGb > abUe+ a&lJ(Chevalieretal., 2009)

Y-TZP sensitivity toLTD is significantly affected by several interplaying factors.
Some of these factors potentiateY mby conferring a conducive environment for this
process while others play a role in disrupting/stabilising the equilibrium state of
tetragonal phase (meta)sidlp. Porosity or density plays an important role in
delivering water to deeper layers of the material and thereby increasing the depth of
LTD (Masaki, 1986 MuiozSaldafieet al, 2003) The effect of grain size dalD is
complex. Increasing grain sizeeduces the grain boundary area whémD is
preferentially initiated, thus reducing the rateL@D. However, increasing grain size
also depresses the nucleation barrier and increases the tensile stressesgt¢guce

on the grain boundaries and therétgreases sensitivity toTD.

Smaller grain size can increase the nucleation rate on the abundant grain
boundaries and accelerdt&D (Li and Watanabe, 1998)However, it is worthwhile
to mention that.TD was significantly suppressed under extreme rageonditions
upon the use of fully dens¥-TZP with a critical grain size €.36e¢ m(Mufioz
Saldafaetal., 2003)

The amount of cubic phase, which is af
concentration, is directly related to th&D process. Cubic grains are larger than

tetragonhcounterparts and can deplete the lafitem stabiliserandthereby increase
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the risk ofLTD (Chevalieret al, 2004) Dopants or stabilisers should be used in an
optimum way in order to maintain the bate betweenLTD and mechanical
properties. High concentrations of dopant reduce the sensitivityltd by decreasing
beeGb and i redde eHowavear, p large amount of stabiliser reduces the
efficiency of transformation toughening mechanism and byereeliability of the
material(Sato and Shimada, 1985)he type of dopant also affects the rate.®D.
Ceriadoped zirconia and ceria ©mped Y-TZP materials seem to have reduced
sensitivity toLTD and better mechanical properties in comparisor+i@P (Tsukuma

and Shimada, 1985, Wangt al, 1992, Banet al, 2008) Unfortunately, ceria
stabilised tetragonal zirconia is not commercially available yet due to several reasons
as cited by Lughi and Sergo (2010). Firstly, reduction of @ Ce™ can occur
spontaneously during sintering in air at room temperature as a result of stress locally
generated by Y mCe?is reported to have a significantly inferior stabilising effect on
tetragonal zirconia. Secondly, ceria stabilised zirconia has ayéluw to almost
brownish colour. This in turn poses an aesthetic challenge for dental applications.
Thirdly, reduction of C& to Cé™ tends to cause dark grey discoloration. This is
especially relevant in the oral environment as several studiesteépitrat some
glucose and lactose containing foods h@e* to Ce™ reducing capabilitie$Lughi

and Sergo, 2010)

Addition of alumina particleszasshownto reduce th&TD kinetics ofY-TZP as
it increased densification, increasazlde by increasing maix elastic modulus and
enhancedtensile deformation in superplastic flogRadford and Bratton, 1979,
Chevalieret al, 2009) In addition, the segregation of *Alto the grain boundary
redueé&ls Iby enhancing anion vacoandayie.s i n
aluminazirconia interface can accommodate a higher concentration of oxygen
vacancies in comparison to the bulk of the grain owing to the trivalent nature of

aluminium(Suenagat al, 1998)

Presence of stress/strain in the crystallinackatis an important determinant of
thet Y rprocess. It has been demonstratedtth¥tndoes not take place in strefsse
tetragonal zirconia crystals, even if the stabiliser content is significantly below that
required as per the stability of the phasagdam that is <1.8 mol%Schmauder and
Schubert, 1986b) Grinding and surface treatments affect reliability difD
sensitivity ofY-TZP as they affect internal and residual stresses, and introduce external
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stresses. Wet grinding and sandblasting sekta have no detrimental effect on
reliability (Guazzatoet al, 2005) Compressive stresses as a result of rough surface
polishing aidsLTD resistance. Scratches induced by fine polishing indu¥enand
potentially LTD along the scratch line as a result of tensile stresses build up
(Deville etal., 2006) Internal tensile stresses act to redeege while compressive
stresses increase the value of this parameter which explains the different elf€Et on
susceptibility(Chevalieret al, 2009) The effect of various stresses can significantly
alter thenature of thet Y & product. Where the transformed crystal is in a non
constrained environment such as on the surface of a solid matter or in a powder, the
volumetric eyansion subsequent toY ns manifested/relaxed as a surface upliit

the so calledmartensite reliesf On the other hand, in a mechanically constrained
environment and in the presence of a stress field, such as the bulk of a solid matter,
tetragonal MJO partially stabilised zirconia transformed into a stack of monoclinic
allotropes (crystal twinning) which accommodated the shear component of the

transformation as indicated BYEM studiegChevalieret al, 2009)

2.2 LTDKkinetics

The contribution of factors affecting G, se Ye andae 4 eventually determines
as to whether the equilibrium state of metastable tetragonal zirconia will be disrupted
or maintained and hence whetherY nproceeds or not. Thus, in a (meta)stable
tetragonal gystal, the occurrence af Y nstrictly requires a kinetically driven event
over an elapsed time range that alters one or more of the above variables. Tetragonal
zirconia phase can be existent in a (meta)stable form even if the conditions point
toward negdive &G v This is attributed to the fact that a thermodynamic or a
mechanical trigger is needed forY nio take place, analogous to water remaining in
liquid state just below the freezing temperatfineghi and Sergo, 2010)

Equation 1 allows studying hle boundaries of mechanical and thermodynamic
stability of Y-TZP at a snapshot of time as the variables are time independenty
term stability of tetragonal phase of zirconia can however, be studied in time
dependent, kinetic tern{&ughi and Sergo2010) The effect olLTD on Y-TZP was
overlooked until 2001 owing to the presumption that its occurrence within @ro
environment was physically impossible. These thoughts were consolidated by the fact
thatLTDki neti cs peak at (Cewmiertak 20000 Havever, i2 50 e

27



has been demonstrated thatY nkinetics are very profoundly affected by several
microstructure and processingelated factors which if modifiedwill result in the

kinetics being shifted by several orders of magmii@eville et al, 2005)

The martensitict Y nprocess inY-TZP takes place by an apparewater
controlled nucleation andgrowth mechanism. Several studies have shownL{hBt
kinetics follow sigmoidal laws related to thecleation andjrowth mechanismThus,
they can be initially described using the Mé&Wrami-Johnson NIAJ) equationthat is
used for timedependent, isothermal phase transitiq@hevalier et al, 2007b,
Kokubo, 2008)

= me =1«
Where
Vm is the monoclinic volume fraction in the volume accessible by the technique used for
guantification,
tis the time,

n is theMAJ exponent constapand
b is a parameter dependent on temperature

The mrameter dependent on temperatimecén be calculatefiom the apparent
activation energy,inthe3¥ 4 0 e C t emper at ur e r prasgneedin usi ng Ar |
Equation JChevalieret al, 2007b, Lughi and Sergo, 2010)

bt ome=gh
Where

by is a constant,

R is the gas constant,

Q is the apparent activation energy, and
T is the absolute temperature.

The apparent activation energy is, in essence, the driving force fdd thé
process. In a given material any point of time, it is the value 0?11 &p at which
O 1 process takes pta. t depends on the free energy difference between the
tetragonal and monoclinic phases, temperature and stress state. Various surface

treatments and processing conditions largely affect the apparent activation energy by
altering one or more of thesactors(Chevalieret al, 2007b, Lughi and Sergo, 2010)
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The use of Equations 2 and 3had substantial success in extrapolating
time-temperature equivalences betwarnvitro, accelerated, high temperatut&D
data andn vivo LTD occurring at body temperaturéor instance, steam sterdison
at 134eC for 5 hours i $20 gearw ofip vivw hTDs e d t
(Chevalieret al, 1997, Chevalieet al, 1999a, Lughi and Sergo, 2010)

Y-TZP femoral implants were being ubssuccessfully since 1985 with a fracture
rate of 1 per 50,000 implants (0.002%8)ales,2000) The premature catastrophic
failure of a series oY-TZP surgical implants used for total hiptfaroplasty however
tarnished thisespectable record and imposed a paradigm shift in consideratidibof
phenomenon.As cited by Chevalieet al (2007),LTD was the major suspect and the
leading cause in the striking episode of femoral implants faikitlein 6 par t i cul a
batches. Theccurrence and distribution of these failures undoubtedly indicated awry
processing. It subsequently transpired that the manufacturer utilised a new time
efficient tunnel furnace to provide a continuous sintering operaticope withthe
increasing commercial demand. The newly processed femoral heads failed within
months of implantation with a striking failure rate of 8%. The use of autoclave
sterilisation at that period had also complicated the situation and was later forbidden by
the Food and Drug Aministration(FDA). The use of the tunnel furnace led to an
uneven radial distribution of intermediate density and a highly porous core of the
implants after sintering. In addition, mechanical grinding for a weathgged female
receptacle in th&-TZP femoral head in order to receive metahle componenied to
accumulation of high residual stresses that lowered mactivation threshold.
Unfortunately, these flaws skipped the standard quality control checks which

investigate the overall density and seg&TD (Chevalieret al, 2007b)

2.3 Macroscopic consequences of LTD on surgical implants

Studies on retrieved femoral head surgical implants revealed Tiactan have
two major macroscopic adverse effects on zirconia dental implants. Firstly, cracking
and monoclinic crystal putbut may cause surface roughness, loss of crystalline
coherence and consequently decline in mechanical reliability. Secondly|ehsere
particles can elicit an immune response that ultimately causes aseptic bone loss and
implant looseningChevalieret al, 2007b, Lughi and Sergo, 2010owever, as cited

by Chevalieret al (2007), the extent and relevance of such problems vanemh@
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published reportswing to the complexity and multifactorial (processing and chemical
composition) nature diTD procesqChevalieret al, 2007b) Some studies reported

poor survival rates uk to high wear rates and wear partglelease which ledo

osteolysis and ultimately aseptic loosening of the implants. Analysis of the retrieved
implants (implanted for up to 10 yeans vivo) revealed significanLTD at the

articulating surfaces. Thaegradatioro f t he mat evasiaasbc@ated wsth r e n g h
extensive microcracking, increased monoclinic phase fraction, reduced hardness and
surface roughness paramet@#ain et al, 1999, Haraguclet al, 2001, Nortoret al,

2002, Catledget al., 2003, Hernigou and Bahrami, 2003, Sambbal, 2004)

2.4 Invitro simulation of LTD process

LTD, at accelerated rates, can be reproducéldelfaboratory environment using
several mechanisms. Ageing of zirconia in humid air, distilled water, saline, artificial
saliva, Ringer's solution, acetic, sulphuric drio acid and caustic soda, at various
temperatures and for different periods have been rep¢Makajimaet al, 1983,
Drummond, 1989, Chevaliat al, 1999a, Shjo a i and M2&nt yletal, |, 2001,
2008) The most commonly reported vitro ageing mechanism is hydrothermal
ageing using autoclave sterilisation units or ydtothermal reactors.
Nakajimaetal (1983) were among the first who reported the use of autoclave for
Y-TZP ageing(Nakajimaet al, 1983) They have used a temperature that ranged from
100 to 180°C for less than 5 hours. Such acceletal&ltests are currently used for
extrapolating an estimate bfiDr at es and, hence, the productds
the transformation rate followshé same Arrhenidbke trend at room/body
temperature(Lughi and Sergo, 2010) It has been suggested that 5 hours of
hydrothermal ageing aat e mper at ur e @ bar stedm™ ssu mayn d
simulate1520 yearof LTD at  3(Chewli@ret al, 2007b) Assuming comparable
timel temperature equivalences, the 1ISO starslaB856:2008 specifiethat Y-TZP
ceramic implant materials shoutbntainless than 25% monoclinic phag&action
after the aforementioneabeingcycle (ISO 13356, 2008)
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2.5 Initial material characterisation

The microstructure of the injectienoulded zirconia dental implant material was
characterised using scanning electron microsc@BM). Ethylene oxide sterilised
17.85£0.011 mm diameter and 1.03314 mm thick Y-TZP zirconia dscs were
provided by the manufacturer (Maxon motor GmbH, Germany), (The White Implant
Development Corp., The Netherlands)he steps of the production, data sheet and
sterilisation process of these samples were provided by the manufacturer and included
in Appendix A, B and C respectivel\As-received discs were mirror polished as
described irSection2.6.4.1. Discs were sputter coated with 10 nm layer of platinum
using a high resolution sputter coater (Agar scientific, UK)igh resolution field
emissim SEM was used to study the crystalline stuare of the material
(LEOGeminil 53 0) . |l mages were imported to Di
Microscopy Suite, UK). Images were calibrated using the software according to the
scale bar embedded in the igea Five lines of known lengths were drawn to include
the maximum number of complete grains. Average crystal size was calculated using

the linear intercept metidl according to uation(4) (Wurst and Nelson, 1972)

[:

Where

D is the average grain size

C the total length of test line superimposed on micrograph
N the number of intercepts

M the magnification of the micrograpland

1.56is the proportionality constant or correction factor

Characterisation of the elemental qowsition of representative, -asceived
samples was carried out using energy dispersSiRRay spectroscopyEDS) system
(Oxford Instruments, UK). The system is equipped wigilicone drift detector (X
Max®) and pulse processor {3tream2, Oxford Instrments, UK). Data was analysed
using sophisticated elemental analysis software (AztecEnergy, Oxford Instruments,
UK).

SEM revealeda homogenous and densmicrostructure without any notable
defects or porosity. Grains were equiaxial in shape and had ekelldemarcated

grain boundaries. Grain size varied between-@I® nm with an average of
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453.61+51.73 nm according to linear intercept method. Measurem#m aferage
diameter of grains using software like ImageJ without any corrections revaaled
smaller grain size in comparison the linear intptcenethod (384.27 nm Vs.
453.61nm). It has been reported thtae former techniguemay underestimate grain
diameter due to stereological error. A correction factor of 1.56 can be used to obtain
the real grain diameteas in the linear intercept method used in this sti}iman,

1953, Devilleet al, 2005)

EDS analysis revealed weigpercentage of 71.38%, 26.88%, 1.22%, 0.27% and
0.25% of the following atoma&r, O, Y, Hf, and Al, respectively. Platinum was shown
in the spectrum as it has the same close electron emission energy to ziraenugth
as due to a weak signal presentnirthe coating material Figure 8 demonstrates
microstructure of the studied material as seen under high magnifiG&EdandEDS

spectrum for the same sample.

4 b s R p
1 pm Mag = 50.00 K X Signal A = InLens @

EHT = 5.00 kV WD = 52 mm Date :25 Jun 2013

Figure 8. SEMand EDScharacterisation of the studied injectionmoulded Y-TZPimplant
material.

Top, high magnification SEMimage revealing the ultrastructure of polished materis
which was used to calculate average crystal diameter. Bottom, elemenEDSanalysis o

the material demonstrating chemical composition that is principally consists of Zr and C
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2.6 Ageing identification and quantification: Experimental
techniques and results

The bout of catastrophic failures of zirconia implants stressed ¢heéh&@LTD
is a very complicated and delicately controlled process. ExaminatiobTDf
susceptibility for all produced batches of any zirconia biomedical device has been a
standard procedure since then. In fact, this misfortauéd have been awded if the
experimental work by Chevaliet al (1999) was carefully considered. They postulated
and tested an analytical method for modelling zircdMi® kinetics utilisingX-Ray
diffraction (XRD) and atomic force microscopyAEM). In their model, it was
hypothesised thatTD takes place by a constant nucleation of new transformation
zones with time. Additionally, transformation zones increase in diameter and height at

constant rate provided that an adequate space was available.

The abovemodel was successfully applied to hahd coldisostatically pressed
3 mol% Y-TZP and commercially available Prozyr zirconia femoral hg&lsevalier
et al, 1999a, Gremillaret al, 2004a, Chevalieset al, 2007b) However, the authors
reiterated that accurate prediction IoFD kinetics can only be performed while the
nucleationgrowth andt Y nprocess is confined to the depth accessibleXkyay
(5um). LTD that progressed to the bulk of the material, beyond 5um, cannot be
assessed utilisinghis methodwhich explains how the failed zirconia hip implants
skipped quality control proceq€hevalieret al, 1999a, Chevalieet al, 2007b)
Thus, the use of various direct imaging techniques in order to assess the extent and the

consequences 6f m process has been widely adopted thereafter.

Experimental techniques used for characterisin® can be generally digled to
techniques which assetfg crystallographic amorphological changes induced by the
t Y mprocess. The former techniques rely dlifferentiation between the
crystallographic features of variewirconia phases. The latthowever,directly
examine/image the sequelatofY rauch as; microcracking, crystalline pollt, crystal

twinning and formation of martensite relidédhs.

2.6.1 XRDon discs and implants

XRDis by far the most extensively used technique to characterise and quantify
LTD in zirconia ceramicgDeville et al, 2005) It is a quick, versatile, nedestructive
and reliable technique to study the chemical setup and pheserfis of naturally
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occurring and manufactured crystalline powders and solidsvery crystalline
substance yields a characteristic pattern of diffragtdflays. In case of mixture of

substances, each one produces its pattern independently of the others.

The X-Ray diffraction pattern of a pure substancelilse a fingerprint of the
substance. ThuXRD is suited for identification of chemical composition and various
phases within multiphasic materialXRD allows measuring the average spacing
between lagrs of atoms and crystals which in turn, allows identification of orientation
and spatial arrangement of crystals. Size and shape of crystals, internal stresses and
chemical bonds within the crystalline lattice can all be studied utili¥rAgay
diffraction (Jenkins and Snyder, 2012)

XRDI argely depends on Braggbs | aw where the
X-Ray beams indicate the electron density and #atemic distance of théested
material. It is firmly establishedRDcan be used to perform texture analysis which is
used to identify any preferred orientation of crystals within the crystalline lattice. This
is essential in solid, processed materials such as ceramics where crystals may assume a
nortrandom distribution @ opposite to powder sampleKnowledge of the texture is
an important factor in understanding the mechanical, physical or chemical behaviour
of theinvestigatedmaterial(Vanasupeet al, 1999, Almeret al, 2003)Br aggos | aw
can be given as iBquation(5) (Warren, 2012)

-7 Wig

Where

n: integer,

& electromagnetic radiatiomavelength,

d: the separation of the reflecting planesid
d: the angle of incidence ofRays

I n simple words, Hplahgspibaoomdononystadstseparaesl t hat t
by a particular distance within each crystalline solid diffract incident electromagnetic
radiation in specific patterns of constructive interfereaiceertain angles of incidence
Figure 9 shows a schematic represation of the relation between incidentabe
wavelength, incident angle,-spacing, production of constructive interferences and

diffracted signals.
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Figure9.3 AEAT AOGEA OADPOAOAT OAOGETT 1T &£ " O,
TheAT T AAP O TUifeactioDekmla($thke appearance of characteristic ar
distinct diffraction patterns of different crystalline materials. The diffractec
X-rays interfere constructively when they travel a distance inside the materi
that is different by a whole numbermultiplied by their wavelength (I ). The
relation between constructively interfered diffracted signall 3 d and[ can be

given by the equationl 1 €@ A. OET |

In this project XRD analysis was performed on-eeceived and aged (n=3) discs
using a PANalytial X'Pert Powder diffractometer (Panalytical B.V, The Netherlands)
with Ni filtered Cu Ky 1(1.5406 A) at generator voltage and tube currentOiv and

40 mA, respectively.

Samples were mounted to an ulosv background, custom made aluminium
holder utilsing a minimum amount of plasticine that was completely masked under the
sample. A 10 mm fixed incident beam mask was used to collimate the width of the
exposed area and the beam length was adjustednton2 Diffraction data was
collected in a classic@raggBrentano geometry from 27° to 33°dvith step size of
0.033° and dwell time of 175 secAutomatic divergence slitsADS) were used in
order to ensure equal irradiated area over the ehtiofmnge. Outputs were charted
usi ng t he  Qolekter rsoftwai2 a(Pamalytical B.V, The Netherlands).

Figure10 shows a schematic representation of the described diffractometer
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Incident beam collimator & Receiving slit
divergence slits

Figure 10. Schematic representation of the useXRDsetup.

Classic BraggsBerntano XRD setup involves irradiating a stationary sample from ai

X-ray source that simultaneously moves along [range with the Xray detector.

The volume percentage of monoclinic phase was determined in all samples
according to two different methodskirstly, High Score Plus software (Panalytical
B.V, The Netherlands) was used to perform a search match using the elemental
restrictions determined from the product information sheetEdD@ data of obtained
for representative samples. Diffraction patseewere matched with reference powder
diffraction files @DF) obtained fromthe International Centre of Diffraction Data
(ICDD) database. PDFs with best match probability and higitequality were
included in one calculated model. The model containedgtated yttria stabilised
zirconia diffraction data based ofashimaet al (1994) with a P42/nmc space group
and lattice parameters of a= 3.6029 A and c= 5.171¢vdshimaet al, 1994)
Additionally, the model contained diffraction data of baddeleyite @ulmc) zirconia
phase based on Varezt al (2007) with a space group of P21l/nmc and lattice
parametersof a=5.1514A, b= 5.2098 A and c= 5.3204 Avarez et al, 2007,
Yamashiteet al, 2008§.

The matched phases were added into a pseudo Voigt distnbiatiperform
Rietveld refinement on diffraction data. Rietveld refinement is a technique in which a
calculated model is fitted to a diffraction pattern. The model includes reference
powder diffraction data of various components, pattern line shape, rbaokigand

phase composition. The model parameters are then adjusted visgleass
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refinement to bestnatch the raw datdllavsky and Stalick, 2000) Refinement
proceeds with treatment of raw diffraction data by transforming % to fixed
divergence slitdFDS), using a trigonometric algorithm in the software. Refinement
of all global variables was carried out including; specimen displacement (mm),
polynomial background correction, flat background, and other background
coefficierts.  Zero shift 2 ¥f and wavelength (A) were the exception and kept

unrefined.

Variables related toindividual phases including;scale factor, preferde
orientation, peak shape variables, asymmetry (Rietveld) factor angbarelneters
wererefined one by one Refinement was performexystematically, according to a
strategy so as to treat all specimermmnsistently. The refinement was deemed
successfubs far agt did not cause convergence of fit or yielded impossible values
such as peak shape of 1 or size broadening factor less than zero. Wpigfted
R-factor Rwp), an agreement index that measures the degree of convergence in the fit,
was used as a guide to the quality of fit. The refinement process was accepted as long

asRypwas less than 10. Figutd summarises the refining strategy used in this study.

ADS-FDS Conversion

v

Refinement of all global variables

1 Exclude any variable
\b cause convergence of fit

Refinement of variables related to tetragonal phase
L Scale factor
Preferred orientation
Refine one by one in order. Any variable
EE— Asymmetry factor )
cause convergence of fit was excluded

— Unit cell parameter

W, U peak broadening
parameters

Refinement of variables related to monoclinic phase
L Scale factor
Preferred orientation
Asymmetry factor Refine one by one in order. Any variable
cause convergence of fit was excluded

— Unit cell parameter

W, U peak broadening
parameters

Figure 11. Refinement strategy used during Rietveld analysis ofRDdata.
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Seondly, the monoclinic volume fraction was determined from scans for all
samples according to the Toré@yanodification of the Garvie and Nicholson method.
Experimental integrated intensity ratio of monoclinic phaX¥g) (and monoclinic
volume fraction Ym) were determined using duations (6 and 7) (Garvie and
Nicholson, 1972, Torayet al, 1984)

_8 & (7)
=i 3 J__D

Where;

| ¢ : integrated intensity or the area under the tetragonal peaks,
| m : integrated intensity or the area under the monoclinic peaks

In this projecttwelve discs were divided into; -asceived, aged, machined and
machinedaged groups (n=3 per group). Ageamples received hydrothermal
treatment in a 1.2 litre high pressure hydrothermal reactor (Series 4540 Parr, U.S.A)
with 300 ml of distilled water. The ageing cycle lasted for 5 hours at operating
temperature and pressur etivldygSamgles weee letid®4 e C and
the hydrother mal reactor upon completing th
reachedThe cooling rate was estimated to be 0. 0.

compressedir and stored in a desiccator until further testing

In order to examine the effect of mechanical grindimgt- m,a é mac hi ned d
group was created by prepariagcentral, rectangular, 8 mm wide and thé deep
areain six discs using fine grit, muliayer gold diamond burs (4am, Diatech,
Coltene, Switzerland) fitted in a higipeed handpiece (400,000 rpm, Synea®, W&H

Dental WerksBurmoos GmbH, Germany) with continuous waieling

Depth of preparation was continuously checked with digital micrometer
(Mitutoyo Ltd, Hampshire UK). Half of the prepared discs were exposed to the above

menti oned hydrot her naagle dt rgeraotunpebnt O machi ned
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XRD data of ageceived discs after ethylene oxide sterilisation displayed a wide,

anisotropic peak at approximateyedd 3 0. 3 e
lattice parametera, b= 3.597 A andc= 5.197 A. A very low intensity peak was also

noticed atz ¢ 28. le

rel ated

corresponding to

to

t he

(101)

(<111

lattice parametera= 5.14 A b= 5.23 A anl c= 5.32 A. Rietveld analysis revealed a
principal tetragonal phase (94.41+0.8@lume %) and minor moderately textured

monoclinic phase (5.59+0.67 voluri® as shown in Figurg2.

400.0k T(101)
2
‘0
c
@ 200.0k ~ —— Diffractogram
= —— Calculated Model
—— Background
M (111) M (111)
0.0 T T T
28 30 32
2-Theta (degree)

Figure 12. Rietveld refinement of XRDdata obtained for a representative ageceived

sample.

Diffraction pattern (blue) was obtained by plotting intensity of diffracted signa
#Al AOI AOGAA

and tetragonal phases was figtd to raw XRDdata. Background (black) was calculate

ACAET OO0 ¢ 8

T AAI

i OAAQ &4

and refined by the software to fit bases of different peaks. Numbers above each p

corresponds to Miller indices that indicate the spatial orientation of each phase.

After 5 hours of hydrothermalagi n g, i

noticeably increased.

nNtensity

of

In addition, a further small peak2a3 1. 4 e

t he ( -
appea

corresponding to the (111) peak of the monoclinic phase. Rietveld analysis revealed

that the monoclinic phase fraction increhse 13.8+2.11 volume%. Hydrothermal

ageing caused notable surface texture (preferred orientation) as indicated by Rietveld

analysis (Figurd.3).
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Figure 13. Rietveld refinement of XRDdata obtained for a representative aged
sample.

Machined sampl es di spl ayed slightly
monocl inic ¢f~281via} lesp mtanke immcomparison to theeasived
group. The tetragonal peak @t/=30.1 was wideland more asymmetrial which is
indicative of microstrain. Rietveld refinement revealed that the machined group had a
mean monoclinic volume fraction of 1.73+0.38% and the rest was tetragonal phase.
Hydrothermal ageing of machined samples (machaget) yielded a mean

monoclinic phas&olumefraction of 5.75+0.91%.

With regard to implant samplethey exhibited similar crystallographic features
to disc samples. However, some differences were noticed in monoclinic phase
fractions. The mean monoclinib@sevolumefraction in asreceived, 5nm diameter,
ethylene oxide and sterilised implants was found to be 8.77%+1.32. Hydrothermal
ageing resulted inripling of the monoclinic phase fraction of the studied implants
(24.74%=1.41).

Diffraction patterns ofepresentative samples from the four experimental (disc)
groups are presented in Figutd. Comparative plotdor diffraction patterns of
asreceived disc versus implant are presented in FigiGreTable2 summarises the

outcome of Rietveld analysis afl experimental groups
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400.0k - T(101)

—— As-received disc

200.0k | —— Aged disc
—— As-received machined

— Machined-aged

Intensity

M (111)

A M (111)
0.0 : : : : :

28 30 32

2-Theta (degree)

Figure 14. Comparative diffraction patterns of representative samples (discs)
from all experimental groups.

400.0k - T (101)
2
£ |
§ 200.0k- |
c —— As-received disc
- / As-received implant
M (111) ’ M (112)
7,,_\__,/\,\’_/'J N~
0.0 T . r . : .
28 30 32
2-Theta (degree)

Figure 15. Comparative diffraction patterns of representative asreceived disc
and asreceived implant.
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Table 2. Summary of outcome of Rietveld analysis fokRDdata.

Vm: monoclinic phase volume percentage?O: preferred orientation

Sample Group Vm PO Microstrain
Asreceived 5.59(0.67) Moderate N/A
Aged 13.43(2.11) High N/A
Discs
Machined 1.73(0.38) N/A High
Machinedaged | 5.75(0.91) N/A Moderate
Asreceived 8.77(1.32) Moderate N/A
Implants
Aged 24.74(1.41) High N/A

Analysis of diffraction data according to the Toraymodification of the Garvie

and Nicholson method was performed. The overestimation of monoclinic volume

fraction was notable with this method in compan to Rietveld refinement.

As-received discs had volume percentafenonoclinic phase of 10.72+28% Aged

discs group had a mean morinid volume fraction of 27.46k11%. Machined group

had a mean mamlinic volume fraction of 5.25202%. Machinediged group had a

mean mondamic volume fraction of 9.54%.81%. Asreceived and aged implants had

a meaan morclinic volume fraction of 7.82+1.44% and 30.8139%, respectively.

Table 3 compares the monoclinic phase fraction values calculated from the two

different methods.

Table 3. Comparison of monoclinic phase fraction asalculated by two different methods.

Mean (SD)

Sample Group M% (Toraya) M% (Rietvled)

Asreceived 10.77(2.28) 5.59(0.67)

Discs Aged 27.46(1.11) 13.43(2.11)

Machined 5.25(2.02) 1.73(0.38)

Machinedaged 9.54(1.81) 5.75(0.91)

Asreceived 7.82(1.44) 8.77(1.32)

Implants
Aged 30.91(3.39) 24.74(1.41)
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Conventional XRD provides pivotal crystallographic information regarding
zirconiaLTD. However, only a limited thickness of the material can be studied owing
to the limitedX-Ray penetration (~ 5um) irY-TZP materials. Thusl.TD involving
the bulk of the material cannot be investigated. Also, conventiiR&l may be of
limited use to assess early stages of suifdde as a result of the low precision of the
technique for monodiic contents lower than 5%. Furthermore, the technique
provides no information on the distribution of transformed zones (monoclinic phase)

along the studied depth of the material.

The depth of th& TD affected layer ofY-TZP ( known asdepth of transformed
zone, DTZ) can be calculated utilising a methooriginally proposed by
Ko s nmeaal (1981)( K o s mtall 1981, Kosmhet al, 1999) DTZ (um) can be

conservatively estimated usigguation 3

u VR
ik =T
H¥z =0

Where

d: the reflection angle and equals 15°
W/p: mass absorptionattenuation) coefficient (0.06423nd
Xm: experimental integrated intensity ratio of monoclinic phaalculated from uation6

DTZ was significantly increased by theydrothermal ageingprocess.
As-received samples had a mdainZ of 0.45+0.10 um while aged samples HadZ
of 1.2940.06 um. Machining of discs apparently removed part of the transformed
layer (0.21+0.08im) and induced minimurh Y mMachining seemed to minimise the
tendencyto t Y nas a result of hydrothermal ageing. This was clear from the lower
Xm, Vm and DTZ (0.39£0.08um) values of machinedged group in comparison to
aged group. Mean values DfTZ of asreceived and aged implants (0.32+0.06 um,
1.49+0.21 pm) were notignificantly different fromDTZ values for aseceived and

aged discs, respectively. .

The major assumption of this method is, within the transformed surface layer, all
the tetragonal grains have transformed into the monoclinic phase. However, pilot
work performed utilising electron back scattered diffracti&@B$D-SEM) indicated
that this was rarely the case with sHofD periodsas will be discussed in Section 2.7
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Thus, such assumptions can be a major critique for such metfhatige 4 summaries

DTZ for various experimental groupscording to this method.

Table4. Summary ofDTZin all experimental groups

Sample Group DTZ (um)
Asreceived 0.45+0.10
. Aged 1.29+0.06
Discs )

Machined 0.21+0.08
Machinedaged 0.39+0.08
Asreceived 0.32+0.06

Implants
Aged 1.49+0.21

The aforementioned limitations of conventioddRD can be ameliorated A
more informativeLTD data can be extrapolatedilising XRD at fixed incident angles
or the socalled, dancing incidence angleXRD (GIAXRD). The principle of this
technique relies on the fact that penetration depXrBfys decreasesith decreasing
the X-Ray beamincident anglgChevalieret al, 2007b, Gremillarcet al, 2010) At
each incident angle-Ray penetration deptican be defined as the thickness of the
sample contributing to 99% of the diffracted intengiy for a given incident anglé.

It can be given b¥equation(9):

1 8dvem

L is the X-Ray path length which is the length th&Ray travels through a
material with the given characteristics, until 99% of the intensity is absorbed and only
1% of the initial intensity is transmitted. can be derived from mass absorption
(attenuation) coefficientup) and true density of the material) (using the following
eguation:

L L e

Wp is expressed as a combination of the specific gravity of the material and the
estimated packing densii?analytical, 2011) Table5 summarises penetration depths
at incidence angbkof 1-15° as calculated by the penetration depth calculator within the
HighScore Plusoftware(Panalytical B.V, The Netherlandskigure 16 demonstrates

aschematic representation @ AXRD setup
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Table 5. Summary of maximum X-Raypenetration depth at various incident angles

Incident Depth Incident Depth
angle (um) angle (um)
1 0.641 9 5.745
2 1.282 10 6.377
3 1.922 11 7.007
4 2.562 12 7.636
5 3.201 13 8.261
6 3.839 14 8.885
7 4.476 15 9.505
8 5.111
20: 27-3%°
w:1°
Sample
X-ray source Goniometer X-ray Detector
w:1-15°
1 D,z
Sample

Figure 16. Schematic representation ofGIAXRDsetup.

GIAXRD setup is similar to conventional XRD with one exception that Xray source
remains stationary at low incident angles § ). Diffracted signal is collected along tt
whole @ [range (top). The Xray incident angle is increased gradually to increase tl

depth of Xray penetration and thereby the investigated thickness of the materiall,2).
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Simple plotting of monoclinic phase fraction obtained utiliSBIAXRD versus
calculated X-Ray penetration depth at each incidence angle can provide limited
qualitative information. This is attributed to the fact that most of the crystallographic
information provided by the diffracted beam come from the neasstfhce, even at
high incidence args (Gremillard et al, 2010) Additionally, at lower incidence
angles, the surfadeulk signal ratio increasesThis may lead to overestimation of the
monoclinic phase fractioras the analysed depth is smalkdr such small angles
(Chevalieret al, 2007b).

Gremillard et al (2010) proposed &GIAXRD based method to evaluate
monoclinic phase fraction depth profile in zirconia ceramics. They relied on the fact
that the contribution of the total diffractédRaybeam intensity frona small volume
located &certain depth4), is proportional to the volume itseldf, monoclinic phase
fraction at the same depth,(z)) and to tharansmittedbeamintensity by the material
(i(2)). They mathematically derived that the real transformation depth pFgfilean

be given as an inverse Laplace transform of the fitted functidf,qfenetration depth
L
data pointsor%, where () is the reciprocal of penetration depth. Experimentally,

the calculation of real transformation depth profife,) begins with plotting Xm
(acquiredfrom the Garvie and Nicholsorcquation (6)) versus penetration depth at
different incidence angles. The second stage is toXfitwith an appropriate
mathematical functionF,, can be then calculated as the inverse Laplace transform of
the fitted function(Gremillardet al, 2010)

In this project,GIAXRD was performed on agceived and aged discs using a
Phillips X'Pert Powder diffractometer (Panalytical B.V, The Netherlands) with Ni
filtered Cu Ky1(1.5406 A) at generator voltage andbe current of 40Kv and 40A,
respectively. Samples were mounted to adffjtultra-low background, custormade
aluminium holder utilising a minimum amount of plasticine that was completely
obscured from th&-Rays under the sample. A 10 mm fixed ineid beam mask was
used to determine the width of the exposed area and the beam length was adjusted to
2 mm. Diffraction data was collected in a classical BrBggntano geometry from 27°
to 33°2 dat fixed incident angles betweerl®°. Step size of 0.05° and dwell time of
100secwere used.FDS were used af , .and active detector length was redutei

(0.528) in order to decrease air scattering and enhance resolution. Outputs were

46



chartedusng t he XO0Pert Data Coll ector softwa
Xm was calculated usingquation (6)for each diffraction data setX;, values were

plotted against calculated penetration depths and fitted, using Gnuplot software
(version 4.2, UK to an exponentidlinction given byEquation 11

NiPL Tl
B m

Tae

Where;

D is the calculatek-Raypenetration depth contributing for a fracti@to the diffracted intensity
Fmno: maximum monoclinic phase fraction at the most superficial layer of the materihl
Fmp: lowest monoclinic phase fraction éepthzZ,

Inverse Laplace transform was obtained for the fitted function using
MATLAB 22 software (version 7.9, MathWorks, UK). e& transformation depth
profile F, is given byEquation 12

1wt 3t K .IH-I'-'_ .31’r

Where;

H is the heaviside functigand
Z is the corrected transformation depth

Quantitative analysis regarding the spatial distributbrthe monoclinic phase
within the examined thickness die material was carried outThe monoclinic
fraction F,,, was deduced from an inverse Laplace transform of an exponential fit of
Xm. The fit of X, data suggestethat Fy= 5.71x10'°, Fng= 0.21 and Ze= 0.81.
These findings can be interpreted as the monoclinic frackgnat the surface layer
was 20.99% and decreased exponentiallg negligible concentrationithin the first

0.81 um Zo) which is equivalent to a lay that is 23 crystals thick.

Aged sample was analysed according to the above method. Fittikg ddita
revealed thaF,= 0.032,Fno= 0.23andZy= 1.31. The findings can be interpreted as
the monoclinic fractionF, at the surface layer was 22.93% and decreased
exponentially within te first 1.31 pm Zp). As both curves of exponential degradation
did not cross the-axis, the estimation df, from the fitting function was confirmed
using first derivative (tangent line) fitting the data points obtained and incidence angle
of 2°and 3° Z, was 0.93 and 1.2 um for -asceived and aged samples, respectively.

Experimental X.,) and the real transformation depitofiles ) of the monoclinic
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phase in aseceived and aged samples as well as a comparative pkgt of both
samples are déeged in Figurel7. Complete script including commands of fitting and

inverse Laplace trafrm deduction igpresented i\ppendixD.

0.25

0.15

€ Xm: As-received
— Xm fit
——Fm

FmXm

0.10

0.05 4

0.00

0.25

0.20 4

€ Xm: Aged
— Xm fit
—Fm

0.15 4

FmXm

0.10 4

0.05

0.00

4 6 10
D,z (r/mm)

0.25
0.20

0.15 4

Fm

0.10 4

0.05 Aged

As-received

0.00

0 2 4 6 8 10
Z (/1)

Figure 17. Transformation depth profile along thickness of material as estimated b&IAXRD.

Xm (8) is plotted against maximum penetrations depth of Xays (D) at each incidence angl
Exponential function is fitted to X data (blue) to calculate experimental phase transformatio
depth profile. An inverse Laplace transform was created (red) to determine real phe
transformation depth profile (Fn) along corrected depth (). The depth of transformed zone we
estimated using a first derivative linear function fitted toF, profile (Amber). Top graph represen
data from asreceived sample, middle represent aged sample and bottom is a comparative grapl

Fm for both samples.
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2.6.2 Raman spectroscopy on discs and implants

Raman spectroscopy is a nmwvasive spectroscopic technique that is used to
identify chemical composition of various substances datéct phase changes of
multi-phasic and pleomorphic materials. It uBks monochromatic light in the
UV/visible region, usually a laset illuminate a sample. It relies on the inelastic
scattered irradiation to determine the vibrational and rotational status which is
exclusive for eacimolecule(Colthupet al, 1990)

When irradiated with a laser beam, Raman active materials undergstinand
elastic (Rayleigh) scattering. The former constitutes less 1k&@° of the scattered
radiation beam and it is different from the original beam in terms of frequency. This
sort of scatter is very relevant as it can be detected by a spectrafietebeing
amplified. The molecular basis of this process can be explained by the deformation of
the electric field caused by laser beam interaction/excitation with electron clouds in the
atomic structure. This eventually causes changes in the polatysabthe molecules
with respect to its vibrational motiohe Raman spectrum is composed of Stokes
(VFo-VF,) and AntiStokes VFotVF,) beams which have lower and higher
frequencies than the original monochromatic be&Rg), respectively.VF, is the
vibrational frequency of the molecu(€olthup et al, 1990, Ferraro and Nakamoto,
2012)

On the other hand, elastic (Rayleigh) is the dominant type of scatter. The
scattered radiation has the same frequency of the original monochromatic beam. This
type of scatter poses a challenge to detect the weaker inelastic spectrum which can be
masked B the predominant Rayleigh scattering. Instruments such as notch filters,
tuneable filters, laser stop apertures, double and triple spectrometric systems are used

to reduce Rayleigh scatterii@olthupet al, 1990, Ferraro and Nakamoto, 2012)

Raman spedooscopy has been widely used to investigat¥ nphenomenon in
zirconia ceramics. Having a confocal microscope arrangement linked to it, Raman
spectroscopy has wide application in studying stress and/or hydrothermally induced
t Y nwithin Vickers indentationmprints and fractured surfacé€larke and Adar,
1982, Bowdenet al, 1993, Magnani and Brillante, 2005, Gogotdi al, 2007,
Pittayachawaret al, 2007) The major advantages of Raman spectroscopy are its

versatility and noanvasiveness. The shapysical state, geometry and colafithe
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sampleare not critical when using this testimgethod In addition, samples do not
require mounting or preparation steps such as coating or polishing. This is of a major
importancein studying zirconia based dah ceramicsas mechanical grinding and
polishing can induce Y randundermine the reliability of the technique.

Raman spectroscopy also allows studying small samples and confined areas
within the same sample which is a pivotal feature that allows stgdgurved implant
threads where the majority of stress concentration is believed to be present
(Sanoretal., 2013) However, materials with strong florescent characteristics can
interfere with the quality of result@~erraro and Nakamoto, 2012)A simplified

schematic representation of micro Raman spectroscopy is shown in Esgure

Laser

Confocal
mic. . \

Inelastic or
Raman scatter

Sample

Spectrometer

Figure 18. Schematic representation of Raman confocal microscopy/spectroscopy.

In this project, Raman spectroscopy was used to investigate hydrothermally and
stressinducedt Y nin both injection moulded disc and implaitTZP samples. A
Renishaw inViaconfocal Raman microscope operating with a 488 nirlaser at 10%
power was used (Reshaw Gloucestershire, UK). The machine was equipped with an
ultra-low noise, high sensitivity RenCam CCD detector. Images of the regions of
interest were acquired using th20 and x50 objectives of the coupleldeica confocal
microscope. Machine calistion was done before scanning samples usiegerence
silicone material. Reference raterial was scanned using 488 nm' Aaser for

oneaccumulation and for 1 secquisition time at full laser power.
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All samples were scanned fdwo accumulations,30 sec acquisition time,
2400l/mm (vis) grating and 0% laser focus. Raman spectra of pure monoclinic,
tetragonal and cubic zirconia powders (Tosoh, The Netherlands) were generated and
used as reference samples for phase identification. Pure tetragondérpoms
obtained from sintering 84% tetragonal and 16% monoclinic powder3{Y3AE,

Tosoh, The Netherlands)Sintering processvas performed in a standard furnace
(Elite, Leicestershire, UK) with heating rate of 100 °C/hail target temperature of
1350°C that was maintained 2 hours. Thetered powder was left to cool down at

room temperature.

WIRE3.4 software was used to identify the distribution and quantify different
phases in the created area maps (Renishaw, Gloucestershire, UK). Raman spectra of
pure monoclinic, tetragonal and cubic powders are depictedFigure 19.
Characteristic peaks for each phase tabulated against Raman shifts are summarised in
Table6.

Monoclinic \

— Tetagonal Cubic

Counts

T T T " T !
200 400 600 700
Raman Shift (cm™)

Figure 19. Reference Raman spectra for tetragonal, monoclinic and cubic phasesrefZP.

Intensity of Raman scatter is plottedagainst Raman shifts for pure, single phas¥-TZF
materials. Peaks othe Raman spectrum of cubic phase completely overlapith peaks inthe
tetragonal phase spectrum. Monoclinic phase Baa distinct spectrum in the Raman shif

range 100-400 cm?! as shown in the inset.
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Table 6. Peaks at Raman shifts for various, pure, singldaseY-TZP powders.

Raman shift (cm-1)

Monoclinic Tetragonal Cubic
102.77 147.00 146.41
178.39 260.67 256.74
190.68 321.08 330.64
221.89 463.96 469.59
306.45 642.20 525.55
333.01 607.88 631.51
347.54
381.98
475.45
501.99
537.46
558.33
615.24
637.24

Representative a®ceived and aged discs amdplants were studied. Point
scans and individual spectra within map scans were analysed using WIRE 3.4
software. When an area scan was done, 56 Raman spectra were acquired from 400um
areas in aseceived and aged discs. For area scans, WIRE3.4 seftwas used to
calculate overall monoclinic phase fraction within the entire scanned area based on

basic component analysis model.

The model was constructed based on reference spectra for pure powder samples.
Statistical adjustment of lack of model findabackground (second degree polynomial
function) was performed automatically by the software. For point scans and individual
spectra within area scansWiRE3.4 software was used to calculate area under
ter agonal peaks 145 and RO ciand n®rdinic peaks &t Raman
s hi 178 and 890 cth
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The amount of monoclinic phase volumedtion ¥m) was calculated using
Equationl3, originally described by Clarke and Ad@tlarke and Adar, 1982)

L L
™ B B o tdpojkq

Where;

I represents the area under monoclinic peaks at specific (superscripted) Ramaiustiifts
I represents the area under tetragonal peaks at specific (superscripted) Raman shifts

Analysis of Raman spectra obtained from point scans revealed pure tetragonal
phase composition of asceived disc and imphh samples. Aged discs and implants
had mean monoclinic phase volume fraction of 3.52+1.32% and 4.82+0.19,
respectively. Representative Raman spectra obtained H@cewsed and aged discs
and implants are presentedFigure20 and Hgure 21, respectivel. Obtained spectra
were compared to reference Raman spectrum for pure tetragdizé powder.

Tetagonal —— As-received disc —— As-received implant
c
>
o
@)

;.-“-JI T T T I T T T T T 1

100 200 300 400 500 600 700
Raman Shift (cm™)

Figure 20. Comparative graph of Raman spectra obtained from pure tetragonstTZP,
as-received disc and implant.
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Figure 21. Raman spectra for aged disc and implant.

The composite graph demonstrated the appearance of peaks at Raman shiftsachicteristic

for monoclinic phase (delineated with dashed rectangles) as a result of hydrothermal agei

Spectra from aged disc (red) and implant (blue) samples are compared to pure tetrago

powder (green). Inset demonstrates the unique difference beteen Raman spectra ¢

monoclinic (orange) and tetragonal (blue) phases in Raman shift range of 1800 cm.

Analysis of Raman spectra of the area scans obtained-fecaised discs and
implants revealed that less than 1% of the scannednsaeaompose of monoclinic
phase The studied area in the aged discs and impleotgained5.84+0.3%% and
6.17#0.71% of monoclinic phase respectively. These values were calculated by

WIRE3.4 software based on the reference spectra from the powder samples.

The effect of machining oh Y nwas investigated using Raman spectroscopy. A
scan along a line extending from unprepa@anachined area was performed before
and after hydrothermal ageing. Analysis of acquired Raman spectra was performed
utilising WIRE3.4 software similar to area scans. For machined samples, highest
concentration of monoclinic phase (approximately 2%) was noticed in the interface

between machined and namachined surfaces.

Similarly, the highest concentration (approximately 4%) of monaxlphase
was in the area of interface in the machiageéd samples. This may be attributed to
the difference in the nature of residual stresses and microstrain introduced in the

interface (tensile stresses) and inside of the machined area (compresssges3tr

54



Furthermore, machined areas exhibited relatively less monoclinic phase after ageing in
comparison to interface and ramachined areas. Monoclinic and tetragonal phase

profiles were plotted along the line scan and presentéture 22 for representative
machined and machinejed samples.
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Figure 22. Monoclinic and tetragonal phase profile along line Raman scans in machined ar
machined-aged groups.

Raman spectra obtained alonghe line crossing mechanicallyground and sound areas oas
received (top) and aged (bottom)disc samples. Monoclinic (red) and tetragonal (blue

phase fractions were calculated at 1 pm intervals using Clarke and Adar equation.
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The effect of mechanical stimuli such as Vickengroindentation was also
studied (microindentation procedure explaimedection3.2.4. Vickersindentations
were madeinasecei ved and aged sampl es. The
area wastudied using Raman spectroscopy. Area scanspesfermed and analysed
as described earlier in this Sectiomhe area including the Vickers indentation in the
asreceived sample revealed that 20.36% of the material was permanently transformed
to monoclinic phase as a result of stregkicedt Y m The overall value was
calculated directly utilising basic component model constructed using WIRE3.4
software. Individual Raman spectra within the area scan were analysed according to

Equation(13)to calculate monoclinic phase fraction at specific pointhiwithe area.

Values were used to construct a phase fraction map that was overlaid on the
indentation imprint micrograph obtained during Raman spectral acquisition. Highest
amount of monoclinic phase was noticed at the corners of the imprint where cracks

propagate most of the time. Moreover, a high percentage of monoclinic phase was

notably present in the area where the side planes of the indenter applied the load.

Diagonal line scans across the centre and the sides of the indentation imprint were
acquiredto confirm the above findings. Similar to area scans, the sides of the imprints
exhibited the higher monoclinic phase fraction in congoa to the centre in both,
asreceived and aged samples. Monoclinic phase fraction along the line scan for
asreceivedand aged samples was profiled and data indicated that the monoclinic
phase diminished in areas away from the indent. Fig8rghows mapped and line
profiled monoclinic phase fraction around Vickerslentation imprint made on

asreceived sample.

Hydrothermal ageing and Vickers indentation had similar pattern and amount of
t Y mvhere 23.12% was permanently transformed to monoclinic phase as a result of
the two processes combined. The monoclinic phase fraction along the line scan for an
aged sample wassal profiled and results were similar to map data as the monoclinic
phase diminished in areas away from the indent. Figdrshows the monoclinic
phase fraction map and line profile overlaid on Vickers indentation imprint made on

aged sample.
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Figure 23. Monoclinic phase map and line profile within Vickers indentation imprint on
asreceived sample.

Top, phase transformation map around indent. The increase in red hue demonstr
higher monoclinic phase. Areas marked with (***)indicated pure tetragonal phase o
monoclinic phase below detectable level. Bottom, line profile of monoclinic a
tetragonal phase fractions along diagonal running outside the indent, crossing two sic
and the centre Il
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Figure 24. Monoclinic phase mapping and profiling around Vickers
indentation imprint on aged sample.
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Fractured surfaces obtained from biaxial flexural strengsh (&ection 3.2.2
werealsoexamined using Raman spectroscopy. The distribution of monoclinic phase
was determined in the area of fracture origin and along the whole thickness of the
fractured surface using point and area scans-re@sved and aged s@les. Point
scan of the fracture origin in -asceived sample revealed that 7.29% of the studied
area was permanently transformed to monoclinic ph&searea scan of the whole
fracture origin in the same sample revealed an approximately similar vel6és.2\n
aged sample exhibited higher monoclinic phase fraction in the fracture origin. Analysis
of Raman spectra revealed 15.27% and 12.07% of monoclinic phase fraction in the
fracture origin according to point and area scans, respectively. Mapping of th
monoclinic phase across the whole thickness of the fractured surfaces was performed
using WIiRE3.4 software. Monoclinic phase was concentrated in the areas of fracture
origin (the area subjected to tensile stresses) and in the centre of the fractiaesl sur
where primary Wallner line propagated.Figure 25 shows monoclinic phase

distribution across the thicknessfadcturedanasreceived sample

Figure 25. Monoclinic phase fraction Raman map across fractured surface.

MicroRaman map of monoclinic (red black hue) and tetragonal (green) phas
fractions. Monoclinic phase concentrated in area of primary Wallnar Iine.) and

tensile surface of the ageceived fractured disc )

59



2.6.3 Synchrotron diffraction on discs and implants

Synchrotronradiation is a type of electromagnetic radiation that is generated
from charged particles (electrons or positrons) moving along curved trajectories, with a
large radius of curvature atiltra-relativistic speeds. Synchrotron radiation is
intrinsically supeor to laboratory generated-Rays used in benclXRD techniques
due to higler beambrightness and intensiig several hundred orders wfagnitudein

comparison to laboratoy-Raytubes(Willmott, 2011)

Synchrotronradiation can be invaluable in studgirthe LTD phenomeonin
Y-TZP dental ceramics. The high energy and intensity beams have the ability to
penetrate the whole thickness of the sample and thereby, provide essential information

about the crystalline structure of the surface as well as theobtlik studied material.

SynchrotronX-Ray diffraction data was collected using Beamline 115 at the
Diamond Light Source, UK. A 100x100 @@rSynchrotronX-Raybeam, 67eV, was
used to penetrate through discs and implants. A 2D detectay (PerkinElmer
1621AN) was used to collect Deby&cherrer rings froneachsample. Representative
DebyeScherrer rings obtained from -eeceived and aged discs are presented in

Figure26.

Figure 26. Debye Scherrer rings obtained fromrepresentative as-received (left) and aged
(right) discs.
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The program Fit2D was used in order to geneBatintensity plots from the
image plate2 dlaa was converted to-Bpacing(d) and further to laboratorRD, 2 d
data according to ¢uation14:

e e

Synchrotrondiffraction data was plotted for -aeceived, aged, machined and
machinedaged discs in addition to -asceived and aged implants. Beam was incident
on the samples and diffraction patterns were collestemansmission geometry for
1.611.82 dange (or 161102 dange according to conventional [XRD parameters
using Cu radiation Data was plotted using OriginPro software (version 9.1,
OriginLab, USA).

An X-Raydiffraction pattern for pure tetragon&lTZP powder was obtained for
2 drange (16110°) using a Phillips X'Pert Powder diffractometer (Panalytical B.V,
The Netherlands) with Ni filtered Cug&(1.5406 A) at generator voltaged tube
current of 40 Kv and 40 A respectively. The obtained diffrtton pattern was used
for comparison witlfSynchrotrordiffraction data.

Synchrotron diffraction patterns dr all samples were completely
indistinguishable. Upon comparison with tKBD pattern of pure tetragona+TZP
powder they were identical. All drction patterns were compared to reference, stick
diffraction pattern obtained fronCCD (Yashimaet al, 1994) Synchrotronand
laboratory XRD of all experimental groupand reference samples are presented in

Figure27.
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Figure 27. Comparative Synchrotron Xray diffraction obtained for representative samples from all experimental groups.



2.6.4 Direct characterisation and imaging techniques

Crystallographictechniques detect the crystallographic changes as a result of
hydrothermally or stressnducedt Y m Surface profilometry an8EM, can however
be used to image directly the effect IofD and its subsequent morphological and
structural changes in the transformed layer. The transformed layer appears rougher
owing to uplifts, microcracking and extensive crystalline jouit among the
transformed crystals. Additionally,TD can be identified bySEM as microcracking
increases the orast of the transformed arg&hevalier et al, 2007b) High
resolution transmission electron microsco@El) can also be used in a similar
fashion. Additionally, it can be used to collect diffraction patterns of single or multiple
crystals that canebfurther analysed and matched to monoclinic or tetragonal reference

patterns.

2.6.4.1 White light interferometry or optical profilometry

Surface profilometers produce a high resolution surface map of a studied sample.
Profilometers can be divided into contact anwh-contact types. The former utilises a
diamond stylus to analyse surface topography. The movement of the stylus along the
sample dictates the surface profile. Nmmtact or optical profilometers utilise light
and optical systesfor data acquisition. The relative difference in the vertical position
of the tested surface with respect to the optical system and difference in light reflection
dictate the surface profile. Optical profilometers are widely used for surface
characteris&n owing to th& extremely high, sumicronresolution and thability of
maintaining the integrity of the sample as opposed to stylus based, contact
counterparts. Simplified schematic representation aftical interferometery
profilometeris shown inFigure28.

In this project, fourdiscs were mounted using a transparent acrylic resin
(ClaroFast, Struer, UK) utilising an electngdraulic programmable dual cylinder hot
mounting press (CitoPreg9), Struer, UK). Samples were then mirror polished using
Tegramin preparation syste@0 (StruerUK). The process comprised of fostages,
plain grinding, fine grinding, polishing and oxide polishing. Various stages and
products used are shown in details in ®afl Optical microscopy atx1000
magnification usg Dark Field and Differential Interference Contrast was used to
assess levels of remaining deformation (BXiS, Olympus, UK). Two discs were

hydrothermally aged according to the protagescribed in &ction3.3.1
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Figure 28. Schematic representation of 3D optical profilometers or white light

Table7. Summary ofY-TZPdiscs polishing protocol.
Speed Pre-dosing Dosing Time
Stage Cloth Suspension Lubricant Force
(rpm) (ml/min} (Ml/min} (min)
MD-FPiano <
300 N/A N/A NsA H:z0 2
Plain 220
Until flat
grinding | MD-Fiano
300 N/A N/A N/A Hz0 23
1200
DiaFro
MD-Largo 150  Allegro/Largo 1 10 20 4
Fine
gmm
rindin
g g DiaFPro Largo
MD-Largo 150 1 10 20 4
3mm
DiaPro Dac
MD-Dac 150 1 g 15 3
3mm
Polishing
DigPro Dur 1
MD-Dur 150 1 9 15 3
mm
Oxide OF-5
MD-Nep 150 20 10
polishing 0.04 mm
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Surfaceroughness was assessed usidp white light, optical (interferometery)
profilometer (NPFLEX, Bruker, UK). Three random areasnthx0.84 mm) within
each sample were scanned. All measurements were made using vertical scanning
interferometery mode, scan speed lofmm/®c and a standad working distance
objectiveof x100. Vision6# software (Bruker, UK) was used to analyse acquired data
and applya Gaussian filter to flatten the acquired images. The meana8iil
roughnesseight descriptivgparameter$,), and its 2D roughness panateranalogue

(Ra) were calculatetbr polished and polishedged groupsamples (n=2 per group).

S, representshe arithmetic mean of the absolute values of the surface departures
from the mean plandR, represers arithmetic mean otalculatedroughness height

calculated over the entire a measured line profile length.

Polished samples exhibited a me&nand R, values of 19.23+1.24 nm and
19.83+0.81 nm, respectly. Polished aged samplead significantly higher meas,
and R, values as indiated by oe-way ANOVA test, p<0.05 (23.11+0.88 nm and
23.74+1.27 nm, respectively). In contrast to polished samples, scans from polished
aged samples revealedl8, beadike structures. Such strucgs may represent the
uplifts, crystalline pulouts or martensite relief@associated with the hydrothermally
inducedLTD.

Topographical maps and surface roughness profile of representative areas in as

received and aged samples are presented in R2§ure
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Figure 29. White light interferometry for mirror -polished Y-TZPdiscs.

Surface roughness map (top),-&xis line profile (middle) and y-axis line profile (bottom) of
asreceived (left) and aged (right), mirror-polished Y-TZP discs. Arrows point at martensite

reliefs or surface pullouts as a result of hydrothermally induced - m.
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2.6.4.2 Scanning electron microscopy

SEM can be used to examine the effectsLdD on the surface ofy-TZP
materials. It can detect uplifted, transfornmzones and microcracks. However, the
high depth of field ofSEM renders them suboptimal with regard to detection and
quantification of early stages &ffD (Chevalieret al, 2007b) In order to study the
depth/extension oL TD in the material, a crossestion of the material should be
prepared. This, in fact, poses a challenge as grinding and polishfh@4Z® material

may cause further stress indu¢ed rand subsequent microcracking.

UnderSEM, areas unaffected QyTD exhibit a dark grey or black awlr while
transformed zones have bright white colour owing to the increased contrast as a result
of microcracking and loss afrystal cohesion(Chevalieret al, 2007b) Under high
magnifications, intergranular cracks can be seen as a reduliCof Crystal twinning
is another sign of Y nthat can be seen in subsurface layers upon imaging a cross
section of the materidSanonet al, 2013) Crystal twinning can be looked at as the
subsurface polymorph of surface uplift. It occurs as the transfgrtatragonal grain
iIs mechanically constrained within the dense crystalline lattice and the formation of
martensite relief is not possible. Loss of grain boundaries is a notable consequence to
suchan event. The combination of these changes causes ahsfdrmed layer to
appear distinctively heterogeneous in comparison to the homogenous tetragonal

crystals(Keuperet al, 2014)

A norrinvasive cross section preparation that has minimal potential to induce
t Y non Y-TZP sample has been made feasible wita introduction of focused ion
beam FIB) systems. Addition of an electron beam column and integrati@Ebf to
FIB systems (Dual bearlB -SEM) haverevolutionised preparation and imaging of
delicate and sensitive samples and opened novel avenues faripgesamples for
material analysi¢Langford and Clinton, 2004)

FIB-SEM has been widely used to study hydrothermal and simdsgedt Y m
in zirconia ceramics.This is attributed to the versatility of such systems that allow
studyingLTD in irregular, norflat samples such as the threads of dental implants.
Additionally, FIB -SEM enabled studying Y nnduced at micron scale within nano
and micreindentationgGaillard et al, 2008, Niuet al, 2008, Helmicket al, 2011,
JiménezPiquéet al., 2012, Massimiet al, 2012, Nickelet al, 2013, Sanoret al,
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2013, Keuperet al, 2014) In a classical geometrical arrangement FdB-SEM
systemsFIB milling is performed perpendicular to the sample surface. The sample is
tilted at 52° in relation to th&EM electron beam as shown in the oversimplified

schematic representati¢fRigure30).

Electron beam

Detector &
9
Ion beam 4

SEM objectives
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/ '/
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Figure 30. Schematic representation of FIB-SEMsetup.

In this project,a FIB-SEM system was used to investigate the effect of
hydrothermal ageing on the studied discs and implafitse work was performed at
the Leeds Electron Microscopy and Spectroscopy Centre in the University of Leeds.
TheFIB -SEM system was comprised of precBE and a high resolutioSEM with
etch and deposition capabilities and equipped with a Schottkydmaldsion source
(Nova 200NanoLab, FEI, USA)A liquid gallium ion source was used to operate the
FIB at a voltage of 30 kV.

For the disc samples, a random area in the centre of the sample was chosen for
investigation. Whereas in implants, acquisitiomas performed in the tip of the first
thread in the endosseous part of the implarffampes were sputter coated with
20nm thick layer of platinum using a high resolution sputter coater (Agar
scientific, UK). Ale m t hi ck pr ot ect isvdepositeal prethe areaf pl at i n
of interest. This layer helps to maintain the fine details of the top most surface of the
studied slice by preventing ion induced damage and milling artefacts. Milling currents
varied from 0.8B3 nA for large material volume remdvaTaking intoaccount the

wedging effect andedepositionof milled particles, a volume of 15x30x30 pwas
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removed initially in order to produce a milled slice that was at leagin2@eep and

10 um wide. A lower current (IGO0 pA) was used for cleanirand refining the area

of interest from artefacts and-deposited material. lon beam etching was performed
to enhancecontrast of the grain boundariesSSEM images were acquired at high
magnifications in secondary electro8H) and backscattereelectron(BSE) modes
using conventional Everh@hornley ET), the lens TL) and Palladium constant
pressure RD(CP)) detectors. A low primary beam voltage af53kV was used for
acquisition to minimise sample charging. Fig@®®demonstrates step by step the
technique to prepare a single slice ugtg .

The asreceived discs and implants demonstrated similar crystalline features
when imaged at high magnificatiorSE and BSE imaging revealed homogenous and
dense crystalline strire. No porosity or voids could be detected within the studied
cross sections. Crystals demonstrated a diameter less than 500 nm wilefiuel
grain boundaries. AD; particles were scarcely dispersed over the examined areas of
interest. The obtaed slices were thoroughly examined for any of the reported signs of
LTD including; microcracking, crystal twinning, crystal polit or loss of material
homogeneity. Within aseceived implants and discs, none of these signs could be
detected upon usingavious types of detectors. These features are demonstrated in

Figure32.

Examination of hydrothermally aged samples revealed minimal surface changes.
The superficial 2 um were distinctively different from the underlying material which
can be attributetbt Y niThe layer looked heterogenous, crystals exhibitedeilined
boundaries, the appearance of some areas suggested presence of crystal twinning
and/or pulout. The transformed area had different contrast and poor resolution upon
imaging which made atection of microcracks unfeasibleThe material below the
transformed zone exhibited features similar to those foe@sved samples as shown
in Figure 33. Figure 34 comparesFIB-SEM slices from aseceived and aged

implants
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Figure 31. Stages ofIB-SEMprocessing and imaging of zirconia dental implant.

A, Determination of area of interest at the zenith of first implanthread. B, Deposition of platinum layer (). C, Definin

dimensions of area to milled. D, Initial high current ion beam milling. E, Further material removal to expose larger afee

higher SEMmagnification. F, Appearance of the section of intestafter first low voltage ion etching cycle.



- e B
s mag det HV WD P mag WD det HV |
£ ‘.@ 12000 x| TLD | 5.00 kV | 5.0 mrf@ﬁ) 000 x |19.5 mm|ETD |30.00 kV

Figure 32. FIB section from asreceived implant viewed SEMat high magnification
FIB created section showing densely packed, wetlefined, homogenous crystals. Platinu
layer is annotated with ). No signs of+ m could be detected in the surface, subsurface

bulk layers of the material. Views were captured usingLD (left) and ETD (right) detectors

mag det HV wD
20000 x| TLD | 5.00 kV | 5.0 mm

Figure 33. FIB created section from aged sample showing loss of homogeneity of the surfa
crystals (- ) which could be a sign of- m.

The subsurface and bulk layers of the material demonstrated¢haracteristics similar to

asreceived counterpart. Area annotated with .) is an artefact.
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As-received

Pt layer

Surface

Subsurface

Bulk

Figure 34. ComparativeFIB-SEMimage for as-received (left) andaged (right) implants.
Aged sample demonstrated transformed <lum layer as indicated by the loss of crysti
homogeneity, illdefined boundaries or the so calledgrystal twinning. The bulk of the
material was still untransformed in both samples.

The use ofFIB-SIM enablegshe study ofa small area that may or may not be
representative of the whole sample. Thee wf a nonnvasive and damagfeee
preparation method wamnvisaged to image larger areasn beam milling systems
are essentially similar t6IB but perform at a kger scale. They can be used for cross
section polishing o6EM samples, such as zirconia, that can be adversely affected by
mechanical polishingln this project, a vacuum loddck and liquid nitrogen cold
stage ion polishing system was used to prepareceived and aged discs fSEM
analysis (lliol 1l System, model 697Gatan, UK). Prior to ion beam polishing, as
received and aged discs were cross sectioned using metal electroplated diamond
cutting wheel operated in table top -@it machine at 0.1 mmeés feed speed and
rotational speed of 100fpm (Accutomb5, Struers, UK). Copiouamount of water
cooling was used during theocess. The broad beam ion polishing system was used to
prepare dariangulararea(150 um deep, 600 um widat the basejrom the cross
section of the ageceived and aged samples as shown in Figbire
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SEM sample holder

Machined

LEMAS 2.0kV 14.9mm x180 SE(U)
Figure 35. Partial ion broad beam polishing of machined zirconia sample.

The polished triangular zone intervening between mounting screw an

machined part of the sample
The system operated with dusl™ guns (0.29 ad 0.32 pA), beam energy of &V,
20° milling ande and @erating chamber pressure of (7¥T@rr). Samples were then
sputter cated with 10 nm thick layer oflgginum using Agar high resolution sputter
coater (Agar scientific, UK). Polished areas were examined using high resolution
SEM equipped with old field emission gun(Series SU8230, Hitachi, Japan).
Characterisation of elemental composition of representatirecasved sample was
carried out usingDS system(Oxford Instruments, UK). The system is equipped with
a silicone drift detector (Max®) and pulse processor -6tream2) (Oxford
Instruments, UK).Data was analysed using sophisticated elemental analysis software
(AztecEnergy, Oxford Instruments, UK).

The asreceived sample exhibited similar crystallographic features to those observed
upon using thé-IB -SEM system. The sample exhibited a dense crystalline structure
and welldefined grain boundariesNone of the characteristics signs IoTD was
noticed in ageceived sample. Figure 36 shows SEM images at different
magnifications and with different detectors for a representativecasved sample.
EDS analysis revealed material is composed of 0,ah4d Y in addition to traces of

Al and H. The black grains scarcely dispersed within the ciystastructure were
agglomerates oflamina as shown in Figur&/. The aged sample exhibited minimal
surface changes associated witly mCrystal pultout was confined to the surface of

the material. The depth of the affected area did not excged atmaximum. The

bul k of the materi al beyond t hedisplayiagh s f or

none of the signs dfTD as shown in Figuras.
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LEMAS 2.0kV 14.9mm x4.00k PDBSE(CP)
Figure 36. High resolution SEMimages for ion broad beam polished aseceived sample.

Left, larger area and number of crystals was investigated in comparison to samples studied wi#lB-SEM Crystals appeared homogeno!
and had well-defined boundaries. No signs af- m could be detected. An evidence of crystal pudlut can be noticed on left corner of th
image as annotated with ). Smaller black particles ( ) are composed of alumina, as will be shown in Fegsir. Top right, zoor
in the area highlighted with yellow square demonstrating the integrity and well defined crystal boundaries. Bottom right, similar
magnification to (left) but using different detector. Alumina particles can be seen protruding oudf the surface as they may be mo

resistant to ion beam polishing.
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Figure 37. Elemental map for asreceived sample obtained usindeDScoupled SEM

Left, SEMfield analysed usingEDS Middle. Composite elemental map for the studied region of interest showing localised concentrati
of aluminium ( ) in the area corresponds to black particle (yellow dashed square in the I8EMimage). Right, individual elementz

maps for O, Zr, Y andl.
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LEMAS 2.0kV 14.1mm x4.00k PDBSE(CP)
Figure 38. High resolution SEMimages for ion broad beam polished aged disc sample.

Left, signs oft- m could be detected at the most superficial layer of the studied sample. An evidence of significant crystal qmuit can be
noticed in the area delineated by yellow dashed square. A higher magnification of this area can be seen in tiperight image. Botton
right, zoom in the area annotated with { ) and demonstrating the-defined crystal boundaries and possible crystal twinning which ar
important signs on thet- m. All images show that- m was localised to the surface as theubsurface and bulk layers recover norm:

characteristics noticed in as received material.



2.6.4.3 Transmission electron microscopy

Determination of the integrity (lack dfTD) depending on homogeneity and
border definition of the crystals is a rather subjective and deliberate metheduse
of a more objective method was proposed and envisddigth resolutionTEM allows
imaging of crystals as well as obtaining electron diffraction pattern for single or group
of crystals. Each material or phase of material has a unique diffraction pattern
determined by the atomic setupA diffraction pattern provide structural etails
regarding t he sampl eds o r &, esyntmatty,i lattice Cry
parametersyarious phases if present and whethey thee crystalline or amorphous.

Such features allow comprehensive analysis of<th@ in Y-TZP materials.

As the name implies,TEM work in transmission mode where a beam of
electronsfrom an electron source travels through a sample and undergoes a series of
interactions. The unscattered electrons twen refocused utilising electromagnetic
lenses and projected on a fluorescent screen. The resultant image is a shadow image of
the sample where dense parts of the sample appear darker. Thus, the samples examined
under TEM should be ultrahin in order fo the electron beam to be transmitted
through. Many techniques have been used in order to achieve ad€ghhtsample
preparation including; electropolishing, broad ion beam milling and most recently,
FIB -SEM (Langford, 2006)

The latter techniqgue demoretes superior performance for preparifgM
samples which is attributed;t¢l) ability to navigate to a region of interest under
extremely high magnification utilising the coupl&EM, (2) avoiding iorinduced
damagefor the area of interest, (3heé chage in the sample brightness of images
acquired withSE mode while it is being thinned can be used to monitor its thickness,
(4) TEM lamellae can be prepared to within 50 nm of a feature of interest which allow
studyingminute defects and interfaces, (Bgtaccuracy of positioning®EM lamella
utilising FIB-SEM is dramatically higher in coparison to other methods, (6) a
limited amount of circumferential milling is required as B8 is near perpendicular
to the surface of the sample, (MEM lamellae can be prepared in a relatively short
time and (8)TEM lamellae can be prepared from samples with irregular or unusual
geometries such as screlvaped dental implants. Utilising this technique, there is no
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need for mounting/embedding, plain gringiand polishingLangford and Clinton,
2004, Langford, 2006)

In this project, the milled/imaged surfaces prepared FEB-SEM (as
discussedin Section 2.6.4.2)were converted into electron transparent lamellae
13 umx5 um x50nm. This was achieved utilisg the microsampling tecique first
described by Ohnishatal. (1999)(Ohnishiet al, 1999) The technique was utilised in
anin-situ lift -out fashion where a thin lamella (18n x5 pm x0.4 um) was prepared
by milling away surrounding material apémdm an anchor point. A range of voltages,
probe sizes and different beam currents were used during this procedure. A platinum
needle tip attached to manipulator was inserted in the platinum protective layer
deposited earlier and then the anchor pointiledto free the lamella.The Lamella
was then mounted ta TEM slot by local platinum welding. The needle was then
severed and moved awalffinally, the lamella was further thinned ugia lower beam

current (0.10.3 nA) until an electron transparenhél thickness was achieved (50 nm).

Lamellae obtained from agceived and aged implants were examined using high
resolution field emission guMEM operating at 200 k\(Tecnai, FEI, USA). TEM
images and electron diffraction patterns were acquired witBCd camera
(SC600A Orius, Gatan, UK) and higimgle annular dark fieldHAADH detector.

Di ffraction patterns were analysed ut i
Microscopy Suite, UK) as follows; images for electron diffraction patterns obtained
from TEM were calibrated using the software according to the scale bar embedded in
the image. Thenatomic interplanar distanceal-§pacing)was calculated for each
pattern Obtained data was matched to crystallographic parameters of reference

tetragonal and monoclinié-TZP material.

Examined crystals within the subsurface of lamellae obtained freracas/ed
and aged implants revealed similar crystalline features as showigure 39and
Figure 40, respectively Both samples exhibited well defined, soficron and densely
packed crystals. Spot electron diffraction patterns were obtained for single crystals.
Analysis of eletron diffraction data revealed-Bpacing valuesimilar to those for
reference tetragonat TZP. Surface crystal could not be investigated as they were lost

due to ion beam induced damage.
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Figure 39. TEManalysis ofFIB-prepared lamella obtained from representative aseceived sample.
Left, lamella mounted inTEMgrid where the ion beam induced surface damagean be seen. Middle, magnification of the area delinea
with dashed yellow rectangle. Weldefined crystal boundaries can be seen with no evidence of microcracking. Right top, t

maghnification of single crystal that was imaged to obtain single cryal diffraction pattern (bottom right). Analysis of interplanar or

D-spacing revealed that the examined crystal represent tetragonal phase 6iTZP.
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Figure 40. TEManalysis ofFIB-prepared lamella obtained fromrepresentative aged sample.



2.7 Discussion

The used ageing cycla this study (Section 2.4yas chosen to simulate vivo
LTD for what is equivalent to a reasonable lifetime for a dental appliance (i.e. at least
10 years). In addition, it was chosen to conform to the ISO starsléod testing
ceramic surgical implantdSO 13356, 2008) We assumedhat theLTD activation
energy of the tested materialas similar to that calculated bgther authors The
assumption was made on the grounds of closente| ance bet ween t he
chemical composition and microstructural featur@slditionally, the authors utilised
kineticsbased method and exploited temperature, time and transformat®oql (T
curves to extrapolate. TD rates to bodytemperaturegChevalier et al, 2007b,
Chevalieret al, 2009) This technique is allegedly reported to be the single most
important method to provide a robust lifetime prediction utilisinpptermediate
temperaturegLughi and Sergo, 2010)Assuming validity ofthis assumption, the used

ageing cycle in this project may mimic-29 years ofn vivoLTD

The rate oL TD is highest at temperawirange of 20800 °C(Kobayashiet al,
1981, Cale=t al, 1994, Piconi and Maccauro, 1999)TD requires several years i
order to take place & vivo or room temperature. It probably requires longer period
to have pronouncedffect on thecrystalline structure and reliability of the material
Longterm, realtime, in vivo (body temperature) or room temperatuiD or stress
inducedt Y ndata on monolithic zirconia ceramics is currently scg®ergo and
Clarke, 1995, Serget al, 1995, Pioni et al, 1998, Lughi and Sergo, 2010)in
simple terms, 1qearsLTD or stress induced Y rdata require a *@ear study, which
is neither feasible nor practicalhereforet Y mmates and thereblyTD kinetics and
Y-TZP lifetime at room temperature habeen estimated until now from accelerated,

intermediate temperature ageing experiments.

The use of this approach for extrapolating re@mperature predictions may
however be subjected to serious imperfection$his problem is twofold, the
significant dsparity within the reported activation energy ¥ ZP materials and the
excessive differences betweenY mates induced at room temperature in comparison
to intermediate temperatures (3@ 0 d.@hi .et al reviewed published.TD

activation energyaluesfor various Y-TZP materialswith a similar composition.
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They found that activation energy varied significantly-(®& kJ/mol) with grain size,

density, testing conditions and temperattesghi and Sergo, 2010)

Few studies reportedignificartly high t Y nrates despite performing room
temperaturein vitro ageing On one handsuch findings may be irrelevant &3D
rates in these studies were measuwedzirconiathermal barriercoatings The high
porosity ofsuch structuresendersthem highly susceptible t&.TD in the first place
On the other handf sucha hight Y mmatetook place in environment with almost
negligible amount of residual stress, the amount dfTD induced by hydrothermal
ageing at 134 °C and 2 bar (with significaesidual stresse$dr 1 hour will beby no
means representativé 2-3 years of 3T ageingLughi and Sergo, 2010)

The validity of accelerated ageing studies at intermediate temperatures received
another setback following the very recent strikifgD data published by Keupet al
(2014). The authos investigated the effects of fiyears, wet and dry storage at&7
on theLTD within a commercially available, sintered, white bodyZP material.
They also comparedetweerprolonged 37 °C storage aadcelerated ageing usiag
autoclave at 134 °C.Their findings remarkably indicated that a pronounced linear,
surface to bulk progression &ffD upon storage at 37C ard under minimal water
pressure. fe obtained data at low temperatures exhibitedyedonsetbehaviour,
wheret Y mstartedafter an incubation period ranged between @onthsas opposed
to the immediate start of Y nin accelerated ageing. dve interestingly, the thickness
of the LTD affected layer aftefour years of 37 °C storage wasnilar or larger when
compared to accelerated hydrothernaaeing for five hots (which supposedly
simulate 1620 years ofinvivo LTD at 37 'C) as indicated byFIB-SEM
(Keuperetal., 2014) Additionally, the thckness of the transformed zone vahdeast
triple whencompared to our investigationThese findings maygast doubt on the
validity of accelerated shortterm hydrothermal ageing studieand long term
alternatives may be required. In fact, somegiterm hydrothermal ageingtudieson
Y-TZP materialsat intermediate temperaturesvealedextensiveLTD and strength
degradation(Binner et al, 2011, CattanLorente et al, 2011, Paulet al, 2011,
Kohorstet al, 2012) The work on this project started in 2010 when these findings
were not in press yet.Thus, the use of one acceleratedD protocol can be
considered as an inevitable downside of the studyfuture work with extended,
intermediate temperature and 37 °€ exquired for further verification &fTD in this
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particular material. This is particularly important given that the above cited work is

the first of its type and requires rigorous appraisal.

The macroscopic effect &fTD can be significantly catastroghio an extent that
negates the use of zirconia as an implant mateHawever, several studies showed
that LTD can be minimised to biologically acceptable levels by optimising
manufacturing process, use optimum crystal size, removal of impurities and
embracing the use of variousTD-resistant materials such asurainazirconia
composites and eciadoped zirconia. Zirconia blanks showed no significant
deterioration in mechanical properties after being embedded into the medullary cavity
of the tibia ofrabbits for a period of 30 month# was also reported in the fat study
that zirconia can be used clinically as it retains a bending strength of over 700 MPa
after being immersed in 95°C saline solution for over 3 yEaingmizuet al, 1993)
Consstent findings were reported by Caletsal (1994)who concluded that zirconia
implants used in hip replacement surgeries maintained sufficient mechanical properties
when recovered two years after implantation procedGadeset al, 1994) Other
studies remarked that conflicting data on the survival and strength of these implants
can be attributed to the microstructural design and quality of the ceramic
manufacturing Cales, 2000, Chevaliat al, 2007b, Chevalieet al, 2009, Lughi and
Sergo, 2010)

Jerome Chevalier is the brightest name in field of zirconia ageing with numerous
widely cited publications on this subjedn his extensive review obTD of zirconia
biomedical implants, he, along with his-amrkers,c o n ¢ | u datlough im ¢he A
1990s Y-TZP ceramics were considered very promising materials for biomedical
applications, longterm followup is needed to address the critical problem of aging
vivo and its negative impact on orthopaedic implant durability. As 600,000 patients to
date hare been implanted with zirconia hip joint heads, a careful explant analysis must
be conducted, with a special emphasid.®D-microstructure relationships. However,
most zirconia implants were processed at a time when ageing was not yet fully
understood. Mthods to assess a priori the agy sensitivity of a given zirconia
ceramic have been developed and should lead to safer implants. In the meantime, new
zirconia or zirconiabased materials that overcome the major drawback of the
standardY-TZP are now avdableo (Chevalieret al, 2007b)
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StudyingtY m phenomenon utilising a single technique provides an incomplete
picture ofLTD and its potential effectsThis is attributed to the inherent limitations of
each individual techniqueThe effect of hydrothermal ageing and stress indtic&dm
was investigated using several distjrmamplematary techniques in Section 2.60
the knowledge of the authof this work, this is the only project that has studidd
phenomenon in an injectiemouldedY-TZP dental implant materialln Section 2.6.1,
XRD data revealed that the discs and implants exhibited similar crystallographic

features.Both samples were comprised of tetragonal and monoclinic phases.

The abic phase could not beetected in the studied material as opposed to
othes investigationg CattaniLorenteet al, 2011) This can be attributed to the close
proximity of crystallographic features of th&wo phases which render them
indistinguishable with regard t¥RD (Argyriou and Howard, 1995) An extreme
example on the limited ability of laboratorKXRD to differentiate between
crystallographically sinlar compounds is presented ilgire41. Rietveld refinement
of diffraction patterns obtained with neutron radiation rhaye greater potential to
differentiate between the$&o phases owing to thgreater sensitivity toight atoms
symmetric peak shape asdattering at higher diffraction angl@lavsky and Stalick,
2000)

Yfttrium Arsenide Sulfide

NaCl

Figure 41. Identical X-ray diffraction patterns for completely different compounds.
Top, XRDpattern of Yttrium Arsenide Sulfide, a highly toxic compound. BottonXRDpattern

of table salt. Graph used with permission from Dr. Tim Comyn.
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The initial monoclinic phase fraction can lbdfected by the ethylene oxide
sterilisation process. This process involves exposing samples to 40 °C, minimal steam
pressure and jactions of gases for at least thiesurs. Despite the low temperatures
and pressure, such conditions may indu€® or affect the sensitivity of the material
to LTD (Keuperet al, 2014) Hydrothermal ageing doubled the amount of monoclinic
phase in both discs and implant$he volume fraction was however still below the
maximum limit set by the ISO standards for surgingblants(ISO 13356, 2008)

Hydrothermal ageing generated a highly textured monacliphase in
(111, 111) directions.This can be an exacerbation of a-pmésting texture as a result
of the injection moulding manufacturingThis however cannot be camhed asthe

second monoclinic peak was not present in the diffraction data-fecased samples.

Texture or preferred orientation may also be responsible for the significant
disparity of the results obtained by the tvdata analysis methods used siimate
monoclinic phase fraction. The Rietveld refinement method is very effective in
adjusting for preferred orientation. However, it could not be us¢his studyas the
diffraction data was obtained ev a small2 drange where only tw@eaks of
moroclinic and a single tetgmnal phase peaks are preseAtfull range diffraction
dat a 1200 analysed by Rietveld refinement can theoretically resolve the
problem. However, this solution was precluded as increaidgill increase the
depth of X-Ray penetration which thereby changes the area under investigation.
Additionally, peak overlap may be notable at high angles of reflections. Such issues
can be considered as the major drawback for uRietyeld refinement for studying

XRD in solid materials.

The use of Torayads modification of Ge
be unreliable as it does not take in consideration the effect of preferred orientation. A
preliminary pilot work usingEBSD confirmed presence of texture oreferred
orientation in aseceivael samples. However, the difference in surface texture prior
and after hydrothermal ageing could not be estimated using this technique. This was
attributed to thel ar ge number of crystals blgith C
orientation in aged samplas shown in igure42. The possible cause of this problem

is described later in this Section.
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Figure 42. EBSDSEMtexture analysis of the injection mouldedY-TZP.

EBSDSEMwas used to determinespatial orientation of the crystals on the surface «

asreceived (left) and aged (right) mirror polished, injectionmoulded discs. Crystals wit
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crystals, the greder the magnitude of preferred orientation or surface texture. Th

as-received sample seemed to exhibit a fair amount of surface texture. Texture analysis"

not feasible for aged sample due to the large number of blackexit crystals which indicate
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Whether the Ri et vel d refinement met hod IS unde |

modification is overestimating the monoclinic phase fractvas something thaiould
not be determined.Several attempts were made to study this area of uncertainty
utilising known weight percentages of pure monoclinic and tetrag6ialP powders.
Obtaining a homogenous mixture of the two powders was impossible despite
meticulous mixing methods includindgpng-term trituration or evaporating solvent
used to mix small quantities of powder This is a direct result of the different
densities and thus volume of both powder$etragonal powder is obtained by
sintering as described earlier which increasesitietosa large extent in comparison to
the asreceived monoclinic powderAll diffraction data of these mixtures revealed
extremely high monoclinic phase fractions despite the fact that the mass percentage of
used monoclinic powder did not exceed 20%rlhese findings indicated that
monoclinic powder always topped the tetragonal powder and occupied the majority of
the X-Rayinteraction volume.
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Due to their configurations, the majority of laboratofiRD systems negate
studying small and confined areas of gdgs such as an indentation imprint, tip of
implant thread or a cross section of a thin fractured surface. The in¥ieRRaybeam
of the used machine in this project was reduced to minimum (2 mm) in order to reduce

signatnoise ratio.

XRD coupled computé tomography techniquect{RD) has been recently
introduced. Analogous to conventional CT, a sonogram (dataseffRD represents
a set of diffraction patterns collected by probiagslice in thesample with a
monochromatic penclike primary beam at e¢&in projection angles. The technique
has high agreement with laboratoX{RD and allows studying small areas and phase
mapping.ctXRD has been reported to have poor momentum resol(lardinget al,
1987, Kleukert al, 1998)

LaboratoryXRD has inherent limitations; the limited penetration depth is among
the most obvious from this work-Rays can provide crystallographic information
regarding a 10 crystal deep layerYATZP material, X-Rayp e net r at i on dep
(Gremillardet al, 2010) Thus, the technique has no use in studyim® in the bulk
of the zirconia material@Chevalieret al, 2007b) XRD is a sensitive technique with
regard to sample mounting, placement in relation to XhRay b e a m, sampl €
geometry and flatness. This iargicularly important in this project given the irregular
shape, and variable head/thread height along the implant length. Such sample geometry
compromised signal to noise ratio and the quality of some scans. Whenever Rietveld

method was used for data aysa$, these variables were refined.

The Gelativelyd high penetration depth of-Rays used in conventionaXRD
reduces the diffracting volume of the surface layer of the studied sample. This in turn,
compromises the signal/background ratio and therebyttec hni que d s s el
toward the composition of the superficial layers of the material. Additionally,
conventional XRD delivers crystallographic information limited to the area of
maximum diffracting intensity. Th&SIAXRD technique was used to unravélet
spatial distribution of the monoclinic phase within the depth accessiblXRLy
according teal@0le) methot{Gremilardet al, 2010) The whole
principle of this method relies on the use of stationary (fixed) incident beam at small

angleswhich increases; the path length of tkeRaybeam, the diffracted intensity and
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signal/background ratio specifically from the superficial layers of the sample
(Rauetal.,, 2011) The authors of this technique exhaustively described the
mathematical derivation of their methodlhey also numerically tested it in theoretical
configurations as well as commercially availabeTZP materials. Their findings
indicated that the techniquis promising with regard to determination of surface
fraction anddepth of the monoclinic phase within the area accessibleXkHyays.
However, there arthreecaveats with the use of this technique; firstly, extrapolating
monoclinic phase fraction beyontiet maximumX-Ray penetration depth may be
misleading which is related to immediate divergence of fitting functions outside the
limits of X-Ray penetration. Secondly, the type of the fitting function may
significantly affect the bounds of the monoclinicagk depth profile.The fact that
several functions can be fitted adequatel¥Xtoprofile, as indicated by goodness of fit
parameters, poses a significant challenge to this metAdudrdly, the method was
derived assuming that studied materials are ceeghaf monoclinic and tetragonal
phases only and disregarded the very likely presence of cubic phiaseever, this
may be of a little significance given tkenilarity betweentetragonal and cubic phases

in terms of crystallographic features.

GIAXRD findings indicated that monoclinic phase fraction withirrexeived
sample was distributed to a very small depth that is less than 0(&eution 2.6.1)
These findings were in line with those reported for aagad material that contained
20% alumina comint (Gremillardet al, 2010) In the current analysis there was one
problem during the fitting and deducting the inverse Laplace transfoffhe
difference inX, valuesfor asreceived samplat incidence angles more than 2° steeply
decreased which madg,o approachinfinity. The fit was bound té& o = 25% which
was the maximum monoclinic phase fraction within the aged sanigies however
compromised the apparent quality of fit, yet not the goodness of fit paramétess.

same issue was present witle tother published repdi&remillardet al, 2010)

Hydrothermal ageing increased the monoclinic phase fraction and ten
affected zone which is compatible with the nucleation and growth mechanisibof
(Gremillardet al, 2004b) The use of short age cycle resulted in a surfacenfined
LTD affected zone.This iscontrary to other reports indicated bulk involvement with
LTD (Gremillard et al, 2010, CattanLorenteet al, 2011) The disparity of the
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results can be explained by ttiéferences irhydrothermatreatment periods andrb

resistance between different studies and materials, respectively.

Raman spectroscopy was used to investigate hydrothermally intiu¥eshs in
Section 2.6.2 As-received samples contained negligible amount of mamogbhase
fraction. Hydrothermal treatment resulted in a notable increase of the monoclinic phase
fraction. However, the values varied upon the use of point or area scans and were
significantly lower in comparison to t€RD technique. The contradictiorbetween
the estimated monoclinic fraction yielded XRRD and Raman spectroscopy is a well
documented issue.As cited by Chevaliert al (2007) there was no agreement
between the findings of both techniques which coéde linear, logarithmic, or
power Bw dependencies. In this study, the disparity can be also attributed to the
difference between the examined areas by each tech(theyalieret al, 2007a)
Diameter of the incident laser beam was calculated using Equati¢ghetss and
Edwards, 2001)

Where

m is the theoretical diameter of the ’Anser beam

ais the laser wavelength (488nm)

nA is the numerical aperture of the focusing objective

The area studied byRamanpoint scan ranged between 093 unfwhile area
mapping scans were obtained for a 400° aneas. XRD was used to investigate an
area of 20 mMm These findings indicate that the monoclinic phase might not be
homogenously distributed along the surface of the samples

Having a confocal microscope arrangarhlinked to it, Raman spectroscopy has
wide application in studying stress indudedy mwvithin Vickers indentation imprints
and fractured surfacesAdditionally, the effect of hydrothermal treatment on the
pattern and quantity of stresslucedt Y mwvas nvestigated. The monoclinic phase
fraction was quantified and mapped withi
imprints in asreceived and aged samples. Identification and quantification of cubic
phase using Raman spectroscopy can be difficuibgwo the closely similar Raman
spectra of the tetragonal and cubic phasése software that was used in this study to

89



analyse Raman data did not enable the identification and quantification of the cubic

phase in contrast some other studiitayachawn, 2008)

Fractured surfaces exhibited a concentration of monoclinic phase in the centre
(midway between tension and compression surfaces) as well as the tensile surface but
to a lesser extentThere was no difference between the aged anda@sved samples.
Clarke and Adar (1984kported that stresses generated during the fracture of zirconia
toughened alumina resulted in 3% monoclinic phase fraction when determined by
Ramanspectroscopynd 8% as peXRD (Clarke and Adar, 1984)No emphais on
the distribution of the Y nwas made.

When examining rictured surfaces of 9 mol% MgO stabilise8Z ceramics
with a Raman microprobe, Le al (2009)reportedhigh concentrations of monoclinic
phase near the tension and compression surfagdditionally, a steady decrease in
monoclinic phase fraction measured from just beloe ténsion surface to within
200pum of the compression surface was noticdlee et al, 2009b)
Pittayachawartal (2007) demonstrated concentration of monoclinic phasly o
around the fracture origin and reported increased concentration of cubic phase on the
tension surfaces of the studied sampiRagayachawaet al, 2007)

Vickers indentation induced significantY nm asreceived and aged samples in
the present study.Possible tetragonal to cubic phase transformation as a result of
indentation proces@ohal et al, 2009b)was not investigated in this study for the
same reasons describ@dSection 2.6.2 Within the imprints of the indenter in the-as
received sample, the amount bfY nwas the lowest in the centre and increased
significantly when moving toward the edgesUnsurprisingly, the corners of the
imprint exhibited the highest amount of monoclinic phasehashighest amount of
stress is expected to be generateslich areas.

The high degree of Y nmear the corners and the edges of the imprint may be
attributed to the type of stress these areas were subject@&drieile and shear stresses
generated by #n sides of the indenter (edges and corners of the imprint) effectively
inducet Y rin comparison to compressive stresses generated by the tip of the indenter
(centre of the imprintjDelgadeRuizet al, 2011) Thet Y rwas not only confined to

the imprint,it also extended but to a lesser extent to areas just outside the imprint
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where plastic deformation is expected to ocddaterial recovered the pure tetragonal
composition in areas unaffected by plastic deformation. Pittayachatvah(2009)
reported he level of monoclinic phase exhibited limited variation within the
indentation imprint in addition to significant tetragonal to cubic phase transformation
at the centre (Pittayachawaret al, 2009. DelgadeRuiz e t €@01d) svork has
showed an almost linear decreas& rof Y-TZP with distance from the centre of the

indentation imprin{DelgadeRuizet al, 2011)

Little difference was however noticed between the centre and the edges of the
imprint in aged samplesA decrease of monoclinic phase fraction was noticed along
one direction from centre to edg@he area affected by plastic deformation an¥f m
seemed to be larger théor theasreceived group.The overall difference in the total
monoclinic phase fractiomvas small and could be equal to difference in baseline

content of monoclinic phase in each sample.

The aforementioned techniques have the capability to investigate surface or near
surfacet Y m DeterminingLTD occurence or susceptibility of a Bim diamegr
implant on the basis of studying the superficial 5 pm may not be appropfiaéeuse
of Synchrotron radiation as a comprehensive adjunct technique was envisaged
(Section2.6.3) The energy of thé&X-Ray beam generated b§ynchrotronsourceis
significantly higher than that generated éyaboratoryX-Ray tube. This in turn,
allows studying the whole sample thickness in a remarkably short time.

SynchrotronX-Rays havebeen widely utilised for characterisation of zirconia
based materials psacially thoseused for thermal barrier coating applications.has
also been used to study timesolvedin situ monoclinic phase formation under
hydrothermal and pressure conditiofisoni et al, 1998, Yamashitat al, 2008,
Bremholmet al, 2009, Lpkin et al, 2013) To our knowledge, therare currently no
research papetbat eported the use @ynchrotronfor purposeof detectingLTD in

Y-TZP dental implant materials.

The generated diffractioBynchrotronpatterns for aseceived, machined, ad
and machineéged samples where identical to that for a pure tetragonal powder.

findings indicate that such technique is only appropriate for detection of advanced
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LTD that propagated to the bulk of the materidlhe diffraction patterns of aged

samples were expected to exhibit monoclinic phase peaks. However, none of the

patterns obtained b8ynchrotronX-Ray diffraction did so. This can be attributed to

the exceedingly low diffracting volume of the transformeshes (24 pm) in

comparison to the untransformed counterparts (approximately 5 mm) in the path of

X-Ray beam. The likelihood of having porous regions in the bulk of injection

moulded implants in comparison to other manufacturing technique is not widely

studied. These areas may be affected and/or highly susceptilh/€R@oprocess. The

use ofSynchrotronn transmission mode may be considered as an essential measure in

order to prevent duplicating the drastic sce

coreof zirconiahip implants.

Extrapolating data regardingTD effects on zirconia implant materials based
solely on crystallographic techniques may be risky extreme example emphsisig
this risk is presented inigure 41 that demonstrates identicdRD patterns for a two
fundamentally different materialsThe concerns regarding the validity and reliability
of these techniques may be further in question given the close proximity of
crystallographic parameters of different phases of zirconia mateiaiect imaging
and characterisation of the consequences of hydrothermalbtressnducedt Y nat
macroscopic and microscopic scalsre used in Section 2.61¢ obtain a better

understanding of theTD sensitivity ofthe studiednaterial.

Optical inteferomeery (profilometry) was used iBection 2.6.4.10 characterise
surfaces of polished and polishaged samples. Martensite réiavere showron the
topographic maps and increased roughness parameters were demonstrated upon
hydrothermal treatment of polished sampl€&neway ANOVA revealed significant
difference in roughness paramet8y, (R;) among aged and -asceived samplesThe
data is of great statisticahlue as the used optical interferometer was used dy stu
signi ficant 1mnlnazompaisomto etrer teckiques suchh&S or
Raman spectroscopy.These findings were in agreement with those published by
Kawai et al (2011) who reportedignificant increase iR, as a result of hydrothermal
ageing inY-TZP and alumina toughened zirconi&TZ) (Kawai et al, 2011) In their
work, R, values fo agedY-TZP andATZ were in excess of 100 nm in comparison to

the current work, 29 nm. This may be attributed to the higher basglifee polished
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samples and longer hydrothermal ageing cycle used by the autAdmnitation of

this technique is the necessity for an dbsby clean and debrisee sample. Debris

can be easily mistakeor surface martensite reliefs. The problem is further
complicated by the fact that profilometers are not equipped to study the nature of
surface protrusions. Examining of samples un8&M prior to interferometery

investigation may be helpful to determine the cleanliness of the sample.

The use ofFIB and broad beam ion polishing ensured -mwasive sample
preparation. It also allowed the high quality imaging and comprehensive analysis of
microscopic consequences of hydrothermal ageing on the stidiedP material
(Section 2.6.4.2) Loss of crystalline homogeneity and crystal twinning were among
the most prominent signs &ffD that could be detectedintergranular cracks could
not be deteted in the studied aged samples. This could be attributed to the high depth
of field of SEM which negates appropriate detection of shallow microcradise
relatively poor resolution of the transformed zone might further complicate the
problem. Anotherexplanation could be that the used short hydrothermal ageing cycle
did not allow formation of such crack3he use of broad beam ion polishing allowed
studying the crystalline structure at a larger scale in comparisé#Bto Findings
obtained from botlpreparation techniques were very similakdditionally, disc and
implant samples exhibited similar microstructural features when examined under high

resolutionSEM.

High resolutionTEM was used irSection 2.6.4.30 examine morphological and
crystallographic changes in the crystalline structure as a result of hydrothermal ageing.
It is noteworthy that, at the time of writing thikesis this work was the first to
investigate LTD phenomenon in zirconia dental itapts utilising this method.
Imaging of the transformed zone was difficult owing to the notable ion ‘educed
damage despite the deposition métinum protective layer prior tan situ lift out
procedure. Electron diffraction patterns were obtained fodividual crystals in the
subsurface area. Diffraction pattern were analysed using a less than robust method
wereD-spacing and ratibetween crystalline lattice parameters matched to a reference

XRD datafor tetragonal and monoclinic phase.

Accordingto this method of data analysis, all the examined crystals of interests
were matched to tetragonal phas¢éowever, the reliability of this method may not be
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adequate. The use of sophisticated software packages may improve the quality and
reliability of extrapolations from this techniqu&uch software packages however

require a specific output file format which was not available on the used system.

EBSD detectors coupled t8EM may be valuable for phase determination and
mapping of zirconia materigdKawai et al, 2011, Keupeet al, 2014) The technique
utilises an electron beam that is incident on an angled sample which diffracts the
electrons and diffraction pattern is generated on a fluorescent scrdeiffraction
patterns for each studied crystal is then matched to a referenceséagaldandexed to
an acquiredSEM image. The use of this techniqgue may overcome the subjectivity
with direct examination oL TD consequences usingEM or limited reliability of
analysedTEM electron diffraction pattesn However, the use of this techniu
requiresa highly polished sample.Thus, when using a conventioneBSD-SEM
setting, the sample should be mounted in resin and mirror polished and 100% flat.
Any change in the surface inclination will change the reflection/diffraction angles and
therebycompromise the output of the investigation. This can explain the poor indexing
and areas of Ono solutionsdé within phase map

part of some pilot work in this proje(figure43).

Figure 43. EBSD-SEMphase map for mirror polishedY-TZPsamples.

Left, phase map obtained for aseceived (left) polished sample where the majority c
crystals were indexed as tetragonal (red). RightEBDSSEM map for a mirror-polished
sample after hydrothermal ageing. The majority of crystal were uindexed (blackedout) as

software could not match them to any solution based on the reference material data phase
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As received samples were studied adequately USBQS-SEM which may
indicate that changes in surface roughness and flatness (also shown by optical
profilometry) as a result of hydrothermal treatment may compromise the validity of
this technique. A similaproblem was reported by Kawt al (2011) who couldhot
obtainany phase map of hydrothermally aged samples (Katvai, 2011). Some
recent FIB-SEM systems have an integratéfBSD detector. Effectively, these
systems allowin situ mapping of a slice niled using FIB. Theoretically, this
techniqgue may be optimum to stutlyY nas theFIB produces a perfectly flat and
polished surface. However, t h éas beerme pr
reported by a receiB -EBSD-SEM study(Keuperet al, 2019.
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Chapter 3:
Mechanical Studies

3.1 Introduction

Zirconia assumes three structurally different crystalline phases; monoclinic,
tetragonal and cubic depending on temperature. The tetragonal phase can be partially
stabilised at room temperature kaddition of small concentration of dopant or
stabiliser such as yttrium oxide {¥;) (Guptaet al, 1977, Hellmann and Stubican,
1983b) Y-TZP have a superior potential for clinical use when compared to
monoclinic and cubic phases owning to its machirtglcoupled with high strength
and fracture tougtess exceeding 1200 MPa andMBa/m'?, respectively(Piconi and
Maccauro, 1999, Vagkopoulp@009) When mechanically challenged, for example
by a propagating crack, the metastable tetragonal crystalsasegsform to monoclinic
phase { Y o This process is accompanied by% volumetric expansion of the
crystals which vyields radial compressive stresses that halts the crack propagation.
Compared to other ceramics, the unsurpassed strengthTdP is due to both the
dense, submicron crystalline structure and the unique transformation toughening
mechanism or, stressducedt Y ntransformationGarvieet al, 1975b, Guptat al,

1978)

Machined zirconia ceramics and those manufactured by cooling frocuthe
phase or direct deposition of tetragepaime zirconia powder may exhibit another
possible stressduced toughening mechanism. Ferroelastic domain switching or
ferroelastic toughening occurs wheretrack energy can be absorbed and dissipated
via rotation of tetragonal crystals around one of the axes to form the so called a twin
phase with aifferent orientation These changes ultimatelyncr ease t he materi
toughness without notable increase the monoclinic phasgVatkar and Matsumoto,
1986, Charet al, 1991a).

Y-TZP can suffer longerm structural deterioration (microcracking and loss of
strength) as a result of slow and spontangoisnransformation process particularly
when stored in humid environment or watéfobayashi et al, 1981) This
phenomenon is called low temperature degradatidiD} or ageing. By definition,

t Y rtransformation duringg TD should not be triggered by the local stresses produced
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at the tip of an advancing crack as in case of transformation tougheningEren
(Lughi and Sergo, 2010)Unfortunately, we cannot exploit the remarkable possibility

of the former without taking the risks of the latt€hevalieret al., 2007b)

LTD is a watermediated martensitic phase transformation that propagates via
nucleationrandgrowth mechanism. Water is believed to provide free radicles that start
the surface corrosive attack and cause lattice shrinkage anelpuilidtensile stresses
(corrosivestress procesgbchubert and Frey, 2005} Y mstarts in the most unstiz
areas such as grain boundaries where the largest amount of tensile stresses is present
(Schmauder and Schubert, 198@ad then propagates to the centre of the grain as
water attack continug&Chevalieret al, 2007b) Tensile stresses resulted frovhm
cause microcracking at the grain boundaries which in turn, accelerates deeper water
penetration and thereby deeper effect®D (Deville et al, 2004) Nucleation refers
to the transformation of a single grain, which can act as a nucleus for further
transformation. Growth refers to the preferential extensiont o¥ nto the crystalsri
the vicinity of the nucleus. Growtbccurs as a result of the tensile stresses generated

from the expandettansformed graigChevalieret al, 1999a)

LTD can have two major macroscopic adverse effects on zirconia dental
implants.  Firstly, cracking and monoclinic crystals fmuit may cause loss of
crystalline coherence and consequently declinen@chanicalreliability. Secondly,
the released particlesaic elicit immune response that ultimately cause aseptic bone
loss and implant loosenir{@hevalieret al, 2007b, Lughi and Sergo, 2010)

The evidence regarding the effect of ageing on the reliability ofYtA&P is
equivocal. Several authors reportedhftioting findings regarding zirconia ceramics
subjected tan vivo or in vitro inducedLTD. An in vitro experiment has shown that
Youngods modul us aWlZP lmes wererredaced by 20% wiees they f
were subjected to hydrothermal ageif@attani-Lorenteet al, 2011) It was also
reported that fracture strength of-TZP was reduced significantly following
hydrothermal ageingBan et al, 2008, Flinnet al, 2012) The decline in these
mechanical parameters was attributed to the increasedcimaghase fraction which

is more susceptible to microcracking.

Severalin vitro andin vivo studies reported that effect of ageing on the durability
of Y-TZP was negligible(Shimizu et al, 1993, Caleset al, 1994, Ardlin, 2002,
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Papanagiotoet al, 2006) This has led to new thinking as to whether the presence of
monoclinic phase is detrimental or not. In fact, there is some evidence suggests that
t Y ntocalised to the surfaceay leadto the establishment of surface compressive
stresses that balanoeit appliedtensile stresses and thereby strengthen the material

( Ko s mtaal, 1981, Virkaret al, 1987, Tanakeet al, 2003) This has been
consolidated by both the fact that mediutm longterm data fromclinical studies

rarely identifiedfracture of zirconia as a problenAdditionally, there is n@orrelation
between failures andTD in all studiedY-TZP materials usedor dental applicatios

(Molin and Karlsson, 20Q@0zkurtandKa a z oj | u 260allZD07). Sai | er

3.2 Experimental procedures and results: zirconia discs

3.2.1 Acceleratedin vitro ageing

Injection moulded,acidetched ehylene oxide sterilised, 17.85+0.011 mm

diameter and 1.03014mm thick zirconia discs were provided byetmanufacturer

(Maxon motor GmbH, Germany). Discs were aged in a LL.high pressure

hydrothermal reactor (Series 4540 Parr, U.S.A) with 300 ml of distilled water. The

ageing cycle |l asted for 5 hours at operating
and 2 bar, respectively. Samples were left in the hydrothermal reactor upon
completing the cycle wuntil 50 eC temperatur
estimated to be 0.011eC/ sec. Sampl es were d

until furthertesting.

3.2.2 Biaxial flexural strength

Alongside many other superior characteristics, high strength and toughness of
Y-TZP based ceramics endorsed their use in the dental field. In addition, the
unsurpassed advances at the level of manufacturing technologies facilitated the
exploitation of such materialSCAD-CAM exponentially expanded the use\6iTZP
as an aesthetic, aneétya high strength alternative to metal alloy based dental implants
and restoratives. Other technologies suclCEd, powder coprecipitation andIP
were among the assets that enabled the manufacturing eptagision components

required for dental impint systems.

Depending on chemical composition, microstructural features and processing

method,Y-TZP based ceramics exhibit flexural strength ranging fromZ&00 MPa
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(Ruiz and Readey, 1996, Caselktsal, 2001, Ardlin, 2002, Milledinget al, 2003,
Guazzatcet al, 2005, Curtiet al, 2006, Denry and Holloway, 2006, Banhal, 2008,

Denry and Kelly, 2008, Flinet al, 2012) Several studies investigated the effect of
variousin vitro andin vivo ageing approaches on the flexural strength-0ZP based
ceramics. Several authors reported no detrimental effects of various ageing
mechanisms and durations on strength and reliability of this material. Iraspntr
other studies reported strength degradationYeTZP materials upon artificial and

in vivo ageing. The disparity can be attributed to; the different ageing mechanisms and
durations used by different investigatodifferences in parameters governing the
activation barrier ofLTD, differences in sample geometries and data analysis

techniques.

Studying the pure tensile strength of ceramic materials by deesile strength
tests is a difficult task owing to their brittleness and subsequent difficulties in gripping
and aligning the specimens. Thdggect tensile strength tests have seldomnbesed
to study brittle material§Bowen and Rodriguez, 1962, Zidat al, 1980, Brown,
2010) Uniaxial flexural strength tests were introduced as an alternaetieod.The
latter testsmay yield highly variable strength values as a result of edgtifeaeffect
Additionally, theyrequire substantially flat and large samples which may be difficult

to achieve in the case of dental ceranfigan and Anusavice, 1990)

The biaxial flexure test is a widely used, viable alternative to apply biaxial
tension on the surface of a ceramic sampachtmanet al, 2009, Callister and
Rethwisch, 2012) The flexural gength can be determined using threalls
supporting a thin ceramic disc with a centrally applied loading rod, also known as
pistonon-3-balls (Kirstein and Woolley, 1967) The use of this setup allows testing
warped samples directly after firing which in turn, eliminates the need for machining
the samples to a specified geometry and flatness. In the case of zirconia based
ceramics, this is aextremely important aspect as machining itegdfy alter materiad s
properties. Finally, it disregards the edge effect in areas located outside the supporting
balls and thereby enhances the reliability of the test out€@dfaehtmaret al, 2009)

A group of technically identical samples can fail at largely variable loads owing
to the differences in the size of the major crack or cracks in the area subjected to

loading. Therefore, the strength of brittle materials has to be described by a
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probability functon. The size of the sample is an important factor in the statistical
behaviour of reliability of ceramic materials. It follows that under the same stress, the
probability of failure of larger samples is higher than a smaller countethsatto the
higher probability of having larger number of major crapké&achtmaret al, 2009)

The basis of contemporary ceramic manufacturing is largely dependent on the
statistical distribution function model proposed by Weibull. Weibull statistics
provides a quantitative method to determine strength reliability of brittle materials
basedon the assumption that failure at any flaw translates as failure of the whole
sample. This is a form of extreme statistics applying the weakest link theory or
extreme distribution function that offers the advantage that a material in a given system

can survive eidently longer than the estimated lifetime by such a model.

The two parameter Weibull distribution function for a brittle sample subjected to
uniaxial fracture strength test with a volumé @ndstrength {) is given byEquation
(16) (Weibull, 1951, Daneret al, 2007)

Where

F is the probability of failure

b is the Weibull modulys

Uis the characteristic strength

0y is the stress level below which the material will not fail (equalariy
Vois the chosen normalising volume

The value ofb measures the variability in the strength of the material and it is
inversely related to the scatter of fracture strength data. The highérvhiee the
narrower scattering to be expected in the fracturengtine data.The value of U
represents the stress level of fracture strength where probability of failure equals to
63%. Weibull moduli of dental ceramics usually fall in the range 6l3.0Great
efforts are however being made to minimise flaws and aftamluesequal to 20
(Wachtmaret al, 2009)
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The biaxial flexual strength(BFS) was determined for 60 sterilised discs that
were equally divided intdwo groups; ageceived and hydrothermally aged disds.
universal testing machine (LR10K materiaster Lloyd, UK) was used for this
purpose according to the ISO standards for dental cergi8i©s14704 2008) Prior
to the test, the radius and thickness of each sample were metserttnes using a
digital micrometer (MitutoyolLtd, Hampshire, UK and an averageas obtained.
Each disc specimen was placed centrally on three, indststngad grade, hardened
steel, 5mm diameter ball bearings. Ball bearingsre places 120° apart on arhin
diameter support circle.

Discs were loadedsing a cumm-made, steel, 1.60m diameter piston at a cross
head speed of 0.mm/min until failure point. A loadontrolled load cell with 5 kN
upper load limit was used. In all tests, a thin polythene sheet was placed between the
pushing rod and specimen to eresieven stress distribution while loading. The
fracture loads were obtained from leextension graphgenerated by NexygenPfus
software (AMETEK Test & Calibration Instruments, USA)BFS values were
calculaed using Equations 118 and 19:

aL L
I+t 8 —a—
> o »
L O ms— —
» >
> >
J-L O W — O —_—
> >
Where;
G: fracture load (N)
ddiscd thickness at | oading point ( mm)

Y Poissonbds ratio (assumed to be 0.25)
r,: radius of support circle (mm)
ro: radius of loaded area = radius of pushing rod (mm)

ra: radius of the disc (mm)
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SPSS statistics, version 19 (IBM, USA) was used to perforrmnwayeanalysis of
variance (ANOVA) to assess statistical differences betweemigans oBFS of the
asreceived and aged groups. Statistical software (Weiyllversion 9.0.10;
ReliaSoft Corp, Tucson, Arizona) was used for the determination ofvthparameter
Weibull estimates and 95%-&ded) confidence interval®5% CI) according to the
maximum likelihood method. Origin Pro 9.1 (OriginLab, USA) was used to plot all
presented data. SEM (S-3400N, Hitachi, Japan) was used to examine bulk
morplology of representative fractured surfaces fromeggived and aged discs.

The mean BFS values of the aseceved and aged groups were
1003.68+£73.0%Pa and1033.11+10210 MPa, respectively. Comparison of means
was performed using one wANOVA test at the 5% significance level which showed
no significant difference in the me&fkS of the two groups (p>0.05). A difference in
Weibull modulus B) (15.9 vs. 108) and characteristic strengti)((1036.88 vs.
1079.74MPa) was however noticefbr asreceivedand aged samples, respectively.
The difference was not significant as 8% CI of both parameters overlapped as

shown inTable 8

The BFS values wereplotted against Weibull percentiles for as received and
aged groups separately as shown in Figure 44vaRies for both data sets indicate
good fit of the data to the assumed linear statistical distribution. Comparative Weibull

plot for both groups ish®wn in Figure 45

Table8. Summary of mean (MPa) and Weibull parameters obtained for BFS data

As-received Aged
Mean (SD) 1003.68 (73.05) 1033.11 (102.1)
[ (95% CI) 12.515.8-20.5 8.7-10.8-14.2
1 (95% ClI) 1012.31036.9-1062.1 1042.41079.7-1118.5
R 0.99 0.98
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Figure 44. Weibull probability plots for BFSdata for asreceived an aged sample:

Blue circles represent BFS values plotted against Weibull percentiles
Characteristic strength () was calculated as the load where 63% of sampl

failed. Red lines represent upper and lowe®5% CI bounds.
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Figure 45. Comparative Weibull plot forBFSdata.

The intersection between Weibull lines and data points of areceived (amber)
and aged (green) samples indicate the similar reliability of both groups. T
overlap between95% Cl of | and or strength at 63% probability (red lines)
of failure for both groups confirm the lack of statistically significant differenc

between the reliability of both groups.

Examination of fractured surfaces of representativeeesived and aged discs
under SEM revealed similar mode of failure in both groups. Thasile side of
samples from both groups exhibited hackles running in the direction of cracking and
separating parallel portions of the crack surface. A primary Wallner line was seen in
both samples which indicated surface rather than bulk origin of the fracture.

Under low magnifications, neither of the samples showed any sign of porosity,
internal defects, pores, pores agglomerates or areas of high contrast that may indicate
presence of microcracking as a resultLdiD. Figure 46 and 4TepresentSEM

fractography of representative-gsceived and aged samples obtained fBif test.
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Figure 46. SEMfractography of asreceived sample.
Fracture origin was identified at the tensile surface where maximum flexure is concentrated at the opposite side of the pusk or piston.
The classical manifestations of crackropagation in brittle solid materials are annotated. They include; hackles, primary and second:

Wallnar lines.
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Figure 47. SEMfractography of representative aged sample.

The appearance of the fractured surfaces from aged samples was very similar teraseived counterparts.



3.2.3 Edge fracture strength

Edge strength or toughness describe t
or flake detachment upon loading. The edge fracture strength test has been widely
utilised to assess the durability of brittle materials which have their edges subjected to
machining or mechanical loading such as valves and cutting tools made of ceramics or
hardened metakanzeret al, 1997, Morrell and Gant, 20Q1)n dentistry, marginal
integrity of the dental restoratives is a key factor in their longevity. Margmjgping
is a frequently encountered problem and may lead to aesthetic and biological
complications. Studying the edge fracture strength and chipping behaviour of ceramic
materials used in dental implantology, in particular, is considered of a high imgarta
The thin implant threads are susceptible to significant amount of stress during insertion
and loading which theoretically can increase the risk of implant fracture. In addition,
chipping of the edge of i mpl ant 6efthbead
crown prosthesis which can lead to plaque retention and subsequempant soft

and hard tissue inflammation.

Edge fracture strengttest involves loading the sample vertically at a certain
distance from the edge using a hard standard indekbgon loading, brittle materials
respond by combination of plastic deformation followed by formation of cracks at the
corners of the indentation as when using the Vickers diamond indenter. Propagation of
the formed cracks, particularly those runningatlal to the edge or towards it, is
enhanced by the elastic relaxations of the edge fAceompletely detached spair
flake will only be formed when the load exceeds the critical limit with subsequent
crack propagation outside the ediéorrell and Gat, 2001) Depending on plasticity
and toughness of the material, acoustic detection sensor in the edge fracture strength
machine can detethireetypes of failures namely, localised deformation (indentation),
indentation with cracking and complete chippior spall formation(Watts et al,

2008)

The force (N) required for chipping the specimens at a distance of 0.5 mm from
the specimen edge is, by definition, the edge fracture stréwittiset al, 2008) An
experimental work by Morell and Gaif2001) confirmed the previously reported
linearity between the chipping load and distance from the edge for a number-of fine

grained brittle ceramic materials. However, they reported slight departure from the
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linear relationship in Cobalt hardened materials sintered silicon carbide ceramics

which can be attributed to;-8urve effect, internal stresses and surface finish near the
edge(Morrell and Gant, 2001) With regard toY-TZP materials, Petiet al (2009)

reported a unique nelmear relationship between the chip size and the applied load

(Petitet al, 2009) Several studies investigated the static edge fracture strength of

Y-TZP based ceramics. Pett al (2009)reported edge fracture load rangetween

200-300 N at 0.3 mm distance from the edBetitet al, 2009) Othergeported lower

values but usedlifferent indentes (Gogotsi et al, 2007) To the authords
knowledge, there is no data so far regarding the effect of ageing on thdracigre

strength ofY-TZP based ceramics.

In this project, &ty discswereequally divided into aseceived and aged groups
were subjected to edge fracture strength. The test was performed in threpagetl
apart locations within each sample andaaerage edge fracture strength value was
calculated. For this purpose, an edge strength measurement device (CK10, Engineering
Systems, UK) was used to determine fracture strength of material at a distance equal to
0.3 mm from the edge. Vickers diamondemter was used to vertically load samples
at crosshead speed of 1 mm/min. The acoustic sensor was disabtadyactdpping
load was measured for all samplesStatistical analysis, data plotting al@EM

postmortem examination was performed as desdriheSection 3.2.2.

The mean value of edge fracture strerfgthasreceived group (239.86+16.98
was slightly lower than the aged group (248.11+12}3 There was no significant
statistical difference between the mean values as indicated by WelcBrawd-
Forsythe tests (p>0.05). Weibull modulus and characteristic edge strength were higher
for the aged group, no statistically significant difference was however present as
indicated by the overlappir@b% CI of both parameterdiean fracture edgstrength
values and Weibull parameters ammarised in dble 9 Edge fracture loads were

plotted against Weibull percentiles flooth groups as shown in Figude.

Table9. Summary of meanN)and Weibull parameters obtained foredge fracture strengthdata.

As-received | Aged
Mean (SD) 239.8(16.9) 248.1(12.1)
I (95% Cl) 11.915.7-20.2 17.522.2-29.2
1 (95% CI) 241.9246.01-253.4 249.7-252.1-257.7
Re 0.97 0.98
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Figure 48 Weibull probability plots for edge fracture strength test.

Weibull plots for asreceived (top), aged (middle) samples.. Comparati

Weibull plot for edge fracture strength data for both groups (bottom).
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Postmortem views of the chipped samples frosreceived and aged sampldsarly demonstrate fracture origin, loading area o
area with elastic deformation afidhkke fracture lengths. In both groups, the width of the chip scar was approximately double the flake

fracture distance and the chipping did not involve the whole thickness of theriah (Figure 49 and ).

T LEMAS 2.0kV 8.0mm x80 LM(L)

Figure 49. SEMpost-mortem examination of the fractured edge of a representative aeceived sample.

Middle, low magnification of the chip scar where the initial crack developed upon loading can be seen. Bottom left, chipprigin is shown
at higher magnification. The imprint of the Vickers indenter used to load the sample can be noticed with subsequelastic deformation
and two cracks originating from the side of the imprint. Top left, image demonstrates that the chip was only confined to palrthickness ot
the sample. Right, cracks originating toward the periphery (bottom) or the centre (top)fothe sample were transgranular in nature. N

evidence of crack bridging was detected.
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Figure 50. SEMpost-mortem examination of the fractured edge of a representative aged sample.

g 20,0kV 4.0m 100um

Transgranualr crack
-

/
4

K et
-

-2

N
2.00um

The appearance of the chipped edges from aged samples was very similar te@seived counterparts.
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3.2.4 Microhardness

Hardness of a given brittle material denotes the resistance to plastic deformation
and brittle fracture when subjected to penetr
as indentatior(Herrmann, 2011) Characterisation of this importantoperty can be
performed at various scales via using variable loads and indenter sizes and geometries.
Brinell, Meyer and Rockwell hardness are considered as macroindentation tests while
Knoop and Vickers hardnesme regarded as microindentation teftevanovich,
2006) The third type of indentation tests is hanoindentadiaa it is described in the
Section3.2.5

Hardness of any material is largely affected by; bonding forces between the
atoms and packing density the graingnside the crystallineaktice, surface and bulk
density of the material, presence of surface or bulk porosity, grain size and orientation,
microstrain and amount of impuriti@derrmann, 2011) In addition, in transformation
toughened materials such ¥sTZP, phase compositionf the material may largely
influence hardness. It has been reported that Vickers hardness of zirconia ceramics
decrease with decreasing dopant concentration which indicates an inverse relationship
between amount of monoclinic phase formedtby nand hardess valuegLin &

Duh, 2003.

Hardness is a crucial parameter for ceramics used in the biomedical field. High
hardness values are required for ceramics used as amhrabrasiomesistant parts
such as prosthetiball and sockethip-joint in addition © dental implants and
restoratives. The standard specification for Hrghity DenseY-TZP for Surgical
Implant Applicationdby ASTM (withdrawn in 2007)stipulated that Vickers hardness
number(HV) shall be no less than 11GPa at a load equal to gKASTMF 187398,

1998)

Commercially available, aeceived, polished, uncoloured and colou¥ed@ZP
ceramics exhibited Vickers hardness values ranging from -1I2® GPa
(Pittayachawaret al, 2007, Pittayachawan, 2008)In other studies, machined and
polishedY-TZP samples demonstrated comparable Vickers hardness values between
11-13.70 GP4dLuthardtet al, 2002, Guazzatet al, 2004) Furthermore, it has been
concluded that variation in the sintering time from 1.6 hours to 3 hours and

thermocycling indistilled water for 20,000 cycles in 55 °C had no detrimental effect
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on the Vickers hardness values of a commercially avail#bl&ZP based ceramic
(Hjerppeet al, 2008)

The Vickers microhardness test is a reliable method for determination of
microhadness of ceramics. It utilises a diamond indenter to apply a prescribed load on
the surface of the sample for a predetermined period of time. The Vickers indenter has
squarebased pyramidal geometry with an angle of 136° between opposite faces at the
vertex. During the indentation process, brittle materials exhibid types of
deformation, elastic deformation and brittle fracture. Upon the end of the indentation
cycle, an optical microscope is used to determine diagonal lengths of the indprint (
andd,). HV (GPa) is given by the relation between the Idagig Newton(N) and
surface areaf the imprint ¢,> , d=[ch+d;]/2) in (mn?) according to Equation 20
(Yovanovich, 2006, Herrmann, 2011)

ﬂ
1T 8 [

The volumeo f I mprint caused by the indent
geometry, load applied to the indenter, duration of loading and the amount of elastic
recovery after indentationThe relationship between the average diagonal lemgth (
of the imprint and theenetration deptht) of the indenter is given g¥ovanovich,

2006)

N, <
The Vickers contact ared\() and indenterds penetrat
(Yovanovich, 2008)
=, 8 <«

In this project,Vickers hardness values were measured faeasived and aged
discs (n=30) according to the ISO standards for testing advanced technical ceramics
(ISO 14705, 2008) A microhardness tester (HiL2, Mitutoyo, UK) was used to
perform indentation tests on up randomly selected areas of each disc. Average
microhardness measurement was calculated for each sample. Indeetttionwas
performed using 1 &loading with loading period of 15 secThe indentation diagonal

lengths were defined using an intdgogtical microscope undex50 magnification.
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The Vickers hardness values were calculated automatically by the software integrated

to the microhardness machine accordingdoation (20.

In order to improve the quality of imaging and to achieve betteralisation of
cracks resulting from Vickerendentation,four discs were mirror polished using
Tegraminpreparation systef@0 (Struer, UK). Polishing stages and products used are
shown in details inTable 7, Section 2.6.4.1. Optical microscopy atx1000
magnification using Dark Field and Differential Interference Contrast to assess levels
of remainingdeformation (BXiS, Olympus, UK). Remaining surface roughness was
assessed using a 3D optical profilometer (NPFLEX, Bruker, UK). Roughness average
(Ra) was less than 20 nm. Two discs were aged according to protocol described in
section 3.3.1. Indentation testing was done in several areas following the protocol

explained in the previous paragraph.

Statistical analysis and data plotting was performedeasribed in Section 3.2.2.
Assuming that the development of a Vickers indentation as a result of vertical loading
can be regarded as failure, statistical software (Weibull++, version 9.0.10; ReliaSoft
Corp, Tucson, Arizona) was used for the determinatb the 2parameter Weibull
estimates and 95% {dded) confidence intervals according to the maximum
likelihood method. High resolutionSEM equipped with cold field emission gun
(SeriesSU8230, Hitachi, Japanyas used to examine the morphology of irtdéan
imprints and the associated cracks developed around the indenter in representative
asreceived and aged discs.

The mean Vickers hardness of thereceived group (14.0&8t61 GPa) was
slightly higher than thaged group (13.81+0.48P3. The mean d#h of penetration
(t) of Vickers ndenter was 5.14+0.10m ard 5.18+0.07um for the agreceived and
aged groupsrespectively. Onsvay ANOVA revealed no statistically significant
difference between the two groups (B%). (Table 10) In addition, 2paraneter
Weibull estimates were calculated for hardness values for both gasupBown in
Figure 51 There was no significant difference in the probability of failure as indicated
by overlapping@5% Clfor Weibull modulus and characteristic hardnéSgure 53.
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Table 10. Summary of mearHV, penetration depth ¢) and Weibull parameters. Mean (SD).

As-received Aged
HV (GP3 14.06(0.61) 13.81(0.44)

[ §{ Vbwm #| 21.1-25.9-31.9 21.627.5-34.9
l VoM #| 14.114.3-145 13.814.03-14.2
R2 0.91 0.97
t (um) 5.14 (0.1) 5.18 (0.07)

Weibull Probability Plot of As-received
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Figure 51. Weibull plots for Vickers hardness data for aseceived
and aged groups.
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Figure 52. Comparative Weibull plot for Vickersindentation data.

SEM examination of representative, polished and unpolishedecasved
samplesrevealedcharacteristic Vickers imprints with approximately similar diagonal
lengths. Tilting samples at 15€learly showed the raised edges of the imprih&t
represent areaof plastic deformation Cracks were noticed near the corners, sides and
inner slopes within the imprints.The major cracks developed mainly outside the
i mprintds corners and thHetrapdgmamar natarg ofsudchi cat i on
cracksas shown in Figure 53 and.5&maller cracks occurred in various areas of the
imprint and some of them were intragranular in naturfédges exhibited asne

roughness due to grain puallt.

Similar findings were noticed in the imprints madeagedsamplegFigure55).
However, a large area exhibited significant change in contrast outside the imprints
made on thepolishedaged sample that could be an indication ¢&h m phase
transformation in the area of plastic deformation (Figi6e It is very likely that this
demonstrateshe transformed areas wittlastic deformatiorzone caused by shear

stresses of theidesof the irderter.
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Figure 53. SEMexamination of Vickers indentation imprint on representativeas-received
(unpolished) sample.

Characteristic Vickers imprint with approximately similar diagonal lengthsis shown in tof
left image. No major crack development could be detected as a result of surface roughr
Areas of plastic deformation and crysthpull-out can also be seen in the same view. At higl
magnification (top right), small, unclear cracks can be seen within the corner and slopes

the imprint. Tilting sample at 15° emphasised the raised edges of the imprint and the ares

[
LI I D O B |

LEMAS 5,06V 14.5mm 18,02k SE(UL) "500um LEMAS 50KV 14.5mm x20.0k SE(UL) ' 2.00um

Figure 54. SEMexamination of cracks associated with Vickers indentation on polished, as
received sample.

Cracks developed around the corners of the indenter made on a representative-i@seived
sample were mixed. The crack shown (left) and magnified (right) started as intragranuli

() and then propagated in transgranular fashior').
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Figure 55. SEMexamination of Vickers indentation imprint on representative aged
(unpolished) sample.

Characteristic Vickers imprint similar to asreceived sample. Higher rate of crystal puibut

and plastic deformation can be seen however

LEMAS 2.0kV 7.6mm x1.50k SE(UL)

Figure 56. Change in contrast around Vickers indentation made on polishedjed sample.

SEM image obtained using secondary electron (UL) detector revealed change in the cont
of areas around the indentation imprint that were subjected to tensile/shear gesses during

indentation process. Such changes may be highly indicativetef m process
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3.2.5 Nanoindentation

Nanoindentation or synonymously called instrumented indentation is a widely
used, convenient method to examigemat er i al 0s mec hkmsi cal
particularly useful to study small volumes, thin films, microscopic structures and
different layers of any given material.This technique is exploited using highly
sensitive machinery that can apply loads at vewy mmagnitudes to an derter and
record the resultant penetration depth in high precision and accu@msrating the
machine in depth sensing mode allows generatiagdisplacement hysteresigaphs
which can be used to c alodulud alttes oflfagived ne s s
material. Nanoindentation utilises a Berkovich diamond indentkris a triangular
pyramid with 65.3° angle between the vertical axis and each of the(¥éwemsnovich,

2006, FischeCripps, 2011, Dey and Mukhopadhyay, 2014)

According to this method, hardng$s$) is defined as the mean pressure under the
inderter at the maximum penetration depth @dalculated according togdation21
proposed by WeilefWeiler, 1989)

et

Where;

Pmax is the naximum load (N)and
tis the gnetration depth (nm) at the maximum load

Reduced modulug() is calculated by fitting power function t@ portion of the
unloading curve (50100% of maximum load)The calalated slope is applied in
Equation (22) originally described by Oliver and Pharr to determine the reduced
modulus(E;) of the sampl€Oliver and Pharr, 1992

VI;

"l
ol I

S

Where;

dP/dhis the $ope of thdfitted function to theelected portion of the unloading cuyve
b is theempirical irderter shape factqrand

A is the projected contact area of the indenter as a function of depth
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Youngos d&p malllus sstcalcalatel usingquation 23 (Oliver and
Pharr, 1992)

Where;

vsisthePoi ssonés ratio, for the sample= 0.25
viisthePoi ssonds indeateFH0®7,dndr t he
EiistheYoung6s moiddaentes 5141dGPa t h e

Nanoindentations considered as a superior technique to evaluate mechanical
properties.| n contrary to microhardness tests, nan.
modulusvaluesof the material and allows studying small volumes and layers of the
material thanks to the depth sensing mechanisAdditionally, the use of this
technique negates theeed for postnortem examination of imprints generated by
indenter which eliminates a multitude of errorsvall be discussedn Section 3.4
(Doerner and Nix, 1986, Pharr and Oliver, 1992)

Nanoindentation is an optimum technique to charactéidge within layers of a
wide range of thicknesses of zirconia based ceramidss is particularly relevant
given the difficulty of interpreting data from the commonly used crystallographic
techniques as far as the penetration depth and volume of interactiammeeened. In
addition, nanoindentation studies provide direct evidence on the extéfitDofand
allow examination of its effects on mechanical paraméteasspatiallyresolved basis
(Doerner and Nix, 1986, Pharr and Oliver, 1992, Bhal, 1997)

Inthe | ast decade, sever al research papers
modulus of zirconia based ceramics using nanoindentation techni@ugciardiet al
(2007)reported hardness values ranging fromll3 GPa and Young6s modul i
from 220270 GPafor a partially stabilised/-TZP material withthreedifferent grain
sizes. They also concluded that the smaller was the grain, the higher were the hardness
values and¥ o u n maadi (Guicciardiet al, 2007) On the other hand, Liaet al
(2007)concluded that coarsand finegrained fully yttriastabilisedzirconia exhibited
similar reduced maulus and hardness, 2P8?aand 19.8GPavs. 217.8GPaand 18.9
GPa, respectivelfLian et al,, 2007)
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A steady decline in har doticedisY-TZPhata Yo un ¢
function of hydrothermal ageing tim@aillard etal., 2008, CattanLorente etal.,
2011) Using a thinfilm method, the latter authors determinéd ungo6s modul u
hardness of the degraded layer as 185 GPa ai@ GlParespectively Gaillardet al,
2008. Catledgeet al (2003) studied the effect o vivo ageing on the hardness of
explanted femoral headsnitial hardness was determined as 17.8 GPa that declined to
12.2 and 10.6 GPa after 60 and 62 months of imgiantarespectivelyCatledgeet
al., 2003)

In this project, &Nanoindentation PlatforrMicro Material Ltd, Wrexham, UK)
was used to performanoindentation testing on-esceived and aged discs (12 per
group). Before testing; the machine was calibrated for load and depth using
standardised masses and reference material (fused silica), respectiistg were
attached to an aluminium custemade fixture by a thin layer of cyanoacrylate
adhesive (RS, UK).

A Berkovich indenter was used to apply a load equdl(al00, 150o0r 200 mN
at a loading rate of 2 mNéds The lbad was held for a period ofsBc to minimise
elastic recoveryrior to unloading at the same rat€ach disc received an indentation
testinf ve, 300 & m Hhideessaand redacedenaodulus values were
calculated from the unloading loatisplacement hysteresis curves utilising NanoTest
Platform 11l software (Micro Materialtd, Wrexham, UK). Postindentation data was
used for thermalrnift correction at a dwell period of 6@

Typical indentation loadlisplacemenhysteresisurves obtainefor asreceived
and aged samples at 40, 100, 150 and 200 mN loads are presented ibFid.oad
displacement hysteresis curves exhibited goodtinuity and no pojfn or popout
were noticed. Maximum penetration depth of the indenter was slightly higher for the
aged sampkwhen 40 and 150 mN loadvere applied. The curves werel@ost

overlapping when 108nd 200 mN loads wegpplied.

Meansand standardleviations of plastic penetration depths were calculated for
aged and aseceived samples under 40, 100, 150 and 200 mN loads.-we@ne
ANOVA revealed no statistically significant diffence in the plastic penetratio
depths under similaloads among aseceived and aged samples (p>0.05). Data of
mean plastipenetration depths is presented in Tddland Figue 58.
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Load-Displacement Curves: 40 mN Load-Displacement Curves: 100 mN
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Figure 57. Representative loaddisplacement (depth) hysteresis curves.

Load-depth hysteresis cune depicts the change in displacement as a result of changing
applied load to the naneindenter. Each curve is composed of loading (the part closer
y- axis) and unloading (the rear part of the curve) cycles. The two parts are intervened b
plateau where the load is held constant to prevent creep or elastic recovery. Increasing
load clearly increased displacement or investigation depth. The curves for-asceived (blue)
and aged (red) samples overlapped upon using loads equal to 100 and 200Nm The use ¢
40 and 150 mN resulted in slight shift of the curve for some of the aged samples (top left
bottom right). However, mean penetration depth was not statistically different from th

as-received group (p>0.05).
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Table11. Summary of meandisplacement or plastic depths. (SD)

Penetration depth (nm)
Load (mN)
As-received Aged
40 312.51 (45.85) 316.45 (36.6)
100 501.09 (58.89) 491.07 (57.17)
150 604.98(77.25) 609.25(63.26)
200 744.08(57.03) 727.09 (50.31)
Load-Plastic Depth Curves
800
=
= 600
% /
e
(& ]
b E —=— As-received
£ 400+ / —e— Aged
200 T T T T
50 100 150 200
Load (mN)

Figure 58. Comparative graph demonstrating the loaetlisplacement
relationship for as-received and aged groups.

ANOVA test and post hoc analysis (Fisher's least significant differdri8B)
revealed no statistically significantfidirences betweenase cei ved and age:c«
hardness values and Yo unsgnia |loadsoahd tharebywh e n
depths (p>0.05) Different layers within the aseceived and aged samples exhibited
no significant di f f ldowever,chardnéss vallyes atrdgpth f mo ¢
650nm (tested by 150 mN load) were significantly higher in comparison to other

tested layers in the asceived group

The superficial layer of aged samplesdapttda 5@ nm, tested by 40 mN load)
exhibited marginally significantlower hardness values when compared to values
obtained from bulk of sampl@épth& 500, 650 and00 nm, tested bg00, 150 and
200 mN loads, respectively)p=0.043. Such findings did not hold true as far as
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Youngos

mo dcerhed. Interestingly, the layer of the material, in aged and

asreceived groups, intervening between the surface and the bulk of the material

(dep6tohOdA nm, | oad 150 mN) exhibited

significart

modulus values in comparison tall other layers Detailed findings of the

nanoindentation tests are presente@iable12 and kgure59.

Table12. Summary of hardnes{H)AT A 91 O1 C K vdluesfofidinBdusing
nanoindentation
H (GPa) Es (GPa)
Load
Asreceived Aged Asreceived Aged
40 mN 13.65 (3.79) 12.91 (3.13) 306.03 (69.9) 289.54 (91.38)
100 mN 14.09 (2.99) 14.21 (2.93) 302.68 (61.52) 291.69 (57.33)
150 mN | 15.211 (3.58) 14.80 (2.95) 304.11 (71.1) 309.77 (82.72)
200 mN 13.69(3.22) 14.16 (3.54)  297.02 (67.02) 302.33 (88.68)
Depth (nm)
500 T
350 500 650 800
400 A xx .
Avi u u - Y% % m V ’CU\
] [ ] v v o
< 3009 =y ™o Y v%'; Y e N e B
o G aV VMR G0V eon e BV Y g b
O v a
w” 200 ~ Kk K -20 -S
*% Je— ]
D e
100 - 410
0 T
40 100 150 200
Load m(N)
®m  As-received (h), & Aged (h), m As-received (E), v Aged(E)

""""" I £/ EAOAT AOO AT A 97 (
Each data point represents a mean value obtained from 5 indentation cycles. ** indicate
marginal decrease of hardness of the most superficial layer of the material as a resul
hydrothermal ageing (p=0.048). *** indicate significantly higher hardn® O AT A

modulus values of the 600 nm deep layer of the material (p<0.05).
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3.3 Experimental procedures and results: implant samples

3.3.1 Accelerated in vitro ageing

Injection mouldedacid-etched ethylene oxide sterilise8 mmdiameter zirconia
dental implants (The White Implant Development Corp. The Netherlands®y wer
hydrothermally aged in a 1.2 high pressure hydrothermal reac{&eries 4540 Parr,
U.S.A) with 300 ml of distilled water. The ageing cycle lasted for 5 hourperating

temperature and pressure equal to 134 eC
the hydrother mal reactor upon compl eti ni
reached. The cooling rate was estsingated

air and stored in desiccator until further testing.

3.3.2 Dynamic fatigue

Dental ceramic prostheses are repeatedly challenged by mechanical, chemical
and physical stimuli in the oral environmerih one decade, and under physioladjic
conditions,a dentalprosthesis can be subjected to more than 2 million chewing cycles,
at loads that may exceed 200 N exerted by opposing enamel, dentine or restorative
materials(Phillips, 1973, Craig and Ward, 1997, Kelly, 1997, Anusavice, 20Thg
exposure to aqueouslations such as watewhich is a major constituent of saliva
regarded as one of the most important chemical challenges to dental ceramics
(Wiederhorn, 1967, Studaet al, 200 7 b etaKaD@8mahk rapid fluctuation
of the temperature of theral cavity and the subsequent, repeated episodes of
expansiorshrinkage of dental tissues and restorative materials comprise a significant
physical challenge to dental prostheses and luting car(Reitter et al, 1985, Morena
et al, 1986, Kern andlVegner, 1998, Blatet al, 2004, Von Steyerat al, 2006)

Fatigue failure describes the phenomenon of strength degradation as a result of
gradual, progressive growth of pegisting crack or nucleation of new onesThis
process is initiated and exacatid by cyclic loading, corrosiv@ress and temperature
changes. These factors collectively; (1) encourage the growtlprefexisting cracks
and flaws initially introduced duringrocessingor clinical adjustment(2) favour
development ofde novocracksat the area of mechanical loading and (3) result in
constant builelp of plastic strain.When any of these flaws ultimately attain the size
of a critical crack, failure takes pladq®itter, 1978, Dauskardt and Ritchie, 1991,
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Chevalieret al, 1999b, Munzand Fett, 1999) Kinetics of crack growth as part of the
fatigue process exhibits a powaw (crack growth exponenty) dependence on the

opening mode stress intensity facfistorenaet al, 1986)

The effect of fatigue phenomaonamat e r i ath ansl rel@ability ean de
investigated using the dynamic fatigue test (constant stressing metiotis test,
samples are subjected to fluctuating stress in the form of a specific number of
loading/unloading cycles at a predetermined load and frequeimcthe majority of
cases, loading is exerted using a blunt spherical indenter made of hardenedhsteel.
order to account for other factors affecting fatigue failure, testing can be made in water
or saliva and at different temperatuteawn and Wilshw, 1975, Jungt al, 2000)

In vitro fatigue tests can be conducted either usiAly Burve or stegstress
methods. The fatigue life of a given material denotes the number of loading/unloading
cyclesthat preceds fatigue failure. Fatigue limit ((ig) represents the amplitude of

cyclic stress that a given material can endure without causing fatigue {&itchie
and Dauskardt, 1991, Wachtmeanal, 2009) The fatigue Iife(f|) of a given material

undergoing subcritical crack growth as part ofgmng fatigue process can be given
by Equation (24)Pletka and Wiederhorn, 1982)

B (o o
Where

f| is thefatigue life,
B is theconstant dependent an) crack geometry and the fracture toughnessl
0 is theinitial strength.

The fatigue behaviour of zirconia based ceramics has been widely investigated.
Several studies reported on the fatigue behavioumafnesia andetia stabilised
zirconia ceramics. Fatigue behaviour in such materials is however significantly
different fromY-TZP based ceramics.These materials posselsigh toughnessand
modeststrengthas a result of the extensive plasticity enabled by the gtrdased
O 1 (Liu and Chen, 1991, Liu and Chen, 1994Btressinducedt Y min such
materials resultsin significant, localised shear bands that intersedh grain
boundaries On the other handr-TZP exhibits high strengtland modesttoughness
and rather brittle behaviourThe difference in the manifestations stfessinduced
O [ may account for the differences in failure modes among different types of
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zirconia ceramics. For example,Y-TZP materials are most likely to sustain
catastrophic failure as a result of growth and propagatioa pe-existing flaw as
indicated by steep &mlextension curves obtained from flexural strengthstedh
contrary, MgO stabilised zirconia exhibit large plastic deformation under relatively
low loads which allows fode novocrack famation and premature failures (Swain,
1985) Using dynamic fagjue test, fractography and fracture statistics, Liu and Chen
(1991) confirmed that Y-TZP fatigue failure occurs as a result of growth of-pre
existing cracks rather than development and nucleation of-#ticissed cracks during

the dynamic fatigue tegtiu and Chen, 1991)

Several studies demonstrated the essential role of water in crack propadfation.
has been proposed that water may mediae stresscorrosion process and/or
exacerbate stressduced or spontaneougtragmal zirconia phasedestabilistion
(stressinduced® [and LTD) (Knechtelet al, 1993, Chevalieet al, 1995, Yin
etal., 1995) Chevalieret al (1999) studied the fatigue behaviour of-& ZP material
and confirmed that stress corrosion by water molecules can be timeekdanism for
slow crack growth in zirconia based ceramic¥he auhors concluded that both
stresscorrosion and cyclitoadingare functional and increase the craghwth rates
during dynamic fatigue testing They attributed such findingo diminished
transformation toughening and/or crack bridgiof the irreversibly transformed
tetragonal phas@hevalieret al, 1999b)

The role of corrosive stress on pdéstigue strength reliability has been
investigated. Cyclic loading in waterdr short period of time, up to 2000 cycles, and
at loads up to 800 N did not seem to affect strength reliability of {h&P according
to one study(Curtis et al, 2006) However, other studies demonstrated20096
reduction in strengtisurvival of Y-TZP ceramics when lonterm dynamic fatigue
tests (Up to onenillion cycles) were performed in aqueous solutions such as water and
artificial saliva(Morenaetal, 19 8 6 ,etak @x8na I

The role of the final surface state and hydrothermialijicedLTD or ageing in
fatigue behaviour of biomedical gra¥eTZP based ceramics has been investigated.
was demonstrated that damage induced by sharp indentation and sandblasting
drastically affected lont¢erm performance ofY-TZP when tested using dynamic
fatigue testing(Zhanget al, 2004a, Zhanget al, 2004b, Zhang and Lawn, 2005)

127



However , etllq2008aréported different findings concerning the effect of
grinding, sandblasting and sandblasting followed by high teryerannealing. In

their study, dynam fatigue was performed for one milliaycles with an upper load

limit of 850 N. The authors reported survival rate 64% and 50% of trenésred

Y-TZP samples when tested in air and artificial saliva, respectivAliger grinding,

the survival rate was reduced to 20% and 10% when the test was performed in air and
artificial saliva, respectively. Survival rate of sandblasted samples was 100% under
both testing conditionsSandblasting followed by high temperatursealing resulted

in a 90% and 60% survival rates when the test was performed in air and artificial
saliva, respectively. Sandblasted samples exhibited the highest biaxial flexural
strength afterdynamic fatigue test while the ground samples have hadothest.
Furthermore, autoclaving for 2 and 24 hours
survival rates and pos$atigue fracture strength. The authors reported survival rate
60% and 50% of the asnteredY-TZP samples when aged for 2 and 24 tpur
respectively. Ground samples have had a survival rate of 10% and 0% when the
ageing was performed for 2 and 24 hours, respectively. Survival rate of sandblasted
samples was 80% under both ageing periods. Survival rate of the samples that
received samblasting followed by high temperature annealing was the least affected
where 90% and 60% of the samples survived the dynamic fatigue test when the ageing
was performed for 2 and 24 hours, respectively. Sandblasted samples exhibited the
highest biaxial #xural strength after dynamic fatigue test while the ground samples
have had the lowest for samples aged for 2 and 24 fiolire s etal]2008)

Accelerated and prolonged investigations on standardié@@P samples
demonstrated variable findings regaglifatigue behaviour of the material. Shiantm
studies reported that commercially availaMelrZP materials survived aynamic
fatigue test for half millioncycles when using a load equal to-B% of the mean
biaxial flexural strengtt{Pittayachawaret al, 2007, Pittayachawan, 20085urvival
rate and postatigue fracture strength were however reduced b§3% upon loading
forimilioncycl es ac c o retlal(nkgo stemal]R008 me |

While fatigue behaviour of-TZP material in norstancrd geometries has been
widely studied, studies reporting failure of monolithic or full contdufZP single
crowns, fxed partial dentures and transcosal abutmentsemain scarce The

majority of such restorations survived dynamic fatigue and edahnigh fracture
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strength after fatigue testing. Full contour crowns with average thickness of 0.5 mm,
milled from commercially available pigntered zirconia blocks were investigated by
Beueret al (2012). All samples survived a total of 120,000 cyclesirutlirectional
antagonistloading with a frequency of 1.6 Hz and domuous thermocycling
(5°Cand55 °C). In addition, samples retained high fracture strength afterccycli
loading that exceeded 10000(Beueret al, 2012) Furthermore, it has been cefed

that Y-TZP bridgesmay survive severe dynamic fatigue tests in wet conditions under
loads typically applied in #tnmolar region. In spite of thesusceptibility to subcritical
crack growth, the lifdime of such bridges was estimated to be in exoé2 years

with the use of proper connector design dimdensions $tudartet al,, 2007%.

The fracture resistance and fatigue behaviour of prefatied and custormade
Y-TZP abutments have been investigated by a numben @ftro studies. In their
chewing simulation study, Butet al (2005) compared fracture strength of titanium
reinforced zirconia, alumina and titanium abutments. Zirconia abutments showed
fracture resistance similar to titanium controls and significantly highan the
alumina group. No screw loosening or detectable cracks could be found in the zirconia
group after chewing simulatiaiButz et al, 2005) These findings were confirmed by
Gehrkeet al (2006) who concluded that zirconia abutments exceedegstablished
values for maximum incisal bite forces reported in the literature and maintained a tight

fit inside titanium fixtures after five million chewing cycl@Sehrkeet al, 2006)

Clinical studies with relatively high sample size reported good short
mediumterm success rate of veneered zirconia single crowns. From all the followed
up restorations, one sustained fracture of the zirconia substructure just one month after
insertion indicating flawed processin@ehreli et al, 2009, Ortorpet al, 2012)
Framework fracture was more evident in fixed partial denture restorations. Up-to five
year follow-up studies reported less than 10% of fixed partial dentures sustained
framework fracturg(Sailer et al, 2007, Beuert al, 2009, Schmitteet al, 2009)

Long span restorations, inlagtainel design and nehlIP softmilled frameworks
were the most susceptible to fract(@hlmannet al, 2008)

Zembic et al(2009) published results of their randomised controlled trial in
which 18 zirconia and 1@tanium abutments used to restore implantganine and

posterior regions.Results showed 100% survival rate when abutments were followed
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up to a mean period of 3 yea@embicet al, 2009) Additionally, Nothdurft and
Pospiech (2009) studied the performance of zirconia abutments for posterior single
tooth replacement and found no mechanical or biological signs of failure associated
with any reconstruction followefbr six monthgNothdurft and Pospiech, 2010)

Fatigue lehaviour of zirconia dental implants has been recently investigated.
Utilising a stepstress dynamic fatigue approach, Sidtaal (2009) demonstrated an
insignificant effect of cyclic loading (up to 150,000 cycles) on the fracture strength of
a onepiecezirconia dental implant design. They also concluded that implant head
preparation to receive a crown restoration using diamond burs fitted in -sgegh
handpiece under copious amount of irrigation did not have any drastic effects on the
i mp | a mbilsy@nd fatgle resistan¢8ilvaet al, 2009)

Andreiotelli and Kohal (2009) investigated the fatigue resistance of two types of
HIP onepiece zirconia implants (Sigfiamplants, Incermed, Lausanne, Switzerland
and BIGHIP®, Nobel Biocare AB). $jmd” implants exhibited poor performance as
50% failed during fatigue testing. However, they had mean fracture strengths of 1337
and 855 MPa before and after fatigue test, respectively-HBRS implants performed
better as more than 90% of studied sasmplenprepared, prepared, restored and
unrestored) survived the fatigue test. However, it was noticed that preparation of the
implant head to receive a crown restoration significantly compromised fracture
strength(Andreiotelli and Kohal, 2009)

Kohal et al (2011)reported that 1 mm chamfer preparation and cyclic faadi
(1.2 and 5 milliorcycles) ofHIP, onepiece zirconia implants (4 mm diameter; 12 mm
length, White Sk§, Germany significantly decreased the fracture streniggitnot to
an extent to pr@ude their use as they could still withstaméximum physiological
loadsafter an extended interval of artificial loadifigohal et al, 2011)

Sanonet al (2013) investigated the effect of hydrothermal ageing on fatigue
behaviour of ongiece zirconia dental implants with a porous coating. Using a step
stress approach, the authors calculated Weibull moduli anefgtingte characteristic
strengths for nommged and hydrothermatiyged (20 hours) implants. Weibull moduli
were 0.80 and 0.16 for the aged and-aged groups respectively; indicating that

failure of such implants was not tirdependent and may be attributed to random,
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atrocious processinglaws. The characteristic strength values were 1235 N and 826 N

for agedandnonagedimplants respectivelySanoret al, 2013)

Kohal et al. (2006) reported 100% survival rate fonepiece zirconia dental
implants restored with high density alumina@dranic crowns after being exposed to
1.2 million cycles at load of 50 N and constant thermocycling throughout the test.
Additionally, the posfatigue fracture strength values were not significantly different
from unfatigued counterparts and similar to fuaet strength values of fatigued
titanium implants that were restored wiplorcelain fused to metaPEM) crowns
(Kohal et al, 2006)

A prototype twepiece design comprised of zirconia implant and abutment joined
by resin cement and restored with allazaic crowns was subjected to dynamic fatigue
testing for 1.2million cycles at load equals 45 N with constant thermocycling
throughout the test. All samples survived the fatigue test. However, the system
exhibited low initial and posfatigue fracture sength values. More importantly, all
failures were confined to the implant he@¢bhal et al, 2009a) A Swiss dental
implant manufacturer (Swiss dental solutions AG, Switzerland) claims in their
marketing material that a 3.8 mm diameter zirconia implamtonia abutment and
associated interface withstand dynamaiigue testing according for two milliarycles
at 240 N without fracture. The associated interface or in other words the joining
method can be mechanical (utilising gotdanium or PEEK saews) or adhesive
(luting cements) or both. The implant is machined f\6ifiZP blocks and annealed at

high temperatures.

3.3.2.1 Sample preparation

Sixty, 5 mmdiameterzirconia implants (White Implant Syst&€mwWhite Implant
Development Corp. The Netherlands®re divided into 2 groups; @sceived and
aged. The latter group received hydrothermal treatment as in the Section 3.2.1. Each
group was further equally subdivided into two growdsch received different crown
materials. Abutments were prototypedtightly fit within the internal connection of
the implant utilising a digital file of the implant design. Abutments were designed
with 10e taper, 5.5 mm | engt hO BRetaded2D mm d
drawing of the abutment design is presenin Appendix E. Digital (.STL) file was

exported in a PDF viewable versiand included in the CD submitted with this thesis.
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Figure 60. Standardisedglass fibrecomposite (Triflor®) abutment design.

Bottom, 2D drawing of the prototyped abutment. 45° bevels were placed in all line angles
prevent chipping. Top, snapshots from the digital file used to mill the abutments. The :
taper, the part of the abutment that tightly fits inside the zirconia implant as well as tt

robust ant-rotation feature can be seen.

Abutments were milled from riflor® glass fibre raw material (E. Hahnenkratt
GmbH, Germany). All abutments were abraded using-barne AbO; particles
(125um, John Winter Dental, UK) for Secat 0.28 MPa pressure from 2 cm distance
using pencil microblaster (Renfert GmbH, Germanfbutments were immersed in

60% acetone and cleaned in ultrasonic cleaner foin3

Following the cleaning process, abutments were washed thoroughly with dlistille
water and dried using ai81 syringe. The inner surface of implants and the
connecting (submerged) part@FC abutments were primed using methacryloxydecyl
phosphate NIDP) containing ceramic primer (Cleaffil Ceramic Primer, Kuraray
Dental, Japan). Two layers were used and thinned by air blowing from a 3 in 1

syringe. Components were left to dry at room temperature for at least 2

Abutments were cemented inside implants using aasilésive; selétch;
fluoride-releasing, duature resin cenret according to manufacture
(Panavia SA, Kuraray Dental, Japan). Cement was injected inside the implant cavity
using a fine tip attached to an automix tube. Primed abutments were placed slowly
with slight vibrating movement to prevent &#eing trapped within the cement layer.

While maintaining constant finger pressure on the abutment, excess cement was cured
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using halogen |ight ( De msetuntd a BighllyGhick Ker

consistency was achieveihis allows for onegiece &cess cement removalThen,
cement was lightured again for @ sec and left for 5 mimo allow for maximum
chemical curingto take place The coronal 0.8.0 mm of the implant head was
prepared to 0.5 mm deep chamfer finish line usimg grit, multilayer gold diamond
burs (45um, Diatech, Coltene, Switzerland) fitted in a higheed handpiece (400,000
rpm, Synea®, W&H Dental WerksBurmoos GmbH, Germany) with continuous water
cooling. Depth of preparation was continuously checked with the use of petaid

probe and a silicone index made on a-pogpared implardbutmentassenblies.

All samples were sent to an external dental laboratory for construction of all
ceramic crowns.The prepared samples were digitally scanned using a blue LED light
scanner(Scan ST Steinbichler, UK). Exocdt DentalCAD software (&Kocad GmbH,
Germany) was used to designcrown restoration with similar dimensions and
morphology to a permanent maxillary central incisor toofline cingulum area was
overcontoured to provide daf area for loading.The cingulum area was positioned
4 mm below the incisal edge in the palatal aspect of the restorafibe. external
surface form of the designed crown was copied to all other restorafidresarea of

the finish line was customiseéadividually for eachcrown (Figure6l).

Figure 61. CADof implant supported all ceramic crowns.

Left, a snapshot from the digital file containing the scan for the prepared implant head a
cemented abutment. The finish line was identified for each sample to ensure accure
marginal fit. Right, the external surface morphology of the designed crown. Cingulum &
was overcontoured to incorporate flat area for loading. This design was used as a bioft

that was copied to all other crown restorations.
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Thirty implants, 15 aseceived and 15 aged, called group 1 ardup 3
respectively, were restored using low translucency pressable lithium disilicate glass
ceramic crowns (IPS e.max Press, IvoclarVivadent, UBjowns were processed and
glazed followingthe manufacturer instructionsing the recommended press furnace
(EP5000, IvoclarVivadent, UK).Fitting surfaces of all crowns were etched with 5%
hydrofluoric acid (IPS etching gel, IvoclarVivadent, UK) for 20 sec, washed with
distilled water and aidried using 3 in 1 syringe. Internal surfaces of the crowns and
restordle part of the implarhbutmentasenblies were all primed using ceramic
primer (Clearfil™ Ceramic Primer, Kuraray Dental, Japan)ba$ore Crowns were
bonded to implarabutment ssenblies using duature resin cement (Panavia SA,

Kuraray Dental, Japg as describeldefore

Thirty implants, 15 aseceived and 15 aged, called group 2 ardup 4
respectively, were restored using monolithic, full contourazinci a c¢cr owns (LavaEPI
System, 3M ESPE, UK).Crowns were milled from prsintered zirconia blankshe
size of which has been increased to compensate for the sintering shriStatging
of the milled crowns was performed according to manufadusestructions in a
special hightemperature furnace (LaV4Therm, 3M ESPE, UK Crowns were
subsequently polished using standard diardoaded rubber polisher set for ceramic
materials (Videri®", USA). A high-shine polishing step was performed using a
diamond polishing paste and various polishing brushes (Ultradei€). Internal
surfaces of the crowns and restorable part of the implamiment ssenblies were all
primed using ceramic primer dmefore Crowns were bonded to implaabutment
asenblies using duature resin cement (Panavia SA, Kuraray Dental, Japan) as
describedbefore Flowchart presented in Figuf®2 summarises different experimental

groups.

Curvax Zr Implants ¢ 5mm= 60 "
134 °C, 2 bar, 5

hours

Control=30 Aged |

IPS e.max Monollthlc IPS e.max Monollthlc
Press=15 Lava Zr=15 Press=15 Lava Zr=15

| Group 1 | ‘ Group 2 ‘ | Group 3 | | Group 4 |

Figure 62. Outline of the study and different experimental groups.
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The internal shape of the sample fixture of the dynamic fatigue testing machine
(Instron,UK) was recorded using lightodied silicone impression material (Extrude®,
Kerr, UK). The impression was invested with ¢/p/ dental stone and replaced with
autopolymerising acrylic resinNegative replicas of the resulting acrylic block were
createdusing silicone duplicating material (Metrosil Plus®, Metrodent, UKlhe
resulting moulds were used to cast autopolymerizing acrylic resin blocks (Technovit®
4000, HeraeusKulzer, Wehrheim, Germany) that precisely fitted in the sample fixture
of the dynant fatigue machinéFigure 63. Additionally, during thesdting process
of these blocksjmplantabutmentcrown asenblies wereembedded centrally and

vertically to the level of the first thread of the imgléRigure 64.

Figure 63. Reproduction of internal surface of the bottom fixture (sample holder) used in
dynamic fatigue test.
Stages for creating a mould to be used for mounting implant in resin block that tightly fits

the fixture used to stabilise the sample during dynanic fatigue test. From top left to botton
left, silicon impression of the sample housing, investing with dental stone and subsequ
replacement with acrylic., the negative replica of the acrylic pattern using duplicatir
material, the inside and outside ppearance of the final mould used for resin bloc

construction and implant mounting.

Figure 64. . Implant-abutment-crown assembly embedded in resin bloct
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3.3.2.2 Dynamic fatigue test protocol

Dynamic fatigue test was performed iccardance with 1ISO 14801 for dynamic
fatigue testing of dental implants with minor deviatigt®0 14801, 2007) Prepared
samples were mounted securely (frictional fit and saetained) in the sample holder
at 3ANhen.vertically loaded, the angletween long axis of the sample and the
loading apparatugrasa p pr 0 X i mag shdwy in Eigu®® This angle fallsn
the range (114 4 5 ¢ ) -indisal angleé &lues in subjecisth various types of
occlusiongMeneghini and Biondi, 2012)

Figure 65. Sample mounted and loaded during dynamic fatigue tes

The effective load range exed onto the implanabutmenicrown asenblies
was 20200 N. The load was applied using a customde loading apparatus with
4 mm diaméer hardened steel ball to load the designed flat area incorporated in the
palatal surface of the crownA load cell with maximum capacity of 250 N was used
(Dynacell, Instron, UK). Figure 66 demonstrate effective load range delivered to a
sample througbut a completedest A dynamic fatigue testing machine (ElectroPuls
E3000, Instron, UK) was used to apply 2.4 million chewing cycles at a frequency of 15
Hz on all samplesThe number of cycles wachosen to simulate 3@ars of clinical
functional loadingDeLong and Douglas, 1983, Krejci and Lutz, 198%he test was
performed whit a | | samples were | mmer sTkedwatearn 3 7eC di
temperaturevas controlled usinga thermalwater circulator (Gallenkamp, @eany).

WaveMatri xE Dynamic Test Software (lnstron, L
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fatigue test in reference to digital positiontbé upper fixture(Figure67). The test
was programmed to stop in the event of displacement of upper loading éxteeds
250 um or loadtrips the230 N limit. This allowed detection of fractures, cracks and
component debondingSamples were visually inspected undegongillumination to

identify the presence of cracks or hairline fractures in the crowmmant head

Effective Load- Cycle Curves
200 7 povviwmenn ot o
Load:Maximum
1101 Load:Minimum
20 - -
T T T 1
0 1000000 2000000 3000000
Total Cycles

Figure 66. Effective load-cycle curves.
Graph obtdaned from 7 AOA- AOOEQ@A $UT Al Hebicting A @ffecivie ABA

delivered to the sample at each cycle during the entire fatigue test.
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Figure 67. Displacement of upper loading fixture at each loading cycle during the entire
dynamic fatigue test.

Displacement of the upper loading fixture is detected by digital position sensors. T
maximum amount of displacement in thiscompleted representative dynamic fatigue test di
not exceed 55 pm. The test was programmed to stop if the displacement exceeds 25(C

which could be as a result of component cracking, fracture or debonding.
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Out of 60 sampleghreeonly failed thedynamic fatigue test (1 sample fraach
of group 1, group 2 and grol). All failures occurred after 1.8 millionycles as a
result of abutment debondingNone of the failures involved implant head or crown
restorationgFigure 68. Suchfailures cased the machine to stop as the amount of
subsequent upper loading fixture displacement wasabele250 um. A shift in the
curve depicting digital position throughout the test was clearly identifiable at the time
of failure (Figure69). Signs ofcontact abrasion could be seen in both crown materials
at the area of loading.No cracks radiating from the loaded areas were however

noticed.

g @

Figure 68. Outcome of dynamic fatigue test.

Left, a representative sample debondedfeer 1.9 M loading cycles. No damage could
detected at the level of implant head or abutment upon examination under strol
transillumination and x6 magnification. Right, loaded area of a crown in a sample fr¢
group 1 that survived the dynamic fatiguetest. Contact abrasion can be seen in the loac

area but no cracks could be detected in the transilluminated crown.
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Figure 69.Loading apparatus displacement during fatigue test of a sample that was
debonded during loading.

The test was stopped due to tripping the maximum limit of digital positio
(displacement) of the loading apparatus. The sample was not completely debonded

the movement at the implant abutment interface exceeded 250 pm.
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3.3.2.3 Post-fatigue fracture strength

Samples that survived the dynamic fatigue test were loaded to failure to
determine posfatigue fracture strengthThe same setup used in the dynamic fatigue
test was altered to allow using the machine in static mdte. load cell was changed
to 50kN and the crosshead speed was 0.5mim/ Testng was performed in distilled
water altoad8 X e €nsi on curves were generat ec
Test Software (Instron, UK) and used to determine failure lo&latistical analysis

and data plottingvere performed as described in Section 3.2.2.

Five failure modes were observed upon loading 3ffesamples to failure.
Implant head fractureH), fracture at the level of first implant thread), crown
rupture R), abutmericrown bending followed bgervical chipping of the crownQ)
and a combination dfl andR (HR).

H failure mode was characterised with spall formation from the labial side of the
implant head. The fracture originated from a crack propagated in the thinnest area
confined between theeniths of the petal shaped internal connection and the inner end
of the prepared finish lineln failure modeT, the transverse fracture involved the full
thickness of the implant at the level of first threddhe fracture surface was level with
the mounting resin. In R failure mode, crown fracture involved the labial incisal parts
along the sagittal planef labial aspect of the crownThe fracture originated from
cracks developed at the mesand distelabial line angles. The fracture spared the
abutment and prepared implant heath failure modeC, failure started as the load
caused forward bending of the abutmerdwn inthelabid direction with subsequent
opening of the palatal margirAt higher loads, small ceramic chipping occurred at the
cervicolabial aspect of the crown.The chip was delineated by mesial and distal
cracks and the finish line on the implant head cervicéllyideo showingC andH
failures in representative samples from group 1 and 2 is included in the CD submitted

with this thesis.

The failure modeHR occurred in one sample where the crown rupture did not
involve the loading area and the system was able to maintain compressive loading.
Then, at a slightly higher load, implant head fractured as described in failureHnode
Samples failed following this sequence of events were considefddfakire as the

interest was in the final outcome of the test as well as to facilitate data analysis
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process. Figure70 demonstrates representative samples sustained each of the

aforanentioned failure modes.

Figure 70. Various failure modes in representative samples during pogatigue fracture
strength test.

Top left, the most common failure mode Kl) in group 2 & 4. Top right, failure mode R)
where the crown ruptured along the frontal plane as a result of cracks originated in tt
mesial and distal surfaces. Middle, sample failure mode wa€)( The opened margi
between crown and implant indicate bending of the abutment under loading followed t
chipping of cervical part of the crown. Bottom, one of the 2 samples that sustair

transverse implant fracture at the level of mounting resin or first thread T).
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