
On theOn the HistoryHistory of Bioceramicsof BioceramicsOn the On the HistoryHistory of Bioceramicsof Bioceramics
for Hip Joint for Hip Joint ReplacementsReplacementspp pp

C d Pi iC d Pi iCorrado PiconiCorrado Piconi
Istituto di Clinica Ortopedica, Facoltà di Medicina e Chirurgia 

Università Cattolica del S. Cuore, Roma, Italy

Centro per lo Studio di Nuovi Materali e Tecnologie Protesiche
Dip. Scienze Odontostomatologiche, Facoltà di Medicina e Chirurgia

U i i à d li S di di R T V R I lUniversità degli Studi di Roma Tor Vergata, Roma, Italy



On The On The HistoryHistory of Bioceramics for Hip Joint of Bioceramics for Hip Joint ReplacementsReplacements

SummarySummary

The The PrecursorsPrecursors
1970s : The1970s : The PioneersPioneers1970s : The 1970s : The PioneersPioneers
1980 1980 –– 2004: The Development2004: The Development

AluminaAlumina
ZirconiaZirconiaZirconiaZirconia
ZTA ZTA –– ATZ ATZ compositescomposites

Bioceramics in Hip Joint Bioceramics in Hip Joint ReplacementsReplacements TodayToday



On The On The HistoryHistory of Bioceramics for Hip Joint of Bioceramics for Hip Joint ReplacementsReplacements

SummarySummary

The The PrecursorsPrecursors
1970s : The Pioneers1970s : The Pioneers
1980 – 2004: The Development

Alumina
ZirconiaZirconia
ZTA – ATZ composites

Bioceramics in Hip Joint Replacements Today



Morton, 1846,
Anesthesia



Pasteur, 1862,
Sterilization



Lister, 1867,
Antisepsis



Karl Joseph BayerKarl Joseph BayerKarl Joseph BayerKarl Joseph Bayer
AluminaAlumina US US PatentPatent,,
1894189418941894



Themistocles Gluck
lIvory Joint Replacements,1891



EWH EWH GrovesGroves
Ivory Ivory FemuralFemural head head replacementreplacement, 1926, 1926



Ban Saw
Ivory Hip Endoprosthesis, 1970



Max Max Rock, 1933Rock, 1933,,
…Aluminum Oxide……Aluminum Oxide…

GG P t t 583 589P t t 583 589German German Patent 583.589Patent 583.589
““Artificial replacement for Artificial replacement for 
the interior and exteriorthe interior and exteriorthe interior and exterior the interior and exterior 
of human and animal bodies”of human and animal bodies”



CerosiumCerosium™ (1962)™ (1962)
Smith W.L., M.D. , Elgin, ILSmith W.L., M.D. , Elgin, IL
Ross, G.A. , The Ross, G.A. , The HaegerHaeger Potteries, Dundee, ILPotteries, Dundee, IL

20% MgAl2O4 (spinel)20% MgAl2O4 (spinel)
50% CaAlSi2O8 (50% CaAlSi2O8 (anorthiteanorthite))
28% Al2O3 (corundum)28% Al2O3 (corundum)52 vol%52 vol% 28% Al2O3 (corundum)28% Al2O3 (corundum)
2% Trace minerals2% Trace minerals

E iE i

++

48 l%48 l% -- Epoxy resinEpoxy resin48 vol%48 vol%

W.L. Smith



The 1The 1stst ClemsonClemson BiomaterialsBiomaterials Symposium, 1969Symposium, 1969
…except for the several attempts to use plaster of 
Paris, only recently has research been reported in the
literature on the use of ceramic materials for internalliterature on the use of ceramic materials for internal
prosthetic applications, particularly the repair of
skeletal defects. 
H lb t S F 1969Hulbert, S.F.  1969

S.F.S.F. HulbertHulbert
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The CBSThe CBS dental implant (1965dental implant (1965))

Dr. Sami Dr. Sami SandhausSandhaus



The The First CeramicFirst Ceramic--Ceramic THR bearing (1970)Ceramic THR bearing (1970)
Pierre Pierre BoutinBoutin/Daniel /Daniel BlanquaertBlanquaert



The The CeramicCeramic--ceramic THR bearing (1970)ceramic THR bearing (1970)
Pierre Pierre BoutinBoutin/Daniel /Daniel BlanquaertBlanquaert

•• CementedCemented StemStem & & CupCup



Charnley, 1960. The «Charnley, 1960. The «LowLow FrictionFriction Arthroplasty»Arthroplasty»



1970’s 1970’s THRsTHRs



LooseningLoosening & & OsteolisysOsteolisys



ReactionsReactions to THR to THR WearWear DebrisDebris
WillertWillert & & SemlitschSemlitsch, 1977, 1977



THR Reoperation by DiagnosisTHR Reoperation by Diagnosis
Swedish Hip Arthroplasty Register 2010 Swedish Hip Arthroplasty Register 2010 
(41.119 Surgeries,  1979(41.119 Surgeries,  1979--2007)2007)

4,2%
1,3% 2,6%2,7% 0,9%

8,0%8,0%

56,5%11,9%
11,8%

Aseptic Loosening Dislocation Deep Infection
Bone Fracture 2nd Stage Proc. Technical Error
Implant Fracture Pain Other Implant Fracture Pain Other 



WhyWhy AluminaAlumina??
BehaviorBehavior of of MaterialsMaterials for Hip for Hip ReplacementReplacement BearingsBearings

Bulk BBulk Biologicaliological SafetySafety
W D b i Bi l i l S fW D b i Bi l i l S fWear Debris Biological SafetyWear Debris Biological Safety
Mechanical Mechanical StrengthStrength αα--AlAl22OO33,,LowLow WearWear of the of the SelectedSelected CoupleCouple
LowLow FrictionFriction of the of the SelectedSelected CoupleCouple

αα AlAl22OO33, , 
αα-- AluminaAlumina, , 
CorundumCorundum

StiffnessStiffness
CorrosionCorrosion ResistanceResistance

CorundumCorundum

CC
Long Long TermTerm StabilityStability



Alumina: Alumina: InIn--vitro Assaysvitro Assays
ReferenceReference Physical formPhysical form Cell TypeCell Type

H  1979 d macrophages,Harms 1979 powders p g ,
limphocytes

Pizzoferrato 1982 ceramics HeLa, 3T3
B k t 1990 i 3T3Bukat 1990 ceramics 3T3
Greco 1993 powders Human Limph.

Ito 1993 wear debris L929Ito 1993 wear debris L929
Li 1993 powders and ceramics Human Oral Fibroblasts

Dion 1994 powders HUVEC, 3T3
Harmand 1995 powders Fibroblasts
Takami 1997 extracts Fibroblasts
C l  1998 d M hCatelas 1998 powders Macrophages
Mebouta 2000 powders Human Monocytes
Torricelli 2001 powders Osteoblasts Torricelli 2001 powders Osteoblasts 
Lohman 2002 powders Osteoblasts



Alumina: Alumina: InIn--vivo Assaysvivo Assays

ReferenceReference Physical formPhysical form Animal Animal 
modelmodel Implant siteImplant siteyy modelmodel pp

Helmer 1969 Pellets Monkey Femur

Hulbert 1972 Porous and non porous Rabbit Paraspinal muscleHulbert 1972 disks and tubes Rabbit Paraspinal muscle

Griss 1973 Slurry Swiss mice Subcutis, knee

I t it l  Harms 1979 Powders Mice Intraperitoneal, 
intramuscular

Garvie 1984 Bars Rabbit Paraspinal muscle
Wagner 1986 Pins Rat Femur
Christel 1988 Pins Rat Paraspinal muscle
Christel 1989 Pins Rabbit Femur

Maccauro 1992 Powders Mice Intraperitoneal
Specchia 1995 Pins Rabbit Femur 

W hi  2003 P d R t C l iWarashina 2003 Powders Rat Calvaria



AluminaAlumina: Surface : Surface WettabilityWettability



WearWear in THR in THR BearingsBearings

MoPMoP MoXLPMoXLP MoMMoM CoXLPCoXLP CoCCoC



Ceramic Wear Debris:Ceramic Wear Debris:

9,0

Functional Biological SafetyFunctional Biological Safety
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The The German R&D Program (1972) German R&D Program (1972) 

H lh dH lh d DöDöHerlhadHerlhad DörreDörre

GüntherGünther HeimkeHeimke



The The German German THRs (1974) THRs (1974) 

• UncementedUncemented StemStem & & CupCup
•• HeadHead--stemstem modular modular tapertaper connectionconnection

KK G iG iK. K. GrissGriss

H. H. MittelmeierMittelmeier



The The Taper Connection (1974Taper Connection (1974) ) 

12/14,   1:10 taper, 

angle: 5°43’30”

• Easy connection
• Stable

Ab f dh i• Absence of adhesives or 
solders



THR: MetalTHR: Metal--Ceramic connections (1970s)Ceramic connections (1970s)



The The CeramicCeramic--ceramic THR bearing (1970)ceramic THR bearing (1970)
Pierre Pierre BoutinBoutin/Daniel /Daniel BlanquaertBlanquaert

•• CementedCemented StemStem & & CupCup
•• HeadHead--stemstem connectedconnected by by epoxyepoxy glueglue
•• HeadHead--stemstem screwscrew connectionconnection



Taper Connection = ModularityTaper Connection = Modularity



Taper Connection = ModularityTaper Connection = Modularity



Alumina Hip & Knee ReplacementsAlumina Hip & Knee Replacements
Sapphire Sapphire BioceramBioceram®® (Hayashi, 1975)(Hayashi, 1975)



Alumina Hip Alumina Hip ReplacementsReplacements
StärkStärk N., Rosenthal N., Rosenthal TechnikTechnik BioceramicsBioceramics

(Wagner, 1978) 

(Saltzer, et al., 1978) 



Alumina Hip ReplacementsAlumina Hip Replacements
McTigheMcTighe T: The “Soccer Ball” Socket T: The “Soccer Ball” Socket 



EarlyEarly FailuresFailures, , EarlyLessonsEarlyLessons
• Head-stem dissociation

due to poor fixation
(Boutin)

• Socket mobilization due 
to lack of osteointegration
(Mittemeier, Griss, 
Chiari)

BUT:BUT:
• Low wear
• N t l• No osteolysys
• Lack of systemic

reactions
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Ceramics for Joint Replacement Bearings 
Timescale
AluminaAlumina

PioneersPioneers’’
AgeAge

ProcessProcess OptimizationOptimization
, Standard ISO, Standard ISO

Total Total QualityQuality, GMP, GMP
HIP, Laser HIP, Laser markingmarking, , 

ProofProof testingtestingProofProof testingtesting

ZirconiaZirconia

MgMg--PSZPSZ YY--TZPTZP Optimizing +Optimizing +
Standard ISOStandard ISO STOP

AluminaAlumina‐‐ ZirconiaZirconia CompositesComposites

ZTA ZTA AMC, ATZ  AMC, ATZ  

19701970 19801980 19901990 20002000 20102010

,,

19701970 19801980 19901990 20002000 20102010 …….…….



Development of Development of CeramicCeramic for TJR for TJR BearingsBearings::
Objectives

•• Increase Strength & Wear ResistanceIncrease Strength & Wear Resistance
•• Maximize ReliabilityMaximize ReliabilityMaximize Reliability Maximize Reliability 
•• Get Flexibility in Device Design Get Flexibility in Device Design 
•• Contain Production CostsContain Production CostsContain Production CostsContain Production Costs



Development of Development of CeramicCeramic for TJR for TJR BearingsBearings::
Approaches

Increase Strength by:Increase Strength by:
•• Increase in DensityIncrease in Density Improved•• Increase in DensityIncrease in Density
•• Reduction of grain sizeReduction of grain size

p
Alumina

Development of Development of 
intrinsically tough ceramicintrinsically tough ceramic Zirconiaintrinsically tough ceramicintrinsically tough ceramic Zirconia
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Reliability of Alumina Components: 
Ball Heads Rate of Fracture 1970-1995

CeraverCeraver FF
FeldmFeldmüle (now Ceramtec)üle (now Ceramtec) DD
RosenthalRosenthal DD
FriedrichsfeldFriedrichsfeld DD
Kyocera (now JMM)Kyocera (now JMM) JJKyocera (now JMM)Kyocera (now JMM) JJ
NGKNGK JJ
SocSoc. . CeramiquesCeramiques TechniquesTechniques FF
M iM i CHCHMetoxitMetoxit CHCH
KeramedKeramed DD
IMECIMEC II

(Piconi C, et al. Biomaterials 1999)



Reliability of Reliability of Alumina Ball HeadsAlumina Ball Heads: : 
Rate Rate of Fracture 1970of Fracture 1970--19951995

Rosenthal
CeraverCeraver FF
FeldmFeldmüleüle (now Ceramtec)(now Ceramtec) DD
R th l D

Ceraver (Boutin)

Rosenthal D
Friedrichsfeld D
Kyocera (Kyocera (nownow JMM)JMM) JJCeraver (Boutin)
NGK J
Soc. Ceramiques Techniques F
MetoxitMetoxit CHCH

Friedrichsfeld

MetoxitMetoxit CHCH
Keramed D
IMEC I

IMEC Ostalox

Ceraver (Nizard)Ceraver (Nizard)
(Piconi C, et al. Biomaterials 1999)

Custom HSS



IMEC Ostalox



CustomCustom--made tapers:made tapers:
Machining TolerancesMachining Tolerances



MaterialMaterial DevelopmentDevelopment
DensityDensity & & GrainGrain SizeSize

19701970

19951995

(Photos: Ceraver, Kyocera,Ceramtec)



Material Development Material Development 
Hot Isostatic Pressing (HIP)Hot Isostatic Pressing (HIP)



ImprovementsImprovements in BIOLOX in BIOLOX AluminaAlumina 19741974--19951995

BIOLOXBIOLOX®® BIOLOXBIOLOX® ® forteforteUnitUnit
BIOLOXBIOLOX

((sincesince 1974)1974)
BIOLOXBIOLOX® ® forteforte
((sincesince 1995)1995)

Content Content αα -- AlAl22OO33 VolVol--%% 99,799,7 > 99,8> 99,8
DensityDensity g/cmg/cm33 3,953,95 3,973,97
GrainGrain sizesize µmµm 44 1,7501,750

44--Pt. Pt. BendingBending strengthstrength MPaMPa 500500 631631
Young‘s modulusYoung‘s modulus GPa GPa 410410 407407

Fracture toughness KFracture toughness KICIC MPa MPa mm 3,03,0 3,23,2



ProcessProcess developmentdevelopment
LL M kiM kiLaser Laser MarkingMarking



ProcessProcess developmentdevelopment
P fP f t tit tiProofProof testingtesting



Publ.Publ.
YearYear AuthorAuthor F.U. F.U. 

(year)(year) # Case# Case #Fractures#FracturesAluminaAlumina::
YearYear (year)(year)

20002000 UenoUeno >10>10 2773827738 99

20002000 Boeler,etBoeler,et al.al. 66 243243 00

Fractures Fractures 20002000--20082008

20002000 Bizot,etBizot,et al.al. >5>5 234234 11

20002000 GarinoGarino 11--33 333333 00

20012001 Urban, et al.Urban, et al. 1717--2121 6464 00

20012001 Delaunay, et al.Delaunay, et al. 55--1010 133133 00

20012001 BizotBizot <3<3 9696 11

20012001 HammadoucheHammadouche >18>18 118118 0020012001 HammadoucheHammadouche >18>18 118118 00

20022002 D’AntonioD’Antonio 33 345345 00

20022002 BierbaumBierbaum, et al., et al. 44 514514 00

20032003 Hannouche, et al.Hannouche, et al. 2525 55005500 88

20052005 Capello, et alCapello, et al 44 514514 00

20052005 Kawanabe, et al.Kawanabe, et al. 77--2121 215215 0020052005 Kawanabe, et al.Kawanabe, et al. 77 2121 215215 00

20062006 Murphy, et al.Murphy, et al. 22--88 194194 00

20062006 Slack, et alSlack, et al 1313--1515 116116 00

20072007 Lusty, et alLusty, et al 55--77 301301 00

20082008 Koo, et al.Koo, et al. 33--44 367367 55



Device Handling
Random Mix & MatchRandom Mix & Match
SurgicalSurgical TechniqueTechniqueSurgicalSurgical TechniqueTechnique
ReRe--use of use of damageddamaged componentscomponents
Th l/M h i l h kTh l/M h i l h kThermal/Mechanical shockThermal/Mechanical shock



Alumina in THRAlumina in THR
SummarySummary

•• ProsPros
–– Optimum Biological SafetyOptimum Biological Safety
–– Good Good StrenthStrenth
–– Low Wear  (CoC, CoP)Low Wear  (CoC, CoP)

•• ConsCons•• ConsCons
–– Low ToughnessLow Toughness

Limits in Design FlexibilityLimits in Design Flexibility–– Limits in Design FlexibilityLimits in Design Flexibility
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Zirconia :  First Zirconia :  First studiesstudies
1975:1975: Cranin NA, Schnitman PA, Rabkin R, 
Dennison. 
Alumina and Zirconia coated Vitallium Oral Endosteal
Implants in Beagles

1975:1975: Kenner GH, Pasco WD, Frakes JT, Brown 
SD. Mechanical properties of calcia stabilized zirconia 
following in vivo and in vitro agingg g g

1981:1981: Monticelli G, Santori F, Sandrolini-Cortesi S, 
Sandrolini-Cortesi M First considerations of the useSandrolini Cortesi M. First considerations of the use 
of ZrO2 in hip prosthesis stem coating

1984:1984: Garvie RC Urbani C Kennedy Dr McNeuer1984:1984: Garvie RC, Urbani C, Kennedy Dr, McNeuer
JC. Biocompatibility of Magnesia-Partially Stabilized
Zirconia (Mg-PSZ ceramic)



Zirconia: Zirconia: InIn--vitro Assaysvitro Assays
ReferenceReference Physical formPhysical form Cell TypeCell Type

Bukat 1990 ceramics 3T3Bukat 1990 ceramics 3T3

Greco 1993 powders Human Limph.

It  1993  d b i L929Ito 1993 wear debris L929
Li 1993 powders and ceramics Human Oral Fibroblasts

Dion 1994 powders HUVEC, 3T3Dion 1994 powders HUVEC, 3T3
Harmand 1995 powders Fibroblasts
Catelas 1998 powders Macrophages
Mebouta 2000 powders Human Monocytes
Torricelli 2001 powders Osteoblasts 

Lohman 2002 powders Osteoblasts



Zirconia: Zirconia: InIn--vivo Assaysvivo Assays

ReferenceReference Physical formPhysical form Animal modelAnimal model Implant siteImplant site

Helmer 1969 Pellets Monkey Femur

Hulbert 1972 Porous and non porous 
disks and tubes Rabbit Paraspinal muscledisks and tubes p

Garvie 1984 Bars Rabbit Paraspinal muscle

Wagner 1986 Pins Rat Femurg

Christel 1988 Pins Rat Paraspinal muscle

Christel 1989 Pins Rabbit Femur

Maccauro 1992 Powders Mice Intra-peritoneal

Specchia 1995 Pins Rabbit Femur 

Warashina 2003 Powders Rat Calvaria



Zirconia (Zirconia (ZirconiumZirconium DioxideDioxide, ZrO, ZrO22))

Cubic Tetragonal Monoclinic

••YY22OO33 YttriaYttria
•• CaO   CaO   CalciaCalcia

M O M iM O M i
Stabilization to room 

f h•• MgO   MagnesiaMgO   Magnesia
•• CeO2   CeO2   CeriaCeria
•• TiO2   TitaniaTiO2   Titania

temperature of the 
Tetragonal Phase

•• …….…….



TT--M M PhasePhase TransitionTransition in Zirconia:in Zirconia:
EffEff T hT h PPEffectiveEffective TougheningToughening ProcessProcess



TT--M M PhasePhase TransitionTransition in Zirconia:in Zirconia:
EffEff T hT h PPEffectiveEffective TougheningToughening ProcessProcess

ΔΔGG ΔΔGG ++ ΔΔUU ++ ΔΔUUΔΔGGtt‐‐mm = = ΔΔGGCC + + ΔΔUUSESE + + ΔΔUUSS

•• ΔΔGG :: FreeFree energyenergy changechange (temperature(temperature chemicalchemical compositioncomposition))•• ΔΔGGCC: : Free Free energyenergy changechange (temperature, (temperature, chemicalchemical compositioncomposition))

•• ΔΔUUSESE : : StrainStrain energyenergy changechange (E (E matrixmatrix, , graingrain sizesize, , residualresidual stressesstresses))
•• ΔΔUUSS :: ChangeChange in surfacein surface energyenergy (New(New surfacessurfaces microcrackingmicrocracking))ΔΔUUSS : : ChangeChange in surface in surface energyenergy (New (New surfacessurfaces, , microcrackingmicrocracking))



TT--M M PhasePhase TransitionTransition in Zirconia:in Zirconia:
EffEff T hT h PPEffectiveEffective TougheningToughening ProcessProcess



PartiallyPartially StabilizedStabilized Zirconia Zirconia –– PSZPSZ
GarvieGarvie, 1975, 1975

3030µmµm Mg-PSZ3030µmµm Mg PSZ



TetragonalTetragonal Zirconia Polycrystal Zirconia Polycrystal -- TZPTZP
GuptaGupta, 1977, 1977



Zirconia: the Alternative to Alumina  (?)

(Clarke I, et al 2006)



Zirconia Vs. Zirconia Vs. AluminaAlumina BehaviorBehavior

PropertyProperty UnitUnit AluminaAlumina YY--TZPTZP Z/A ratioZ/A ratio

DensityDensity g/ cmg/ cm33 3 983 98 6 086 08 1 531 53DensityDensity g/ cmg/ cm 3.983.98 6.086.08 1.531.53

Bending Bending StrengthStrength ( 4p )( 4p ) MPaMPa 650650 11001100 1.71.7

ToughnessToughness (SEVB) (SEVB) MPaMPa mm½½ 44 88 22

Elastic ModulusElastic Modulus GPaGPa 380380 210210 0 550 55Elastic ModulusElastic Modulus GPaGPa 380380 210210 0.550.55

HardnessHardness HVHV 20002000 12001200 0.60.6

Thermal Conductivity (25Thermal Conductivity (25°°C)C) W/ mKW/ mK 3030 2.52.5 0,080,08



ManufacturersManufacturers of zirconia of zirconia ballball headsheads

NameName CountryCountry NotesNotes
SGCA SGCA DesmarquestDesmarquest FF ProzyrProzyr®®

CerasivCerasiv DD ZioloxZiolox® ® CerasivCerasiv DD ZioloxZiolox
Morgan Morgan MatrocMatroc UKUK ZiranoxZiranox®®

CeraverCeraver FF ExperimentalExperimentalCeraverCeraver FF ExperimentalExperimental
HTI TechnologiesHTI Technologies FF BiozyrBiozyr®®

M t itM t it CHCH BiBi HiHi ®®MetoxitMetoxit CHCH BioBio--HipHip®®

CoorsCoors USAUSA ExperimentalExperimental
®®KyoceraKyocera JJ BioceramBioceram®®

AstroMetAstroMet USAUSA ExperimentalExperimental



Zirconia Vs. Zirconia Vs. AluminaAlumina BehaviorBehavior
NN CC CC BBNo No CeramicCeramic on on CeramicCeramic BearingsBearings

PropertyProperty UnitUnit AluminaAlumina YY--TZPTZP Z/A ratioZ/A ratio

DensityDensity g/ cmg/ cm33 3 983 98 6 086 08 1 531 53DensityDensity g/ cmg/ cm 3.983.98 6.086.08 1.531.53

Bending Bending StrengthStrength ( 4p )( 4p ) MPaMPa 650650 11001100 1.71.7

ToughnessToughness (SEVB) (SEVB) MPaMPa mm½½ 44 88 22

Elastic ModulusElastic Modulus GPaGPa 380380 210210 0 550 55Elastic ModulusElastic Modulus GPaGPa 380380 210210 0.550.55

HardnessHardness HVHV 20002000 12001200 0.60.6

Thermal Conductivity (25Thermal Conductivity (25°°C)C) W/ mKW/ mK 3030 2.52.5 0,080,08



Zirconia:Zirconia: LowLow Temperature Temperature DegradationDegradation (LTD)(LTD)
ChevalierChevalier J, J, GemillardGemillard L, L, DevilleDeville S, 2007S, 2007



Zirconia/PE Vs. Alumina/PE THR BearingsZirconia/PE Vs. Alumina/PE THR Bearings
Implant Survival (Implant Survival (AllainAllain, et al., 1999), et al., 1999)



Zirconia/PE THR Zirconia/PE THR BearingsBearings::
Head Head PenetrationPenetration RatesRates



Zirconia:TheZirconia:The ProzyrProzyr recallrecall
YTZP YTZP –– Saint Saint GobainGobain Advanced Advanced CeramicsCeramics

18
20

12
14
16 TH2957

TH93038

6
8

10

0
2
4

10 12 14 16 18 20 22 24 26 28 30 32 3410 12 14 16 18 20 22 24 26 28 30 32 34

(AFSSAPS data (AFSSAPS data -- 162 Ball heads)162 Ball heads)



ClinicalClinical Case, (Case, (fracturedfractured 34 34 monthsmonths postoppostop))



XRD Results XRD Results –– MonoclinicMonoclinic PhasePhase

External Polished External Polished 
Surface: 4%Surface: 4%

Fracture Fracture 
Surface: 21%Surface: 21%

White region in the White region in the 
inner taper: 36%inner taper: 36%

White region near White region near 
chamfer: 60%chamfer: 60%



DetailDetail of of tapertaper surface(unpolishedsurface(unpolished))





Head Inner Head Inner Vs. Vs. Outer Outer MicrostructureMicrostructure



Zirconia:TheZirconia:The ProzyrProzyr recall:recall:
Batch Batch Vs.tunnelVs.tunnel ovensovens

(Masonis, et al., 2004)



ProzyrProzyr®® fracturesfractures JanJan 2002 2002 –– JanJan 20032003

250

175
200
225

125
150
175

TH93038
TH2957

75
100
125 TH2957

0
25
50

0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

(data from: www.prozyr.com)



RemarksRemarks on the caseon the case

• The likely initiator ofThe likely initiator of 
the ball head fracture is
the unproper processthe unproper process
control during sintering

• Due to lack of densification of the core, fracture
started due to subcritical crack growth at taper surface

• The phase transformation observed in the inner parts
of the ball head had little effect on the failureof the ball head had little effect on the failure



Zirconia in ArthroplastyZirconia in Arthroplasty
SummarySummary

•• ProsPros
–– Optimum Biological SafetyOptimum Biological Safety
–– Optimum StrengthOptimum Strengthp gp g

•• ConsCons
–– Low Hardness,Low Hardness, LowLow Thermal ConductivityThermal ConductivityLow Hardness, Low Hardness, Low Low Thermal ConductivityThermal Conductivity
–– CeramicCeramic--onon--Poly Bearings OnlyPoly Bearings Only
–– Risk of Low Temperature DegradationRisk of Low Temperature DegradationRisk of Low Temperature DegradationRisk of Low Temperature Degradation
–– Critical Manufacturing ProcessCritical Manufacturing Process



ALUMINA: ZIRCONIA:
PROS:
Optimum biocompatibility
G d h

ZIRCONIA:
PROS:
Optimum biocompatibility
O ti t thGood strength

CONS:
Brittle fract re mechanics

Optimum strength
CONS:
No CoC jointsBrittle fracture mechanics

Limitation in device design
No CoC joints
Risk of LTD

Demand of a New MaterialDemand of a New Material::
Biocompatible as Alumina or ZirconiaBiocompatible as Alumina or Zirconia

As Tough and Strong as Zirconia As Tough and Strong as Zirconia 
Stable inStable in--vivo for Long Time as Aluminavivo for Long Time as Alumina

Excellent in TribologyExcellent in Tribology as Aluminaas Alumina
Fl ibl i D i D iFl ibl i D i D iFlexible in Device DesignFlexible in Device Design
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THR THR DemandDemand by the by the earlyearly 2000s’2000s’



IncreaseIncrease in in DemandDemand for THR for THR BearingsBearings
M “Y & A i ”M “Y & A i ” P iP iMore “Young & Active” More “Young & Active” PatientsPatients….….



WhyWhy a New a New MaterialMaterial ??
DemandDemand of New of New DevicesDevices by the by the yearyear 20002000

•• Ball heads Ball heads necksnecks XL, XXLXL, XXL
•• Ball heads ØBall heads Ø 7/8” (22 22 mm)7/8” (22 22 mm)•• Ball heads Ø Ball heads Ø 7/8  (22,22 mm)7/8  (22,22 mm)
•• CoC CoC jointsjoints > > Ø Ø 36mm (36mm (thinthin walledwalled insertsinserts))
•• CeramicCeramic kneeknee replacementsreplacements

C iC i i ii i h d (h d (thithi ll dll d))•• CeramicCeramic revisionrevision heads (heads (thinthin walledwalled))
•• New New devicesdevices for spine & small for spine & small jointsjointspp jj
•• ……..……..



WhatWhat a New a New MaterialMaterial ??
ToughenedToughened by a by a transformabletransformable phasephase



ZirconiaZirconia--ToughenedToughened AluminaAlumina (ZTA)(ZTA)

1976: 1976: 
ClaussenClaussen, , 

J J AmAm CeramCeram SocSoc

1977: 1977: 
DworakDworak, , OlapinskiOlapinski, , 

GermanGerman PatentPatent
DE2744700DE2744700



ZTA ZTA asas BiomaterialsBiomaterials

19901990 Mandrino A et alMandrino A et al
InIn--vivo ageing testsvivo ageing tests

The French The French 
ProgramProgram

19901990 Mandrino A, et al.Mandrino A, et al.
PinPin--onon--flat wear tests flat wear tests 

19911991 Ben Abdallah A, Ben Abdallah A, 
Treheux DTreheux D

PinPin--onon--Flat & CylinderFlat & Cylinder--onon--
Flat Wear TestsFlat Wear TestsProgramProgram Treheux D Treheux D Flat Wear TestsFlat Wear Tests

19921992 Mandrino A, et al.Mandrino A, et al. Tissue response to ZTA Tissue response to ZTA 
implantsimplants

19941994 S l i A t lS l i A t l ManufactureManufacture of of ballball heads heads 

The Italian The Italian 
ProgramProgram

19941994 Salomoni A, et al.Salomoni A, et al. by slip castingby slip casting

19991999 Affatato S et alAffatato S et al
Ball heads Ball heads wearwear teststestsProgramProgram

((ΣΣ 294)294)
19991999 Affatato S, et al.Affatato S, et al.

(hip simulator)(hip simulator)

20002000 CiapettiCiapetti E, et al.E, et al. InIn--vitro assays (extracts and vitro assays (extracts and 
wear debris)wear debris)wear debris)wear debris)



RationaleRationale for A/Z for A/Z compositescomposites
PhasePhase TransformationTransformation TougheningToughening

Ealumina= 380 GPa
Ezirconia=200 GPa

ΔΔGG ΔΔGG ++ ΔΔUU ++ ΔΔUUΔΔGGtt--mm = = ΔΔGGCC + + ΔΔUUSESE + + ΔΔUUSS

•• ΔΔGG :: FreeFree energyenergy changechange (temperature(temperature chemicalchemical compositioncomposition))•• ΔΔGGCC: : Free Free energyenergy changechange (temperature, (temperature, chemicalchemical compositioncomposition))
•• ΔΔUUSESE : : StrainStrain energyenergy changechange (E (E matrixmatrix, , graingrain sizesize, , residualresidual stressesstresses))

ΔΔUU ChCh i fi f (N(N ff i kii ki ))•• ΔΔUUSS : : ChangeChange in surface in surface energyenergy (New (New surfacessurfaces, , microcrackingmicrocracking))



Zirconia Zirconia ToughenedToughened CeramicsCeramics ((ZTCsZTCs))
HardnessHardness Vs. Zirconia vol%Vs. Zirconia vol%

93



WhatWhat a New a New MaterialMaterial??
ToughenedToughened by a by a fiberfiber--likelike phasephase



Zirconia/Platelet Reinforced Alumina: Zirconia/Platelet Reinforced Alumina: 
19911991, , CutlerCutler RA, et al. RA, et al. 

CeCe--TZP + Al2O3 + Sr TZP + Al2O3 + Sr 800 0

Strength (MPa) 

SrAlSrAl1212OO1919 platelets platelets 
600 0

700,0

800,0

pp
0,5 µm x 50,5 µm x 5--10 µm10 µm

400 0

500,0

600,0

200 0

300,0

400,0

HVIncresedIncresed StrengthStrength 200,0
6 8 10 12 14 16

Ce-TZP/Al2O3/SrO.6Al2O3 Ce-TZP/Al2O3 Ce-TZP

HVIncresedIncresed StrengthStrength
BUTBUT

StillStill LowLow HardnessHardness



Zirconia/Platelet Reinforced Alumina Zirconia/Platelet Reinforced Alumina 
1998, 1998, BurgerBurger W, et al. W, et al. 



BIOLOXBIOLOX®®deltadelta
CompositionComposition

St tiSt ti Al i tAl i tStrontiumStrontium AluminateAluminate
PlateletsPlatelets 11--2 vol%2 vol%

ZirconiaZirconia YTZPYTZPZirconiaZirconia YTZPYTZP
17 vol%17 vol%

AluminaAlumina + Cr2O3+ Cr2O3



BIOLOXBIOLOX®®deltadelta featuresfeatures

Matrix:Matrix:
•• AlAl22OO33+Cr+Cr22OO33
•• Hardness, Stiffness Hardness, Stiffness 

Dispersed Phase:Dispersed Phase:
•• ZrOZrO22+Y+Y22OO33
•• Toughness, StrengthToughness, Strength

Platelets:Platelets:
•• SrAlSrAl1212--xxCrCrxxOO1919
•• Toughness, StrengthToughness, Strength



MicrostruttureMicrostrutture comparisoncomparisonpp

®® ll®®ff BIOLOXBIOLOX®®deltadeltaBIOLOXBIOLOX®®forteforte

AluminaAluminaAluminaAlumina

ZirconiaZirconiaPlateletsPlatelets



Fracture Strength and Toughness

BIOLOX® BIOLOX® forte
Unit BIOLOX®

(since 1974)
BIOLOX forte
(since 1995)

BIOLOX®delta

Al2O3 Vol-% 99,7 >99,8 81,6
ZrO2 Vol-% n.a. n.a. 17
Other Oxides Vol-% n.a. n.a. 1,4
Density g/cm3 3,95 3,97 4,37
Grain size Al2O3 µm 4 1,750 0,560

4-Pt. Bending strength MPa 500 631 1384
Young‘s modulus GPa 410 407 358

 3 0 3 2 6 5Fracture toughness KIC MPa m 3,0 3,2 6,5



Ball Heads ReliabilityBall Heads Reliability
BIOLOXBIOLOXf tf t V d ltV d lt F tF t ff

0 035%

BIOLOXBIOLOXforteforte Vs. deltaVs. delta –– FractureFracture frequencyfrequency

0,030%

0,035%

0 020%

0,025% Forte Delta

0,015%

0,020%

0 005%

0,010%

0,000%

0,005%

28 32 36 40
(dati: CeramTec GmbH)



WearWear: Hip Simulator, Leeds : Hip Simulator, Leeds UniversityUniversity
Standard Mode TestStandard Mode Test
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(Dati: Dowson, D et al., 2002) 



WearWear: Hip Simulator, Leeds : Hip Simulator, Leeds UniversityUniversity
Microseparation Mode TestMicroseparation Mode Test

Microseparation Rim contact Relocation

4

3
3,5

4

m
3/M

cy
)

Swing phase Heel strike Stance phase

2
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e (

m
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1
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0
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(Dati : Stewart TD, et al., 2003)

(
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(1-5 Mcy) Overall
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AluminaAlumina--Zirconia Zirconia CompositesComposites
THRTHR b llb ll h dh dTHR THR ballball headsheads

CompanyCompany CountryCountry TradenameTradename

CeramTecCeramTec DD BIOLOXBIOLOX®®deltadelta
Mathys BettlachMathys Bettlach CHCH CeramysCeramys®®

44 MilliMilli CCMathys BettlachMathys Bettlach CHCH CeramysCeramys
KyoceraKyocera JJ BIOCERAMBIOCERAM® ® AZULAZUL
C5MedicalWerksC5MedicalWerks USAUSA YZTAYZTA

4 4 MillionMillion Component Component 
releasedreleased to market by to market by C5MedicalWerksC5MedicalWerks USAUSA YZTAYZTA

Morgan Advanced Morgan Advanced CeramicsCeramics UKUK VitoxVitox®®AMCAMC
MetoxitMetoxit CHCH ATZ ATZ BioBio Hip Hip ®®

yy
DecemberDecember 20142014

MetoxitMetoxit CHCH ATZ ATZ BioBio--Hip Hip ®®



Percent Distribution BIOLOXPercent Distribution BIOLOX®® forte/deltaforte/delta
THR H dTHR H d

100

THR HeadsTHR Heads

80

90 Delta 
Forte

50

60

70

%

30

40

50%
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0
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20
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20
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20
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20
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20
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20
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20
13

20
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2 2 2 2 2 2 2 2 2 2 2 2 2

(Data: CeramTec GmbH)



Percent Distribution BIOLOXPercent Distribution BIOLOX®® forte/deltaforte/delta
THR I tTHR I t

100

THR InsertsTHR Inserts

80
90 Delta

Forte

50

60
70

%

30

40
50%

10

20
30

0

00
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00
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00
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00
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00
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00
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00
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0

01
1

01
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01
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20 20 20 20 20 20 20 20 20 20 20 20 20

(Data: CeramTec GmbH)



CeramysCeramys®® ATZATZ
Composition (vol%)Composition (vol%)

m- ZrO2
0 6%

 Y2O3
0,4%c - ZrO2 Al2O3

28,0%

0,6% 0,4%c  ZrO2
10,9%

t - ZrO2
60,0%60,0%



CeramysCeramys®® ATZATZ
MicrostructureMicrostructure BIOLOXBIOLOXdeltadelta

CeramysCeramys



CeramysCeramys®® ATZ Vs. BIOLOXATZ Vs. BIOLOX®®deltadelta

ProprietàProprietà UnitàUnità BIOLOXBIOLOX CeramysCeramysProprietàProprietà UnitàUnità deltadelta CeramysCeramys

Allumina 75Allumina 75 Allumina 20Allumina 20
ComposizioneComposizione %wt%wt Zirconia 24Zirconia 24

Other 1Other 1
Zirconia (m+t) Zirconia (m+t) 

8080

Resistenza a FlessioneResistenza a Flessione MPaMPa 13841384 12501250Resistenza a FlessioneResistenza a Flessione MPaMPa 13841384 12501250
Weibull modulusWeibull modulus ---- 1313 ----
Toughness KToughness K MPamMPam½½ 6 56 5 7 47 4Toughness KToughness KICIC MPamMPam½½ 6,56,5 7,47,4
Young modulusYoung modulus GPaGPa 350350 ----
DD HVHV 19751975DurezzaDurezza HVHV 19751975 ----
Thermal Cond.Thermal Cond. W/mKW/mK 16,716,7 5,85,8



BIOCERAMBIOCERAMAZUL ZPTAAZUL ZPTA
(J. (J. IkedaIkeda, et al., 2014), et al., 2014)

Composition wt%p
Alumina 77 - 82
Zirconia 16,5 - 20Zirconia 16,5 20
Additives (Si, Ti, Mg, Co) 1,7 – 3,4



BIOLOXBIOLOXdeltadelta: New : New DevicesDevices
Large Large DiameterDiameter BearingsBearings



BIOLOXBIOLOXdeltadelta: New : New DevicesDevices
ThinnerThinner CeramicCeramic InsertsInserts, Monoblock , Monoblock CupsCups



BIOLOXBIOLOXdeltadelta: New : New DevicesDevices
RevisionRevision CeramicCeramic Ball HeadsBall Heads



BIOLOXBIOLOXdeltadelta: New : New DevicesDevices
TT ll && R fR f HH R lR lTriTri--polarpolar & & ResurfacingResurfacing Hip Hip ReplacementsReplacements



BIOLOXBIOLOXdeltadelta: New : New DevicesDevices
ShoulderShoulder //AnkleAnkle//ElbowElbow//HandHand //SkullSkull



BIOLOXBIOLOXdeltadelta: New : New DevicesDevices
KneeKnee ReplacementsReplacements



OtherOther CeramicsCeramics in THR Ball Heads in THR Ball Heads 

• Bulk CeramicsBulk Ceramics
• Silicon Nitride (Si3N4)

• «Ceramized» Surfaces
• Titanium Nitride (TiN)
• Zirconium Nitride (ZrN)( )
• Diamon-Like Carbon (DLC)
• Zirconium Dioxide (m-ZrO2)Zirconium Dioxide (m-ZrO2)



NOx Ceramics in THRs:NOx Ceramics in THRs:
SiliconSilicon Nitride SiNitride Si33NN44

ddToday: Today: 
-- Spinal cagesSpinal cages-- Spinal cagesSpinal cages
-- MiniplatesMiniplates for MF surgeryfor MF surgery

Tomorrow:Tomorrow:
-- Dental Dental Implants (?)Implants (?)
-- Aneurism clips Aneurism clips (?)(?)pp ( )( )
-- THR ball heads & THR ball heads & inlays (?)inlays (?)



NOx Ceramics in THRs:NOx Ceramics in THRs:
SiliSili Ni idNi id SiSi NN B di S hB di S hSiliconSilicon Nitride Nitride SiSi33NN4 4 : Bending Strength: Bending Strength

1600
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1000
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0
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A
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C
Bal BIOLOX
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NOx Ceramics in THRs:NOx Ceramics in THRs:
SiliconSilicon Nitride SiNitride Si33NN4 4 : Ageing: Ageing

(A. Porporati, ISTA 2014)



NOx Ceramics in THRs:NOx Ceramics in THRs:
SiliSili Ni id SiNi id Si NN WWSiliconSilicon Nitride SiNitride Si33NN4 4 : Wear: Wear

(A. Porporati, ISTA 2014)



NOxNOx CeramicsCeramics in in THRsTHRs::
TitaniumTitanium NitrideNitride ((TiNTiN)) CoatingsCoatingsTitaniumTitanium NitrideNitride ((TiNTiN) ) CoatingsCoatings
Development started on the early eightiesp y g

Used in hip, knee, ankle replacements
d i i i d iand in ostosintesis devices

(plates, screws)



NOxNOx CeramicsCeramics in in THRsTHRs::
Tit iTit i Nit idNit id ((TiNTiN)) C tiC ti

AsAs--made made 

TitaniumTitanium NitrideNitride ((TiNTiN) ) CoatingsCoatings

SurfaceSurface

DamagedDamaged
SurfaceSurface

(Da:Raimondi MT, Pietrabissa R , 2000)



NOxNOx CeramicsCeramics in in THRsTHRs::
Tit iTit i Nit idNit id ((TiNTiN)) C tiC tiTitaniumTitanium NitrideNitride ((TiNTiN) ) CoatingsCoatings



NoxNox CeramicsCeramics in in THRsTHRs: : 
ZirconiumZirconium NitrideNitride ((ZrNZrN)) CoatingsCoatingsZirconiumZirconium NitrideNitride ((ZrNZrN) ) CoatingsCoatings



NOxNOx CeramicsCeramics in in THRsTHRs::
DiamondDiamond--Like Carbon (DLC)Like Carbon (DLC)
Diamond-Like Carbon is an amorphous diamondp
containing mixed sp2/sp3 bonds.

The process must control the diamond/graphite ratio (sp2/sp3) and 
the residual stresses  (leading to coating spallation)



NOxNOx CeramicsCeramics in in THRsTHRs::
DiamondDiamond--Like Like Carbon (DLC)Carbon (DLC)

Property Unit Diamond DLC

Hardness Kg/mm2 7000-10000 1200-3000g
Coeff. Friction (air) -- 0,1 0,7
Lattice constant nm 35 67 AmorphousLattice constant nm 35,67 Amorphous
Thickness µm -- 1 - 2
Density g/cm3 3,51 1,6 - 2,2
Bonding -- Covalent sp3 Mixed sp2 sp3g p p p

(Franks J, et al. Met Mater 1991; 
Monaghan DP et al. Mater Wold 1993)



NOxNOx CeramicsCeramics in in THRsTHRs::
DiamondDiamond--Like Carbon (DLC) Like Carbon (DLC) -- WearWear

50

60

56 4
57,5

30

40 48,3

56,4
PE Weight Loss
(mg/106 Cycles)
Hi Si l t

20

30

26

33

25

Hip Simulator

0

10

Alumina/PE CoCr/PE DLC/PE

Affatato 2000 Saikko 2001

(Affatato S, et al., 2000; Saikko V, et al., 2001)



NOxNOx CeramicsCeramics in in THRsTHRs::
CVD Diamond (CVD Diamond (MaruMaru, et al., 2015), et al., 2015)



CeramizedCeramized SurfacesSurfaces in in THRsTHRs::
OxidizedOxidized ZrZr-- 2,5Nb 2,5Nb AlloyAlloy –– OXZr (OxiniumOXZr (Oxinium))

Technology used in LWR to prevent
Zirconium Hidrides formation on fuel
cladding.
m- ZrO2 layer formation by oxidation
(3h, 538°C) of Zr-2,5%Nb alloy

(Mishra & Davidson, 1992)



THR Reoperation by DiagnosisTHR Reoperation by Diagnosis
Swedish Hip Arthroplasty Register 2010 Swedish Hip Arthroplasty Register 2010 
(41.119 Surgeries,  1979(41.119 Surgeries,  1979--2007)2007)

1,3% 2,6%2 % 0,9%
4,2%

1,3% 2,6%2,7% 0,9%

8,0%

11 8%
56,5%11,9%

11,8%

Aseptic Loosening Dislocation Deep Infectionp g p
Bone Fracture 2nd Stage Proc. Technical Error
Implant Fracture Pain Other 



CeramizedCeramized SurfacesSurfaces in in THRsTHRs::
WearWear UHMWPE Vs. OXZrUHMWPE Vs. OXZr

40
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(data: Herrera L, et al., 2008)



CeramizedCeramized SurfacesSurfaces in in THRsTHRs::
OO llOXZr OXZr DislocationDislocation DamageDamage



CeramizedCeramized SurfacesSurfaces in in THRsTHRs::
OXZr Surface OXZr Surface damagedamage

(da : Kop AM et al 2007)(da : Kop AM, et al.,2007)

(da: Evangelista GT, et al., 2007)
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Thanks for your attention…!Thanks for your attention…!Thanks for your attention…!Thanks for your attention…!

Ready for Coffee Break…?


