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- Abstract 

Desp1te their excel) ent -bfocompatibi11ty. tl'e use of 

calcium phosphate ceram1rs and glass-CeramiCS~!~ the medical 

area is 11m1ted to non-10ad,bearing\ applications because of 
-v 

their poor mechanica1 properties. 

The poor strength of the glass-ceramic (CaO/PlO S :s 1), 

e. g., 70 M Pa, a ris e s f rom the fa c t th a ton 1 y sur fa c e nu c 1 e a-
" 

tion takes plac~ thus generating a fibrous structure perpendi-

cu1ar to the surface. Three types of\.glasses ~nd glass­

ceramics were studied: a) pure calcium phosphate, randomly and' 

un;directionally:.. crystal11zed, b) cal~ium phosphate w1th , 

additions of a nuc1eating' agent (Zr02), and c) calcium 
1 

phosphate'wf'th additions of a strengthening agent (A1203)' 
/ 

Uni d ire ct ion a 1 cry st a 1 1 i z a t 1 on i san e f f e ct; v est r e n 9 the­

ning mechanism typica 11y increasing t~e fl exura 1 strength by 

up to 600 ~. However, the slow rate of crysta 1,1 i!,.ation a.s well 

a,~ the sen s i t i v 1 t Y 0 f the pro ces s t 0 exp e r i men t a 1 con dit ion s .. 
/ 

may' l1mit its commercial app11cability; Small additions of the 
.. , 

nuc1eat1ng agent, Zr02' enables bulle rather than surface 

nuc1eation to be achieved. However, the strength of the glass­

ceramic 1,s not improved. Additions of the streng"then1ng agent, 
o .. 

A1203' increases the' fracture toug'hness of the glass sign1f1-

cantly. e.g. by 701. but does not affect the strength of the 

glass-ceram1c. i , __ 

Calc1um phosphate glasses s~em to be more prom1s1ng 
-

b 1 om a t'e r 1 a 1 s t han. the 9 1 a s s - ~ e t am 1 cs. s 1 n cet h e y ex h i bite d 

SUP')1o-r mechan ica"1 -propert 1e's. . .".... ~ 

• J 

iv 
, r" 

" 



o 

,0 
• 

, 

" 

• 

.-- ._---~ 
/ Résumé 

Mal 9 r e -] 1 e x celle n t e b i 0 c 0 m pat ; b i l -; t é des c ë:r am.i que s à 

~ de phosphate de ca I.e lum. 1 eur usage dans des 'app 11 cat 1 o~s 

médrcales impliquant des contra,intes élevées est resté limite 

en r~~de leur manque de réSistance mécanique. 

La faible résistance â la fl exion (70 MPa) du -verre--- -.------

céramique (rapport mol aire CaO/P20S=1) est dû au mode de 

ft· cristalli.sation. -En effet', les ge.rmes ne se développant qulen 
~ 

surface, les cristaux croissent vers le c-entre de 

lié pro u v e t te, c réa n t a i n s i une s t r u c t ure f i b r e. use h a u t e men t 

anisotropique. Trois techniques de renforcement de C'e matériau 

ont été étudiées: a1 par croissance uni.directionnelle des 
ù 

cri s tau. x, b). par (1 '. ad dit i 0 il d' u n age n t d e ~ e r min a t ion (Z r 0 2 ) , 

et c) par l'ad~ion d'un agent modificateur de réseau 
• 

. ( A1 203)· 

La C~~llisation unidirectionneJle 'augmente la resis-. 
, . ., -" 

tance à la flexion d'environ 600%. Toutefois, ce procede 

n'aurait que des applications industrielles T(mitees, puisque 

très lent et.d'une'mise en oeuvre,difficile. B1en que 

f a v 0 ris an t· 1 a for mat ion d e g ê r mes à . l' ; ri t é rie u r .d u m a le ria ~ \ 
. . ... 

l"oxyde de zjrcone n',augmente pas sa résistanc~, à la ,flexion. 
Ob • 

S -1 l' a d èJ i t ion d 1 0 X Y d è d', a '1 u min -i u m . a u g men tel a t é n a c ; t e à 1 a 
, 

r u p t ure d u ver r e, 'i 1 n' ; n f lue n c e que peu les p r Q p r i été s d u 

v erre- céram i que., ... . , 
.. . 

De manière générale, 
Q,. 

les propriétés du verre sont supé-" 

rleures à celles du verre-céramique; il est donc possible de 

conclure que ce verre semble être un 'biomateriau-prometteu·r • 

-. 
v -
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1.1 Bi om a ter ia 1 s , . 

The term "biomaterial" is use~ for an~ type of material 

which is emp10yed as~an artificial organ in the human body. 

The variety of biomaterials is very extensive since they are 

us~d in such c.omplex .prostheses as artificierl hearts as wel1 

as for quite simple implants such as pla"Stie pipes for 

repl acement of sma11 sections of blood vessels. The . ' 
b i om a ter i a 1 "S t 0 b e dis c us s e d i·n th i s the sis w i 1 1 bel ; mit e d 

. . ' 
to !l1ateria1s us-ed in the 'locomotor system for load bearin9 

'> 'joint prostheses • 

. . 
The most c,?mmon 1 y used biomateri a 1 s for knee or hip . . \ 

p'ros'theses ar\ meta 1 1 te a 11 oys [1], e.g. ·,Co-Cr, staln 1 es,s. _ 

stee 1 and --Ti-,A 1- V a 11 oys for the femora 1 component, and Ffigh . . 

Oen.sity 1 u~tra Hïg~ Mo.l~c'ular Wei'ght Polyethylene :[2] for: t,he 

tibià1 and -pe1vic"components, r~spective1y. Ho~ever; th~S'~'" 
, . 

- . , 

mat e'r .i a 1 s a.r e ,0 n 1.y' s a t i s fa c t 0 r y for s h 0 r t ter r;n ~ 0 i n ~ 
l ' repl'acement [3], -since they tertd to lO'osen or· co-rroèfe af.ter a 

( 

... l """ 

few y.ears' serv.·ice in the high1.y s,t'ressed a~d cotrosive 

·envi-l"onmenf. of' the human b'ody. 

. . r'hese prob1ems' have 1ed,phY3icians .lnd material e'ngiReers 
.. . 

- ,to look for'other 'suitabie 'biomateri-als-. !\In obvio'us"dir~ction 

, W a s c e ra 'm ~i cs. H 1 9 ~ 0 e n s i t Y - H i 9 h Pur i t Y A 1 u min a w a S è h 0 sen' 
~ J 

bec a: use 0 fit s ex celle n t cor r 0 s ion r e s 1 s tqa n ce,' • 9 00 d 

trilto1ogical and mechanical properties' [.4]. However, tog'ether 1 .. 
... • " \ 1 

1 

-"':tth 10w fatigue: resista-nte and b,rittlene~s, the attachment of -_~-

t.h~ pro,~thesis st;.'11 remàins a problem ["sj .. ' 

2 
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S1nce boné 15 all ap,at1te mater1al composed of calcium, 

phosphorus and organic t1s.sue, ma'te,r1als from the cal.c1um­

ph~hat.e system were 1nvestigated. Calcium phosphate ceram1cs 

(m.olar CaO/PZOS > 1.6) are aTready used as non-load bearing 

c om po n e n t s 0 f t h>e s k e 1 et 0 n [6], e. g • for the m a x 11 1 0 - fa c i a 1 

r e c 0 n's t rue t ; v e sur 9 e r y. Th; s b i 0 mat e r ; a.1 ; s 1) e r f e C' t 1 Y 
J- . 

b i 0 c am pat i b 1 e and e ven b 1 0 a ct; v e , wh i c h me ans th a t bon e gr 0 W 5 . 
, 

il'lto the pores of the prosthesis and the minerals of the. 

implant are then used by the:boély ta generate new, l1ving and 

mature bone; i.e. by chemical, re.sorption .of the prosthesis 
- . 

[Z]. However, the poor mechah1cal p r'b p e r t i e S 0 f cal c 1 u m 
• , 'lo 

phosphate c~ramics 'malce it i.mpossible to use as a bu1k 
. 

pro s th e.s i s' i n a 1 0 a d ~.~ a r i n g j 0 i nt., 

Ceramics prôduced ,by the "glass-c'!!.ram1c" process lus'uarly 
. . 

ex'hib1t b4gher t'ougheness than sintered material s. Starting 
. .. ~ .. 

w1~h ~ glass, it 'is possible to produce very ~';'ne gr~ins by -
. ~' .. 

- suit,able heat treaterrient invor\',i~g a·nucJ~a'tion. stagéand,a 
" , 

crystal growth stage with a consequent ·;mp.rovement in , 

mechanica1 propertiés.', 
" 

Cal cium, pho~phat~ gla'ss-ceramïcs (molar '-Ca'O/P20S < 1,6) 
" A 

are al ready used in dental appl icat1on$ and in' sorne 

experimenta1 joint prostheses [8] •.. Al~hough·'the'y '~a've- 9.2.,9d 
.. , \ ~.., 

casting characteristics, the.ir'strength is s'til1 not 
• •• 1 

suf,f1c'1'ent to allow the1.r use in th~, 1 o~omotor' system. 

" 

, , , . 

, 
) 

o 
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1.2 Scope of the Study \ 

.' 

The purposê of this work was ,to study the mechanica1 
" 

v "', 

properties of ~alcium phosphate glasses and glass-ceramics t~, . 
d ete r min eth e i r sui t ab; 1 i t Y for l o'a d b e a r i n g me d, i c a l, 

applications. e.g. ,hip or" kne.e jOint. prostheses. , 

\ 

Three types of m.aterial were investiga,ted: a) pure 

calcium phosppâte glasses and glass-ceramiCilS', randomly and 

uaidirectiona1y crystall ized, b) g'}.asses and.-g·la~+'r'a,\1ès-~ 
~.. /" ,"). 

;' '·w i th. a 4d dit i 0 (1 s d f" a . n u c 1 e a tin g. age n t t : i .. e • Z r 0 2 ' and c ) 

"glasses and glass-ceramics wi·th additions of a strengthen,1,,!g 

age n t t i. e,~ A 1 2 b 3 ~ 
-. ' 

\ These,glasses and glass .. c~r-am1cs were character1sed in' 
• 

terms .of modul u~ 'of ruptu~!! (4-,poin't ben'd:, streng'th)' anq 

f r a c t ure t 0 U 9 h n e s s (V i c k ers i n den t a t ;-0 n a n cl 
J • ' 

notched beam 

t'echniques). A tribolog.ical study was, a,.lso 'co'nducted for the' - , 

m 0 s t pro mis i n g" mat e r ; a l and a C 9 m par i son w i th. con ven t ion a 1 
, .' 

biomaterials was made. ') 

. -

Cha.1? ter 2 i s'a 1 i ter ~ t ure sur vey 0 f b 1 om a ter; a 1 s wh i c h 

are used in load bearing joint prostheses ,in the locomotor 

system and Chapter 3 déals with the,current knowledge of 

calcium phosphate ceramic~ and gl'as's-ceramics: 

. -' 

" , 

. " 

. , 

4 
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2 • 1 Se l e c t ion Cri ter i a for' ~ i om a ter 1 a 1'5 

• 
2.î.1. M-edical Criteria 

A biomaterial has to meèt bo'th"tmedical [9] and mèchanical 

[ 1 0 ] r e qui rem e n t s. Th -e m 0 s t fm po r tan t me d 1 cal c rite ria are the 

b i oc am pat 1 b 11 1 t Y and th e cor r 0 s i.o n b e h a v i or • 

, 

The biocompat,ib11 tty' 1s a cr1tical parameter becall~ if .. 
the biomateriaol 1s not perfectly biocom'patible the attac;:hment 

o~ ,'the prosth-es i s _becomes a prob 1 em and furthermore the immune 
, . ' 

, l ' 

:- system of the il'ody, may react aga.inst ,the rtl'aterial thus lead1ng 
, , 

tOi)t1ss,ue, 1nflammati,on, necrosis, or ,ev'en to the rej.ection of 

the ' pr 0 ~ the sis' [11]. 

The 'corro'sio-n resistanc~, 15 al-s,o very 1'!1portant sin,ce the 
, , 

body .flu1d'1s ,saline and ha-s'a pH of approximately 7.3. S11ght . " 

v,~'riat1ons of' pli with-i,'n the_nu.man body ca~ 
., ,~ , 

9 -jl" v an i c cel 1 sin 'met ~ 1 al] 0 ys wh i ch c an 1 e ad 

corrosion. ~hd 'l~athi,~-g ~f t,oxic 10ns i~to th"e 
. ! . ' 

- provokes~i~s1Je- 1)\flam"!~tion and eventual1y, 
) 

.. i mp 1, a ~t . 

" 

, " ~ 

; 

~, ' / 

/ 
( 

l 

~ ---'---.--

.' . 

" . ' 
" , 

generate small 
. 

top r e f é r' e n t i a 1 

huma~ body: Th 15 

rejection of the 
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"" 2.1.2 Mechanical Criteria 

From a mat e ria 1 s s c,1 en cep 0 i nt 0 f vie w, the m 0 s t 
. 

important requirements for a biomaterial are: 
....... ---~-~~----

.., 
-, 

a} Ease of Fabrication 

b) S~,itable Young' s Modulus-
. , 

cl Strength and Toughness 

d) Fatigue Resistance 

e) Tribological Propert1e-s 

t 

a ) E a seo f Fa b rie a t i 01\ 

, .... 

~ 

J h i ,5 { san i m p 0 r tan t. c r 1 ter 1 0 n bec a use a 1 0 ad b e a ri. Q g 

joint prosthesis typically has a moderately complex shape 

(Figure 1); fufr"therm,or.e, for each implant design several sizes 

have to be avai'lable since each patient has a different joirnt 

configuraèion.. Therefore, .materia15 which are easy to cast or . 
d e f 0 rm are pre fer e n t i a 1 1 Y c ho sen.' 

b) Sui tab 1 è Youn"g' s Modu 1 us 

o 

An ideal biomaterial should have a Young's modulus very 

s1m1la,r to that of bone [12]. Tabl.e 1 gives the Young's modul1 
, 

for SOrne typ1ca 1 'biomateri a 1 s current 1 y used in orthopaed 1c~. 

'. 
7 

/ ' 
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Figure 1: Total hip prosthesis ,wl·th a metal11c femor:al part 
and a high density polyethylene pe1vic part [13]. 

Table 

--' -
1: El astic Modul us Comparison Between Bone and 

Di fferent Common Bi omater ; al s 

.' 
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• ..d_~~~ • 

---
A 1a,roe elastic modu1us mismatch between the prosthesis 

a n,d the b a n"e c a n h a y e d r a mat 1 c con s e que n ces. The - i n ter n a 1 
, 

fixation plate used ta stabilise a 'long bone fracture (e.g. a 

femara1 fracture) proYipes a goad examp1e of this problem 

[12]. These plates are usually screwed to the two parts of the 

bon e sot h a t the f r a c t ure s i.t e i sun der c 0 m pre s s ; 0 n (F i g ure 

2a). If the plate ;s not stiff enaugh, the parts of the bone 

are allowed to moye, and hence, the union will never occur. 

But i f the Y 0 u n gis m 0 d u 1 usa f the pla ~ e ; s t 0 0 h; g,h, 1 a r g e 

s t r e s s shi e 1 d i n 9 t.hi 0 u 9 h the p 1 a te w ; 1 1 0 ecu r . The r e far e , 

\ s1nce 11ving bone reacts to externa1 stresses, if no demand, is 
" 

pl-aced on 1t, the bone will tend to disappear. Hence, the hard 

and 5 t r 0 n 9 cor tic a 1 bon e .n e x t t 0 the f 1 x a t ,i 0 n pla te w i l 1 b e " 

rep1 aced by soft--and-we-ak cancel1 o-us bone (Figure 2b). This . 
wi 11 1 ead to a high ri sk of refracturing the bone after 

remo va] of the_ pla te • 

b: 

Fig ure 2: a: -F 1 x-a-,;-ro n pla t eus e d t 0 s t a b ~ i z e a f e m 0 r a 1. 
fr act ure. b: Bone r e sorpt i on (a rrow) a t the prey i ou s 
location of the fixation plate [12] • 

• 

-9 
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c 

An 0 the r e f f e c t 0 f a h i 9 h e las tic m 0 d U FU s m 15 mat c h b e t w e en' 
c-

the bon e and the '1 m pla r1 t mat e ria l 1 5 the h i 9 h s t r e 5 s i t c a n 

i n duc e a t the b-o n e - i m pla n t 1 1'\ ter fa ce: U ~ der con ~ ta" t 5 t r e S S t 
• 

bone i5 1 ikely· to deform mor,e than the meta 111c pr05thesis 

thus'creating an int'erface prob'lem. This may lead to lQose-."-"'ng 
.' 

of the prosthesis withjn a short ,period of time [12]. 

c) strengj:h and Toughnes5 

~ In the locomotor system, load bearing joint prostheses 

ar~ highly stressed [14], e.g. the tota,l react)o,n on a hip 

jOin~_whe\ a man ts sta~ding very qu1etly on one leg 1s th"ree 

tinfes his body weiqht, this val ue reaches five whe]l he, is 

wal king and 1s over ten when he 15 going upst~1rs or dowo-
~ , 

s t air s • And. sin cet h e spa c e a v ail Cl b l e for t h.e ; m pla nt. 15 Qui te 

. small" the 5trefs level in a' hip join~, dur,ing thése activities 

" 15 ver,y high, e.g. a) maximum contact bear1ng ,stress of 15 MPa 

" 

, 
and b) an est i m,a t e 0 f thé s t r e s sin' the par t 0 f the p r, 0 s the s' i s 

su-bmitted to the maximum bending moment is 130 MPa. 

~n Table II the ultimate tensile strength"and the 

fracture toughn~ss of the same biomater"ials currently u;sed 1n 

or,tho.paedic surgery are given. This Tàble sh'ows that the' 

ult.1mate tenslle stren'gth of cortical bone is 'rather lo\( and 

the low KIC value 1ndicates that it fractures. in a brittle 
~ ., . " 

man n e r. ,B u the r e a gai n bon e i s a 1 iv i n g mat e r ,h l wh' f c h c a n 
" accommodate minor structural deter10ration and h.eal, but th15 . 
15 obviously not ,possible fnr a b1om·ater1al~. Th.erefore, an 

L. 
'. 

." 
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_____ ~f" 

p . 
1 d e a l b 1 om a te.,.. i a l s hou l d h a v e a mue h h ; 9 h é rte n sil est r en 9 t h 

and toughness tharr -cortical bone. 

Ta b leI 1: St r e n 9 th and Fra C tu r e To u 9 h n e s s C om par i son 
Between Berne and Different Common Biomaterial s 

/' "> , 

'MATERIAL Fracture Stress 
[ MPa'] 

Cortical bone 60-170 

Bon e cemen t 70 

Stainless steel 660 

Ti -Al-V alloy 880 

Polyethyl ene 50 

Alumina tension 400 
compression 4000 

d) Fatigue Resistance 

2-6 

1 

20-100 ~ 

70 

10-20 

4-5 

'~ 

'-, 
1 

. The fat i 9 ~ r e sis t a-n ê ~ und ers t r e ,s san d cor r 0 S ion 0 f a 

biomaterial should bé very h1gh.· It was ~estimH;ed thatJ a knee~' 
l, ' 

Joint of a normal midd-le-aged North American adult has to 

withstand abou\ Î.2 x 10 6 cycles per year. Hence the 
( - '" ' 

. con ven t ion a 1 f a't i gue l ; mit t i • e • la 7 c y c l'e s t 15 r e a che d 

withfn eight'\years. 

, . 

11 



;.:' ..... ~ ..... 

o 

.. 

e) Tribological Pro.perties 

, 

Since the coefficient of friction and the wear rate of a 
~ 

n~t-ural joint are very low (Table III), it is essential that 

the pair of biomate~ials have similar characteristics [4]. A 

high c 0 e f fic i en t 0 f f r i c t ion w i l l' 'l),e r e s p 0 n s i b 1 e. for --
.. 
a 

d ; f fic u l tan d p a i nf ulm 0 t ion and for l 0 0 seri i n 9 ô f the 

prosthesis. Tissue i~flammation, necros15 and prosthesis 

loosening could be s'Ome of the consequences of poor 

tribological properties; 

III Tribological Properties of a Natural Joint 
Compared w1.th Art if; cJa 1 Pro s the ses 

Coeff. of Friction 

Joint Articu\ation 

t~ e ta l - Pol y eth Y 1) e n e 

0.01 

0.1-0.2 

0.1-0.05 Ce r am i c - Ce r am i c 

1 

In a metal ta polyethylene 
. 

". 

We arR a t e [ mm 1 y e ar ] 

.. 
non e (r eg en e rat, c r'I ) 

, , 

0.1-0.2 

O.l-D.Ol 

~ 

prosthesis, the 

r-/ 

fni~j~l 

coeff,icient of friction and wear rate are .very low because of 

., the'\highry pa1isl1ed surfaces, i.e. pol ished to 0.05 pm. 

o 

Howev-er, the pollethyl ene component 15 quickl y damageâ an,d, 

hence, the wear product keeps incrsasing when in serv ice. The 

body immune system is capable of accommodating a small amount 

of po 1 yethy 1 ene wear debri s but as s'oon as the wear ra te 

becomes tOG high, debris accumulation occurs. and an adverse 

12 
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.. - -
f reactfon takes place resu 1 tfng 1n t1 ssue inflammatfon and 

necrosfs"" 

. 
From a tr1bological po~int of view, a ceramic-ceramic 

configuration 1s more favorable. The initial coefficient of . . 
friction and wear rate are quite low, and they drop to an even 

lower val ue after a short "run-in" periode Furthermore, since 

ceramfcs are [!lore bioinert than polyethylene, all the we-a·r..,. 
• ~ 1 

products can easily be accommodated [15]. 

" 
2.2 Current Biomater1al~ 

The most popula-r biomaterials used tor hip and kn.ee 

prostheses are metallic alloys, alumina and polyethyleneJ 
' ... 

Metals and alumina are used for the femoral'part in both the 

knee and the hip prostheses ~here a material with a hfgh 

'strength is required. High Density 1 ~ltra High Molecular. 

We f 9 h t Pol Y eth Y 1 en e i s the con v ern t f 0 n ale 0 u n ter fa c e mat e r fa l ' 

sfnce ft acts as a shock absorber and results in a 

satisfactory cpefffc1ent of friétion when used in conjunction 

with metalii'ë a11oy~ or ceram1cs. 1 

2.2.1 Meta 11 fe . a 11 oys 

Table IV gives the composttion of sorne ty~1cal metal11c 

alloys used as bfom'àterhls [1]. -All these alloys were cho,sen 

13 
~. -Or;: , 
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, 
bec au seo f the i r h i 9 h, st r en 9 th, t 0 u 9 h ne s s, .r el a t ive 1 y 1 0 W 

density and good corrosion resistance. 

/ 
1 

Ta b 1 e 1 V : C omm 0 n Met a 1 1 i c A 1 1 0 ys for Art 1f ici a 1 
Joint Prost.b~ses. 

AlLOY' TYPI CAL COMPOSITION (wt %) 

Stainless s tee l 18% Cr 14% Ni 3' Mo ) 

C,as-t Co-Cr-Mo 28% ,Cr 2% Ni 61 Mo 

Wrought Co-Cr 20'1 Cr lOS Ni 15~ W 

Wrought Ti-Al-V 6% Al 4~ V 

... "", 

Their. corrosion resistance arises from the passive 

l' 

... ' 

oxidè 

fil mon the sur fa c e 0 f the i m pla nt. Ho we ver 0' the we a k ne s S 0 f 

this, passive fi lm can lead to the fai 1 ure of the pros.thes1s, 

since the slightest disruption of thi's surface layer causes 

preferential corrost.o..n to occur. . , 
- 1 

In the sixties the metàl-metal combinations were widely 

used. However, high coefficients of friction leaQi,ng-to'h1gh 
~ 

we arr a 't e s we r e en cou n ~ !! r e d. 1 t wa s ver y d i ,f f i C'u 1 t for the .. 
body to cope with the wear product b~cause most meta'ls except . 

f, 

Fe, Al and Ti are toxic. Therefore loosening and even 
~-

rejection .of the prQstheses were ,very commo·n and t~ey had ta 
f 

be 'replaced fr~quently [1]. 

, 
In a' metal te plastic implant only the polyeth~len"e part 

" , 
15 affe'c.ted by wear. However", this wear ~roduc~ 15 mu'(,h less -- ' .. 

" 



o 

t , 

. 
toxie and the human b-o~y can easily accommodate the ,wear 

d e p r 15 • The, c 0 e f fic i e n t'd 0 f ; ft i c t ion i n suc h ,a n i m pla n t i 5 

.... qui,te J ow during -th-e é-arly 'years of sery ice, but increases 
-.-- " ..,.. ~ 

wlth time (j'able III)~ The wea~ rate fo11ows,th·e same trend, 
, ' 

sot h a t ,·t h'e • we a r. ~ !' 9 0 ut" ~ 0 f the pla s tic c om po ne n t i s t 0 b e 

expe,cte,'ê:f within about ten years [3].. 

" , 
, , By .far the greatest probl em in to.tal joint rep1 acement , . 

" , . . 
surgery i,s sti 11, the attachment of, the prosthesis. Th\;'s is 

usua11y. achïe-ved by,us1ng b,one cement. The 'problems of boné 

cement wi 11 be d!scussed in detai1 later, but the introduction 
::--, q, ,.. 

of a second 'intérfa'ce,- and henc~anothèr eLastic- modulus 
............... , . 

mismatch, increases turther- the problems already described in , 
, 
section 2.1.2. 

'A'not'her '~thpd f9r attaching' ~h~' prostheses 15 to a110w , 
". . 

bJ~ n e 1 n 9 r 0 w t h i n t 0 a p 0 r 0 us' . 1 a y' e r . 0 n the sur f ace 0 f the 
~ -' 

11ft pla nt. put sin c è for ev e r y 'm e t a 1 11 c .a 1 1 o,y t h<e r e ; s ,a t 'J e a s t 

", 

one el em e n t wh 1 ch; s no t c 'cm-~ 1 ete" Y", 1) ; 0 ~ omp a t i b'l e', ft hi s '. 
" . 

~' 
, . 

process 1.s v.ery slow. "",However, sorne progress bas been made 

with a por,ous coating, of pure. titan1um '[l~]. 

, 2.2.2 Po 1 ymer 5 
" 

" . , 
1 n 0 r der t 0 h a v e a mat e ria 1 cap a b 1 e ·0 f . ab sor b i'n 9 s hoc k -- ' 

w i th 0 u t d am agi n 9 the 5' u r r 0 und i n 9 bon e a 5 we 1 1 a s t 0 0 b t ~ i n a 
1 

low coefficient of friction, lar1'itiu,s po1ymers have been' . 
j - ., 

, ~ 

tested, e.g. acry1.1c mat.e.rials! nylon, and fl~on (,3]. T.hese 

\ . . 
15 
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,,-

.. 
were empl'Oyed as .a part "of a multieompon,:!nt 1mplan.t", i.e. ttte 

. 
p.el.v.ie part of' hip prasth~ses or the tfb1al part 'of knee 

pro s the ses. Th ,e sep 0 1 Y mer s we r e c ho sen bec a use 0 f t, h e t r 9 00 d 
. 

bi.ocompatibil ity in 'non-load bearing impl ants, ~.g. pipes for 
,. , "t " , . . 

s,mal 1 seétions of bl..ood vessel. However, they were not found 

Jsuitable for' load bearing j'oint prosthes,es ,for three re_asons~ ... . .. 
" ~ , a) gr 0 s s s ,h ~ pJL de ( 0 r m ~ t~i '0 n sun der 1 0 ad; n g, b) il i g.h w ~ a r. rat e . 

and c) poor biocompatibil ity under hig,h',stress condïtion·s' . 
... .,. ' . 

. . 
T ~ e sur 9 e'o n Cha r n 1 e y , m'a de' the for tu n a tee ti 0 i te 0 f H 1 9 h 

Density'/ Ultra High MOl,ecular \Ieight polyetohylen~" [2]."~~nis 
• ,.,.-J' ~ '". , • • ," 

polymer. used in conjune,tion .with met~l, has' a low coeff1cielIlt-

of fric,tion, ,an~ gi.ves s~t;sfacfor'y r!!I#nical results.' liowever 

two 'important prqblems rema;n: a) the increasing wear rate 

with'time and b) the attacbm.ent of the, imp,lant:· The high wear 
, 

. r. a te h a s t 0 b e -t a ken, i' n,1 a , ace 0 U n ~ wh e n the pro s t: h e s 15 i s , 
, . *," . .. Q 

designed, i.e~ by increaslng the thiekness of the p,oly,ethylene 
\ .. __ If" 

p,art lleyond. the :required, shoek absorbing :capa'bi 1 ity .• fhus, t,he 
. ' 

1 oosen; ng of the fm'plant ,usu,al.1'y prèeedes' the '!wea,r1ng outil of 
.. A. 1 

\, . .. . ~ , .. 
the po1 yethy 1 en'e com'panent. The loosening ot" the pros'th~sis ts', 
. -

- t à, b e exp e c ~ e d sin cet h e f ;,t a t 1 0 n i s a,c hie v e d b Y us. i n 9 bon e 

~ tement as ,d i sc.u'ssèd be 1 o'w. \ . 
" 

.. 

2~2.3 'Sone"Cement _ J 

. " ;. 

, -. 
, . 

..1 

<:\> 

Bone cement 1s used for th,e f'ixati,on of ~èta111c and 
f l 'f. 

pol ym e r ~ -c pro 's the s e 5,. The' c e.m en t '15 f'i r st 'c a st 1 nt 0 a c a v 1 t Y 
1 _ ,. , _ l 

, ~;if' . ":, . 
m a' c h ~ n e d \ l-t\-': ~ h e bon e ~. The i m pla n t i s t h e,n 'f 0 r c e d 1 n -t 0 t h .e 

, , . ,,_ ~~\'w ~ , " 

, 
" 

- "., ':<: \ 
,..1 r:;'f' ~ V, \ 

\ J ,. 

, ' 
~ , 

\ , 
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.1 , . 

cement and h-e,ld in place unt11 hard.ening .. o.f the cement 1-5 
J 

acbieved. Today, on1y self-curing acryl'ic cements are--
q 

'employed, which are composeq of. 'a mix'ture of methyl' 
':a... "-

mèthacrylate (MMA) a~d pOlymethyl methacrylat~Ji'MMA) [1'7J., 

However', several .problems s~i11 occ.ur with the usé of thes'e, 

aery1 ie cements • 

~irst the success of the attachment depe~ds mainly on the 

skf11 of the surgeon, since he has only a st\Ort time (e.g. 
'II1II' 

~bout five minutes) to açhieve the correct location,of the 
, . 

imp~ ante Secondly, .during the cu!.ing phase, ,the' high' 
~ 

temperature ,generated requ;'res the use of an efficient cODl ing 

system, otherwistj! -a11 the surrounding tissues would be burned. -
, ) 

Th1r'd1y, inst~ad of on1y one interface (bone-prothesis) the 

use of bone cement introduces two interfaces: bone-bone: cement 

and bon e c ê men t .. pro s the ses... Th i S me ans t h a t the e 1 a s tic 
'.' 

m 0 d u 1 U 5 ~ i. s mat chi,. a 1 s p d 0 u b Le d (T'a b 1 e f). th us, \Ii 0 r sen i n g , . ,. 

the' 'problems'described in 2.1.2. 
<t> 

/ 

, 

Fin a f l y, the i n't, r 0 d. u. c t ion 0 f 'b 0 nec e men tin. t 0 the bon e 
, , 

can be 1mmediately followed by a drastic drop in the blood 
• , 1 

.., , .. 

'pre~·sure. There, are -ev en severa 1 cases where a cardi'ac arrest -. . 
1 ... """!. ~,. 

-. fol'lowed,by the death of the patien~ have been- repo~ted, (18). ' :. 'l' 

) " , . 
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., , '. 

The d1fferent 'pr.obl ems such as .. corrosio,n. wea"r rate, 

bi'ocompatibility,. but more particu1arly. the bonding of the 
.. ' ~ 1 . 

·,prosth.es1s have 1ed physlcians and 'materia1 eng,ine'ers to 
'. , • ' A. 

, , 

se arch for other suitable biomateria1s. 

.. Apart from bone cement. there are three other '(Iays of 
~. . .... 

an implant to bone. (a) 8y hard ,tissue 1ngrowth 

i n t ° a po r ° u s 1 a y e r ° f the pro the ses; t h i s 'r e q,u ire s ' à . 

perf,ectly inert 'biomaterfal'·(e.g. ,pure titanium and alumina) 

[19]. (b) By chemical reaction between the implant an~ bone; 

hèr.e the mater;a1 not on1y has to be biocompatib1e, but also 
" 

" bioactiveo to, chemicàly reac,t with bone (e.g. SiOi-cao-'i~a20 

'.' 

1,g 1 a s ses) [ 20] • , (c)' B-Y : fil a ter i a 1 r e sor pt·; 0 n ; i n th i s cas eth e 

m: a ter i al' h a 's a c 0 m po s i t ion sos ; of. U art 0 th a t '0 f the bon eth a t - ' , 

. 

, 0 

it ii; decom'posed and used for the forma,tion of, new bone (e.g. 

po ,r 9, use a 0 - P 2 0 5 ce r aj1l i c ) [ 2 1 ] • Us u a 1 1 Y the i,!, p'l 'a ~ ~ h a ~ a 

p,orous l,ayer to' increase th'e reactiv'e surface. 
l , 

,\ l " 

, a) Al um in a 

, ,j!1I 

" No w a d a ys. the 0 n 1 y C e r ami c use d ; n 0 r ,t hop a e d 1 c s 1 shi ~ h 

den, s i t Y -, h i 9 h P ù r 1 t Y a 1 u min a [4]. Th 1 s ~ e r am 1 C h_ cl s ~ xc e 1 1 en t 
~ , 

tribologieal properties since 

coefficient of friction of 0.1 anrJ a wear rate, of 0.1 mm/year 

and these val ues drop to 0.05 and.O.Ol 'r,e'spe'ctively after èl 
1l'l ' • • ":, 

short' ierun-in- period.-'The speCial mechan1cal character1st1cs~' ,- ~ 

. '. 18 
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of al um'ina. 1.e. tensil e strength :II 400 MPa, compressive 
, , 

strength • 4000 MPa, fractur~ tough!,ess :1 4 MP~ mt/2, as wel1 
1 '-

a 5 the f a c t 't h a t s a t i s f·a c t 0 r y , bon e .1 n 9 r 0 '!I th 0 n 1 y 0 ecu ~ s 1 n 

ar.eas Whe~~ stress,es are ,tr~nsmitted. ~ require a Sp',eCi~"~ 

fmpla~t dergn (Ffgure .~) • 

" , 

l, 
1 

. ' . \ 

.scr. 
__ l \ J 

. ~.. . 

, t rochant" plateau 

cndop,oU.is ' 

'. 
ftmur 

Ftgur,e~ 3: ,Femoral part of an al umina hfp prost,hesis designed 
" 'to minimize bending, moments [3'0]': -

. '. . , 
.. . 

.'Although it gi'ies ~ati~.factory res1Jlts [5]"alu~ina is· 

still not th,e ide~l 'biomaterial. Some of the probl'ems .. incl'uQè: 
, , 

a) a h,:tgh el~st1C: modu.Ji mi,smatch (40'0 GPa lor allJmi.na·ag~inst. 
• ~ .,. ... J 

1 7 6 Paf 0 r' bon ~). b) i t s 1 n h e "e n t _ ~ rit t 1 n ~ s 5 .' G) the l, 0 W . 
, ' 

bon~; 1ngr~wth; . ,. 

.' , 
~', \ 
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Il) Bioglass -
~ 

Heoch et al. [ 20] developed bioglasse's 'whfch, by chem-ical 
. ~ 

r e a c t ion, a chi e v e a v e'r y s t r 0 n 9 a t tac hm e n t t 0 b"o 'n e. T Y P 1. cal, 

co.mposi~ions are give-n j~ Table V. 

- .... 

Ta b 1 eV: 'T y"p i cal ,C om p 0 s i t ion 0 f Bio 9 1 a' s ses 

Material ..c ,Corn p.o s i t 1 0 n i,n We i 9 ht Percent 
'S i 02 ~205 CaO , NaZO ,CaF, B203 .. , 

.., yd 

-
4 

4555 45 6 24.5 24.5 

4555f 43 5.7 '--11.7 23.4 16,3 

\ 45,8S5 40 J'6, -24.5 24.5 5 

ThiS direct bond 1s obtained without the use of -a porous 
, ' 

s t r ù c tu r e, he n c e r e t ai n- i n 9 the st r" ~ n 9 t bof the sem a té" i a 1 s. 
~. ~ . / 

The, strength of the bond 1's pro,,!oted by tHe' d issol ut1dn of 

calcium and phosphorus ions in the slightly acid- bodj flu,id, 
• _ - a 

" : ~ hic h pro mot est hep r e c i pit a t f 0 n 0 f h Y d r' 0 x y a' pat i t e i n b ~ ne • 
..t!P l ' 

The rate at which: the bonding octurs~ ,as 'well .. as its strength,"-
~ , 1 ct - , 

are not dependent- upon the Ca/P' ratig or t,he microstr~\ctuTa,l 

state. This means that i.t is possible to modify the phys1cal 
4 1 ~ 

P r.o P e r./~ 1 es 0 f the m a t, e ria 1 (e. g. b Y - cry s t a 1 1 i z f n 9 the 9 las 5) 

• withouf changing the bio10gical behavior. 
'~ ,~ 

4 1'-- , 1 

.. 
The, _str~ngth .of thJs ho,nd' fi excèl'lent, sfnce after on1y 

zo . , 
--- ---7·- ~ 
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l8 weeks," fracture would occur prefer'ential'ly in the 
'f 

surround 1ng bone, 1 eay lng the interface and the O(eramic 

C om pou n d i n tac t • 

c) Cal ci um ,pho s ph a te c eram i cs 

St!,ce cal cium su l phate (Gypsum) was successfu 11y used as 

/ bone substitute last c~ntury [22], there is a gro~~ng interest 

in ceramics bâsed on biological salts. Because bone 1s 

c-omposed' of cal cium, phosphorus and organ1c tissues (mainly 

. . 

collagen), calcium phosphate ceramics h a v e - "" . r e'c e f v ed 

cô-n"s1derable attention [23]. Cal,,Çium phosphate èeram.i.ç.~ 

exhibit a very high biocompatibi 1 ity s;nce neither' 
- . 

encapsulation nor rejection of the material occurs [6]. A 

tJght bond between the 1mpl ant and bone is ·quJckly developed. 

Densely sintered ceramiés do not exhibit a measurable 

cbiodegradation rate (resorption). A comparati ve animal' study ~ 
. 

seems ta indicate t~at the presence of both pores and 

impurities fayors the resorption of the material [23]. It 1s, 

the r e for e, p 0 s s i b 1 e t 0 a chi e v e d i f fer e n t d e 9 rad a t 1 o'n rat e s 

'yarying ,from negligible to lO~ or 'more per mon th". • If 

Resorption .occurs ,in .tw,o steps. First .po~der particle·s· 

a r' e· 1 s'b 1 a t e d ' f rom the c e r ami c b 0 d Y • b Y P h Y s i 0 - che mie a 1 

d1ssolutiàn of the neck of, the 's1ntered partic1es. These 

par tic 1 e s are the n i n 9 est e dt b Y the sur r ° und i n 9 cel 1 san d 
l , 

tranformed into ne,w living bone. It is obvious that the pore 

... .... 
21 
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s i z e i sac rit i cal par am ete r for con t r 0 1 1 1 n gr,!! sor p t ion rat e 

since the more ava11able surface area • the more phys1o­

c h em i cal a c t ion. -

. The mechanical 
, ~ 

prop'erties of calcium phosphate ceramics 

depend strongly upon the porosity of the sample. -For t-he- dens-e , 

ceramic, compressive strengths of 500 MPa ,and tensi 1 e 

s t r e n 9 t h-s 0 f 1 0 0 M Pa h a v e b e an r e p 0 rte d [2 4 ] • 1 tex h i bit s 
<l ":' < 

substantial slow crack .growth and low·fracture to~ghness (e.g. 

K1c :ll 1 MPa mI/2). 

It seems po,ssible -to' 'overc"ome these general ceram.ic 
.-

d r a wb a c k s b y pre s t r e s s i~ n,g . the i m pla n t f n c om pre s s ion [25]. 

Suc h pre s t r e s s e d i m pla n t s are a l r-e a d y suc ces s f u 1 1 Y use d a s 

load bearing tooth· prostheses and they seem to show promise as 
1 

j 0 i.nt prostheses. 

d) Calcium Phosphate Glass.;.Ceramics 

~ "....... ... :~.. f~ 

The poo r _ mec han i cal pro p e r t i es 1- 0 f cal c i um "'lrrr 0 s p'h a t e 
. 

c e r am i c s h il s st i m u 1 a te d r e se a' r c h ,1 n 9 las s - c e r am i c s wh e r e fin e 

grained ceramics are obtained by contrpl1ed cel"ystallization of 

suitab')e glasses [8,21]. 

In France, Pernot et al. investigaté'd the porQ~s fqrm ef 

such a glass-ceramic [21,26]. For a bioinert mater1al l1ke 
*;, .... ,~4'i~ 
.. al umina, the'min)mum' size of the in~erconnectio~ between pores 

~ has to be about .J.oq IJm to all ow""sati sfactory bon,e ,1ngrowth. . . 
They produced porous cal c1um phosphate glass-ceram1cs using 

22 
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the "foam1ng agent" technique. The resorpt1on characteristics 

o f t h i s m a t.le r f a 1 a 1 1 0 w e d for a r ~ d ~ c t ion i n the 

interconnection diameter to about 15 um w1thout lowering. the -, r .r 
bone ingrowth properties, and hence l~d to an ;mprovement 1n 

the ..mechanical prop'~rties. 

Dense calcium phosphate glass-ce.ramics are under . ../ 
investigation in Japan [27]. Their biological behavior is 

excellent, since it was shown in an animal study that after 

only 6'weeks a tight bond was developed between bone and the 

'---ceramic w-h11e a control titan1um ~imp1ant (the most 

biocompatible metal) was stfll 100se. They were found high1Y 
f 

~suitable for the manufacture of artifical teeth since their 

mol d fil 1 f n 9 cha r ~ c.. ter 1 s tic s are e x celle n t 'a n d the i r . ' -
. . 

mechanical properties are very si,tnl1ar to that of natura1 

tooth {Table VI) [8]. 

( 

Table VI: Physical Property Comparison Between Natural Tooth 
and a Calcium Aluminophosphate Glass-Ceramfc ' 

Natural tooth 

G 1 a s's - cer am 1 c 

MOR [Mpa] 

142 

116 

Hardness [GPa] 

3.6 

'3.8 

A h a rd n es S sim 11 art 0 t h a t 0 f na t u r--a 1 ' t 0 0 th 1 shi 9 h 1 y 

des1rable ,for a dental b10material because materials -harder 
) 

than tcrot1T erramel (11ke 'convent1onal dental porcelain) would' 

-wear away the tQo th by abr.as i QA.... 
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C,AlCIUM PHOSPHATE CERAMICS 
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3.1 Calcium Phospnate Ceramics 
~ 

Under normal cooling conditions in the calcium pnosphate 

s 1. stem, cry s t a 1 1 i nec e r ami c for mat ion 0 c c u r·s ab 0 v e 5 5 mol a r 

percent calcium oxide. This cont:entration corresponds to the 

" eutectic point b :tween monobasic and d ; bas i c- cal c i um phosphate 

(Figure 4). ) .. 
/) 

Most studies in the b iomed ical fie 1 d wer e 

conducted on .ceramics hav ing a Ca/P rat 10 varying fr·om 1.5 to 

1.7 (CaO/P20S = 3 to 3.4), i.e.tclose to the tribasic calcium 

phosphate composition. The former will undergo a . phase 
/ 

transformation from éttPatite to beta-whit1 ockite at 800 oC, 

w~ile the latter will .. remain in the apatfte form [6]. The 
" . 

three most important processes used for the production of such -. 
ceramics are :- a) sl ip c'asting and sintering, b) co1d prêssTng 

and sintering, and c) hot pressing •. 

'\ 

S.lip casting ~nvolves the casting of a slurry composed of 

cal ci um phosphate powder, water and proper def 1 occu 1 ating 
" 

agent into a plaster mo]d. The water is removed by'capi11ary 

\ action, leaving the so-ca11ed "green" body. After drying, th,e 
) , 

COmP.dct is fired at the appropriate sintering temperature 
,-......? 

(usually 2/3 of the melting temperat~n degree ke'lvin). 

-
Cold pressing of the dry powder can be carr1ed out 

, 

~ither in a .onventional uniaxia1 press or preferential1y in 

" an isost4t1c press. Compaction of the powder 15 achieved with, 

pressur,es of up,to 500 MPa. The resul ting compact body 15 then 

,. 
25 . . 
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heated at the sintering temperature for a. suftable period of - .-
t ime. 

",-
., 
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Figure 4: CaO-P20S system phase diagram. 
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Hot pressing i5 a complex techn'que where compaction and 

sintering of the p~wder occur' simultane~ously. Alt~OU9h it 15 

an expensive process limited to simple shap~s, improved 
Cl 

inechanical propertfes c"'an be achieved. - ~ - , 

e 

'" 

~ 3.1.1 Propert1es o'f Calcium Phosphate Ceramics 

\ 
A careful odetermination of the mechani'cal prope..rties of 

's ,,~ 

dense cal c i um 'p h 0 s P ha te ce r am i c s \ wa s car ri ed 0 ut b Y de 'W i th . , \ 

et al. [24]. The starting materfal was a calcium phosphàt~ 

po w der h a vin 9 a n Cal Pra t i 0 0 fI. 6 4, a s poe c i f i c& sur fa c e a t e,a 

of 85 m2/g and 50% of the grains below 1 pm. This powder was 

_i.tr.it pressed unia'xially in a die P9t 5 MPa and then 

isostaticall~ compacted at 100 MPa. The resulting green body 

wa s s u b $\ e que n t 1 Y ,s, i n ter e d a t 1 4 5 0 K for 6 hou r sin a moi s t 
~. 

atmosphere. achievirrg a density of 98% theoretical. This· 

ceramic was characterized in terms of elastic modulus, bend 

strength. fracture toughness and· slow crack gro{th under dry 

and wet conditions. Results are listed in Table VII. 

The mec han ; cal pro p e r t i e s d e cre a s e d sig n il i c an t 1 Y wh en 

tested under wet conditions. However ageing for three weeks in 

aqueous solutions containing biolog1cally active components 

C~ t bt e i n san d cel l s) h a s, n 0 e f f e c ton the pro p e r t i es 0 f . 

samples careful1y dried prior to testing, "rherefora.e it was 

c.onc 1 uded that even though the presence of water does not 
-

degrade the material, the. fracture behavior is greatly 

--' , 27 
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affected by r:loisture. 
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-~ 
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T~ble VII.: Mechanjca 1 0 Propertles of .a Ca 1 c1um 
Ceram i c Und er Dry and wit Cond.1t 1 on s • .. 

dr y" wet' 
.. -

Elastic Mod u 1 us t GPa 11-6-
" 

Modulus of Rupture, MPa 103 92 
t r 

Frac turè Toughnes,s, MPa m1/ 2 1. 33 0.88 

Slow Crack Growt h Coeff., n 32 14 
( see Append i xl) 

" 

, 
Phosphate .--., 

'~ 

v' 

Although this ceramic has sati sfactory \short term 
\ 

mechanical characteristics. the low v'alue of n indicates that . . 
--a substantial slow crack growth would cause deterioration in 

, '. the sep r 0 p e r t i e s w ; t h t i met i. e • s 't a t 1 cfa t i gue. Fur t ,h e r m 0 r e 

this decrease would be more pr:of'lol,lnced under in v 1tro 

conditions than in dry atmosphere. This ceramic 15 t-neref..QoF&- a 

doubtful candidate for the highl'y stressèd env ironment (}f load 

bear i ng j 0 i nt-pros the ses. 

.-
,\ 

~
\ , 

\ , 
\ 
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3.Z.1 Crysta~lization Behavior Above]g 

, , 

In t~::calc:ium phasph~te system, glas\ f~rinat;on,{ècurs 
, '-,,-

lup to 55 mo1ar percen,~ CaO. Abe [28] e,xt,ens1ve1y studied,the 
, ' . 

cry s t a 1. l 1 z a t 10 n behavior of the monobasic ca1cium-

ortho.'phosphate glass., Its glass tr~nsition temperature was 
- , , 

f~.und to b~ close tô:510'oC; The crystallization ki.netïc study 

of the glass at temp'eràture'cldse to-SOO Oc gave the'fd11owing 

results ': 

, . 
" ". . \ -,~ 

" .' 
1) The major crystal11ne phase ,was beta cal-c,iuOl metaphospha~e 

with 'a, smal1 amoqunt of metastab1'e."'-g.amma calcium metapho~-
" ---A 

pha-te 'presen't., This gamma phase transforms into the beta 
" 

, ph as e ff su f fic; en t t i m e \ 15 9 ive n • 
, if, -- ' 

r ' , .. 
bJ The a c t '1 vat ion en erg y 0 f 'n u c 1 e a t ; 0 n' and cry s ta, 1 1 i z a t 1 0 ri ' 0 f .. 

. , 
,the beta.:phase.,was found to be the same' (aboù~11-5 

• ._,.,,' 1 

, ' 

kcalJmo1). Stnce this energy is comparable to that of'the 
, 1 , ~ 

: p·o - P b ô n d 'e n é r 9 y,' i t wa s th 0 u 9 h t t fi a ter y s ta 1 . gr 0 w t h 
" , 

o ecu r 5 b Y b ne, a. k ; n 9 and r ~ arr an gin 9 the cha 1 n pat t e ~ n a t the 

\~~_s s,- crys ta,l ; n te:Pha se (29 J. 
." Ci' 1 

" 

c) The nucleation activation ener:,gy of tt!e metastabl e gamma 
, ' 

phase was e~timated to b~ 1 arger' t.han ,th'at of. thé' 5'tabl e 
" 

bet'a phase. 

, " 
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3.2'.2 cryta~;~:1zla~ior} ,~ehavior Befow Tg 
.' ., 

.' ," c;. 

, 

It is usually acceptgd that glass"es do 'flot cry~tal,lize 

a t! 0 r b e " 0 W , t h lj! i r tg l ~ s s t ~ ~ n s i t i' 0 n t em p ~ r a ~' ure . T 9 t b e ~ a use' 

the t-hermà1' energy is' too smal1 to bre'ak and reform/.the gla.ss 
.. .... I~'" 

net w 0 r k. a nfd a 1 sot h e rat e 0 f ion'; ç d 1 f fus ion i 5 S 1 0 w • 
~ 

However. Abe et al. ,[ 2,9] found 
, , 
two 9 r'ou ps of phosphate 

1 • ( / ' 

"'wh i ch' glasses, ~'a ) Be ~ P,O 3) 2 • Ca ( PO 3) 2', s "-lP 0 3 ) 2'. a a (PO~) 2 
r 
/ -

Tg~ crysta 11 jze both below and above and t i'J ~ Mg{ PO J),.2 .-. 
c 

Ni (PO 3) 2'~ Na PO'l wh i éh on l'y cr:ysta11 îze above ! g' The fi.r st . 
met a p ho S ph a tes e ri es (a) ha sa' cha; n .. l i k e, st rue tu r e' in b o.t h 

, , 
'7~ , 

" the' glass and the crystal1 ine state, .whereas the latef (0) has', 
t • ~ • 

l , 

a chain structure in the glass and ring morphol~gy in 'the 

crystal1ine state. 

The gl ass transit"ion temperature for tt,le n:'onobasic , 
.. 1" ~ , 

cal c 1 u'm met a ph 0 S ph a t e 9 1 as s wa s· fou il d t 0 bec l '0 s'e t 0 49 il . 0 ~ 
1 • i, , ~ • 

from th,er.inà1 expan.'sion curves, with vatiati'ons depen'ding on 
• 1· \ j, , 

the he~ting ~iPate'. Th.e corr'èsPO,n.din g V'1SCOS,,~~y ~a~ l().14 Pa s. 

N u c 1 e a tin 9 a t the sur f ace. t h·e cry s t a 1 s' w.h ; c. h for!TI a t '8 
\ , 

temperat~re as low as '420 oC" hâve a typical, bemispherulitic 

shàpe. The surface6 remains covered b,y ~ glassy layer 

approximately 20 JJ!R thièk except at the nuc1eat1"On site. T,hese, . , 

hemisphe.riJ11tes can r.each severa1 mi11imeters·r in sile and QTe' 
. . 

. cQmposed of fibrp $ abôut' 0.8 fun in :-t1Jameter. 

The activation energy of crystal growth was found to be 

,30 'kcallmol for, 'crystall1zatlà~ .belOW Tt whl.ch js' a low v4 1 ue 

"'.'l 
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,e,ômpared 'to that above Tg (110 kcal/m-ol): This 4 ind·icates that 

,,'the c~'ystall 1zat1o,n m'echanism in"the two cases 1s baslcally' 
• .. r 1 ' 1I>.b; ~ " , :; ... ~!.. 

~ i f fer t= nt. ,F 0 r cry s'·t'a 1 1 i.z ,a t i ,0 n bel 0 w - Tg; Il i t i s'., t hou g h t 't h a t , 

the st'ructur'e of the gl'a~s, ~n'd crystal are. ~jmi1ar:: Al th()ug~ /~ 
, • ~ ) > ~.,. 

the m.o'lec·ula-r chaMns follow li completely rando'ln,path' in the 
• ~. ""i l "- .. . . \ ~ \..~..... ~ 

glass. t.he 'crystal. con~racti(tn_(around ~.~) ind,uce~ a high 
~ '1 l,' , 

.. stress at t,he gla,ss-cr,ystal inter,face, thus str~ightening and " 
1 _ \ l 

o rd e r 1 n 9 thé 9 ,1 a s s c h ë) i n s • , ' Th; s cry ~ t a 1 1 f z a t 1 0 n mec h a n-i sm -
.. ,.. } ""'.... l ,~ ... , .. - \ - , 

requ'ires only a smal.l amount of energy w;'th little atomic 
'1 

.. . . 
rearrang eme~t. since 't aoes' nQt invol ve the "brea,king. and' the 

, " 

r e 'f p r min 9 . 0 f bon d s . Th; s s t r e 5 s - i, n duc e d cry s t a 1 1 i z, a t ion 

q-. mechan,is.m ,exp1 ains, th~, presenc~ of the gl"assy: 1 ayer. Any 
, . , 

stress appl ied to t~is t.hin glassy layer ,(20 pm) wi 11' resu,l't' 
" , ' , 1 • \, 
) -, • ',r"" 

, in its deformation rather than ta.chain st~aightenîng. -

') . 
Thè structure a,nd the phasès present in cr9sta1s grown,' ,l, 

'b~l ow 1'og~ (·é.g. 420 Oc ) aré th<e sall'!e· a,s thos,e grown above 

(~.g. 800' Oc )'. îie. nhe~1slpheru11 tes c,omposed ~ain'ly of beta 

calcium pho~phate w1'th a," small 'amount of the metastabre gàmma 
~ .., .. -~ , - ;r 

'phas,e. The crystal ,gro.wth r~t'e a~ound 'the Jl,las.s. -transi,t1on ! 1 

, ' 

temperat u-~ 

, "Equation (1) 

.f art hi s _ 'C ao;.p 2,95 9 1 a s's ~ s sur p r 1 sin 9 1 Y ~ h ; g h . 

1s ~OU9hlyÎlalid for net,wor'k g1as~e$ hav'ing thè 
'" \ ~ f ~ "\ ' o 

same chem1cal compos ft i on as ',.the growi ng c,ris ta 1. 

wîth 
~ • • l 

v . ': ~ris ta 1 growth, r~ fe, .ml s 

~ : ~vi.scosity. 'Pa s ' 

• T : degree' of ur:wd~rcoo 1 i ng , K 
(from the mel ti-ng ,t~perature) 

, ~ 
r . 

" 

o 
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- Usual1,y, 'at températures clO'S'e tO"T~, this G~ua~ion, ,leads 

. ta crystal growth ,rate 'of se'v~~àl 'microns .per -hundr,ed' yea'rs. 
, ' -"' ,~ 

Howe.~er •. at Tg, t,hi's, ~~lcium p'hos'phate glass, crys~al1{zes .. at a, ,~ 
. , , 

rate as hiQh a,s -10 'p,m/min,. which çpl"'~es,ponds to': 
'- ' 

V nI· T - 16,.6 67' NI m K. 

. ' 

Tbe ~r~wth rate se~ms to be depende~t o~ thé thickness of 

.. the g'la.ss s,ample' [30]. The, crit1cal',.thickness (where ,th'e 

growth -r_at~' jum,s fram' 1-2 ta 20-25 fJm/min) was found ta be, 

'" 'about J mlJ1 at 560 Oc an~ 2 mm at 54'0.oC. It 1's belie,ve~ that 
, , 

, ·'.this cr,itical thickrtess :is 'determ,ined by competition between 
, ' 

, thé'rate of relaxation of the induce,d t~,nsion in the mO'lé~ular 
, ' 

" chaihs at ~he, glass-cr.ystal int,erface ,and th~ cr~stal gr,owth 
, , 

rate àt ~ giveri: temperature . 
.....- ,1 ~ ., .. 

. '" • 1 . 
Àl though Ùle:crysta 1 '>g'row~h rate is not a(f~cte,d by the 

.~ presence of water; th~ number of nue 1 eati on. si tes J s . , . . , . 
proP9rtional to the partial vapor pressure of water in the 

. 
at,mosplt\lre. The incubat;Ji qn,.ti!"e' .al sa decreases as .the vapor 

pr.es·sure în~creases [29}., 

.. 

" 1?' 

" 
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3.2.3 Unid,irectional Crystall1za~ion ) I:~", ~f' 
" ' , 

, , . 
~ 

, , 
, , -" 

, . 
Anot~er',interesting characteristic of CaO- P 20~ glass .; s 

1 t s a b ,i 1"i t Y 1~ 0 cry s t a 1 1 i z e . à 1 0 n-g t h è 2 1 r e c t. ion 0 f a p'p 1 i e d 
}. l 

stress [3tf]. A fi,ne ,glass ,rod was obtained by stretching it 
, 

t~ree t 1 mes i t s/ 0 r 'i gin a 1 1 en 9 th a t ,a t am p e rat ure s 1 i 9 h t 1 Y 
1 

abo.ve Tg (i.e,. S~40 oC). w~èn this spec,men'was hea,.ted at 510 . . 
Oc ~n-der 'no l oad; ~rysta ll1zation occurred 'in the elongation 

~ ... , , 

d i~ e c t 1 0 n a t ~' 'r a t ete n t 1 rn e s f a ste r t h à n t h 'a' t '0 f. a 

hemispherulite. TJhis high rate is due ta',the ori·entation of' , , 

the glass molecular chains ln the stretching direct'ion, thus . . , 

providing an· easyOpath for crysta1 growth. 
J, 

ThAs cb·aract'eristiè is used ta pradoce uni.directiona·ly, 
- . ' 

crystallize.d'samples [31,32].'One end .. ôf the ro~ is hea'ted at 
" • .1 

abou-t 600 °C-'untll random'crystallization ta'kes pl'ace. Tne rod 
, .' 

,'lS ttren pl,lll ed through a th'ermal gradient of 30 OC/cm .~round -- " •• ,0 .. 

?T g at a r~te equal' ta the crystal gr'owttl rate, {è .. g. 20 
, • ~ - ... 3 , .. ~ 

. .. m/m1n)~' The crystals grow un19irectionalY,fr.om t,he h1gh. 

;; 

'" 

. teinperature region. to the lOw one: The ~riVing,for.ces a,re ,(a)/ 

the ,stress' induced by the thermal gradlént and (b) the' s.tress .. ., 
, , 

1 n duc e d a t the 9 1 a s s - cry s ta l . 1 n ter fa ce. ' . 
..! .... ~ 1 •• ,,\ ' , _.. .- ~ 

-
'Q The t e m p e rat ure r ,a n 9 è w h e r e uni d ire c t ion a 1 

':crystal,l i~ation can'"-occu~ depends on the composition of the 
, "- ,.. - . 

'glass (Figure 5) .. This range ·is quite-"!·idè for a molar ratio 
. ~ , 

-'·of, 'CaO/P20S.'R. ~.94, but beGomes ve'ri, narrow fàr R)=- 1. 
, , 
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Figure 5: Temperature range' whère 'unid1rectionàl cr'ystal1iza-
. " tion can oceur (from [32]).' 

"The s~rength was improved from'50 M~a for a randomly 
. ~ 

crystar11zed: calcium phosphate glass-c~ramic to 600 HPa for a .. 
unidirecti'onal one. The maxiltfum strength was found for il mol ar 

\ -- , . , 

rat i 0 0 f O. 9 4 (1. e. : 64 0 M Pa). The f r a c t 1.1 r e' t 0 U 0 h n'e s s wa s a 1 s 0 . , 

. greatly. improved sinee instead' of shatter'ing 1 ike conventional 

ceran'lies, the glass"ceramic fractllTed in ste'p-l~ke olashion, as 
b - ' 

eaeh 1>undt'e of erystal1 ine fibres brlJke. The cr'acks tended to 
~ 

, ' pro pa 9 a te in the d 1-r ~ ct 1'0 n 0 f t h'e fi br e ax 1 s br e a k 1 no the 
..J 

e ohes 10n bet ween' t hem. 
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4.1 startl!\~ Materials 

~. 

4.1.1 Calci.um Ph.Qsphate Powder 
« 

~ 

Pur i f 1 e.d gr ad e cal c i u m ph 0 s ph a te ,p 0 w der. i n the f 0 rm 0 f 
. 

CaH4(P04)2.H20, ~as purchased from BDH Chemical s. The major 

impurities are given in Table VIII. 

. ' 

Table VIII: Impurity Level in the Calcium Phosphate Powder. 

ch'loride < 0.005 ~ 

sulfate < 0.05 ~ 

1ron < 0.015~~ 

Sin c e i t i s a h y d rat e'd po w der, a d i f f, e r en t ; a l s c a n n i n 9 

'c a 1 0 ri m e t'e r (0 SC) r uni wa s p e r f 0 rm e d t 0 d ete rm i net h e w a 't e r 

dissociation t,emperatures (Figure 6). The three main 

endothermic peaks characteristic of water 1ôss occùred ~t 150, 

27 0 and 3 1 0 0 C • Wa ter dis SOC i a t ion i s C om p let e d ab 0 v e 1\ 5 0 0 C • 

X-ray diffraction ana1ysis indicated that the powder was 

C' 0 ni p 0 S e d mai n 1 y 0 f a 1 p h a C a 3 ( P 0 4 ) ~ , w i t h l'a r 9 e P e a k s 
. 

characteris,tic of tombined water of crysta11ization. 
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---Figure 6: lfSc curve show1ng the water, dissociation behavior 
'. ,for the cal c;um phosphate powder • 

• -
4.1.2 Additive Pow,ders 

Two additions were made ~o _calcium phosphate to 

1 n v est i g a te the 1 r a.f f e" c ton a ) the nul c e a t ion and b ) t ~ 'li> 

strengthening; they were Zr02 and A1ZOl respectively. ~ 

a) Nucl eating Powder 
, 

'.' 

In pure calcium phosphate glass only surface nucl,eation 

.. \ 
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,--
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.. 
oc c urs and, he n ce, dur i n 9 cr'y s t a l 1 ;, z a t ion a _f i br 0 u s s t r u c t ure 

is develop~d; The addition 'of a nuc,leating ag-ent that would 

p rom 0 t e bu} k nu c l e a t ; 0 n rat h e r th ans ur fa c e nu cl e a t ion wa s 

investigated in order to produce a fine grained structure. 

Conventional nucleating agents used in the glàss-ceramic 

industry'are: phosphorus pentoxide (P205), titanium oxide 

(Ti0 2 ), and zirconium oxide (Zr02)." Phosphorus pentoxide was 

immediately excluded since phosphorus is one of the main glass 

constituents. Titanium oxi'de coulG not be dissolved in the . 
gl ass even at 1600 oC. Titanium ions cou 1d al so be introduced 

in the glass by dissolving titaniulJ1 phosphate. Howeve,...-tt was 
, 

considered too expensive at $201 gram. Therefore, zirconium 

oxide was chosen as the nucleating agent. 

The specifications of the zirconia powder are given in 

Table IX. One weight percent of zirconla dissolves in 
!) 

stoichiometric calcium phosphate glass (Ca/P = 0.5) at 1230 

OC, whereas the dissol ution temperature for. 2~ zirconia is 

over 1500 oC. Therefore, the nucl eation behav ior of Ç'al cium 

phosphate' glass with an addition of,only one weight percent of 

z i r con i a wa sin v est i 9 pt ed. The a p pro p ri a t e am 0 un t 0 f z i r con i a 

was added to' the starting cal cium phosphate powder, carefu11y ,. 

mixed, dried and melted at 1250 oC; po significant increase ~f 

the v iscosity of the mel t was noted. The glass was poured into 

·a mo1d preh~ated at 560 °C.J..and annealed at this temperature . 
> / u 

for 10 m i-n ut es. Hal ff the r e sul tin 9 g 1 as s sam p 1 es we r e 
/' 

crysta 11 i zed at 650 Oc for 12 ta 16 hours. 
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Table IX: Characteristics of the Zirconia Powder Used as 
Nucleat1ng Agent. " 

Impur1ties: 0.9 Si22' 0.3 A1203, 0.2 Ti02, 0.06 FeZ03 
wt % 1 

Mean Grain Size: 1.5 ~m 

Speciffc Surface Are'a: 4.2 m2/g 

b) Strengthening Powder 
o 

" 
"-
"'--., 

A 1 u m'i n a wa sad d è d toc ale i u m p h 0 s P h a t e 9 1 a s s tom 0 d i f Y 
to1 • .. ' 

4 

the glass network and promote the formation of stronger . , 
bonding, 1.e. Al-P0 4 bonds, and a1so increase the strength of 

the bonding between the" crystal fibres. The characteristics of 

the'alumina powder used are given .i-ft Table X. The appropriate' 

amount of alumina was added to the starting powder, e.g 1.6. 9 
- -

A1203 for 100 9 of CaH4(P04)t.H20, mixe,d, dtied and melted at 

1 2 ° ° c;J C. The 9 1 a s s wa s cas tin t 0 .a mol d pre h e a t e d a t 5 8 0 0 C '~ 

and then annealed at this temperature. 

/ 
1 

.---- ... 

Table X: Charact'erlstics of the alumina powder used as a 
s treng the' i ng agen t. 

, .. " ---
• 

1 m pur i t 1 es: O. 04' Na 2 0 , 0 • 06 Si 02 , 0 • 04 Fe 2 ° 3 ' 
Wt S 0.04 C~O, 0.04 8203 

Mean Crystal Size: Il U!f' 
S~ecific Surface Areat <1 m2/g 

. , 
.... t ~-' •• t_~~'" ... :--'\ 
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4.2 Samp1e Preparation 

t0 
4.2.1 Ory1ng and M~1I!l 

.,~, 

. . 

Since phosphorus pentoxide is an unstable mater1a1 (pure 

P20S beg ins ta sub 1 ime around 30Q Oc and me 1 ts at 560 OC) t the 
, 

weight losses occurring at different melting temperature were 

monitored (see Table XI). Ten grams df powder were dried for . ' 

16 hours -at 115 Oc to ensure no 10ss of P'20S' The batch was 

then heated ,at 1000 Oc ta remove a 11 the' water of 

crysta 11 ization and then reheated at 1000. 110Q. 1200. 1300. 

and 1400 Oc for 20 minutes in each case. The 'sample was 

careful'ly weighed between· each increment of temp,erature rise. 

After the first heating at 1000 Oc there were no P20S lasses, 

since the thearetical weight 10ss due ta water shou,ld be 

21.43 % and a weight loss of on1y 20.24 % was measur,ed. thfs 

meant that some water had disso1 ved in the glass (1.19- %'). 

Tab~e XI: Wefght Lasses During the Dry1ng and the Melting of 

- 10 9 of CaH4(P04)2.H2'. 

Temperat ure We1ght Lasses in 20 MinuteS' 
[ oC] [ g] [%] 

1000 1.4701 20.24 

1000 0.0014 0.02 

1100 O. 005~ 0.07 

1200 P .0229 0.29 

1300 0.0662 0.83 

1400 0.1544 1.96 

-. "Ù 
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Ser10us losses of P20S dour ng mel tlng of a g"P'l,ss batch 

observed at T >- 1300 (0.83 wt% after 20 Ini-n). . 
Therefore, a me l ting temperat of 1200 Oc was chQsen. To 

check if such a me1ting tempera ure,would resu)t in high 

phosphorus pentoxide losses" a batch of glass, having a molar 

ratio of CaO/P20S Il 0.9, was made by adding 6 ml of 851 

phosphor1c acfd (H3P04) to 100 9 of cal c ium phosphate powder. 

After carefu1 drying, this batch was me1 ted at 1200 oC, 

weighed and' then reheabed at this temperature for one hour. A 

weight 10ss of on1y 0.2 ~ was measured. Therefore, it was 

dec1ded that 1200 Oc was. the optimum mel;ting tèmperature for 

these glasses. 
ô 

A ose study showed that complete, dissociation of the 
• 

water occurred be10w 450 Oc (Figure 6). Hence, the powder was 1 

.. --c are f u 1 l Y d rie d a t 5 0 0 0 C i n a pla tin ume rue i b 1 e sin c e n 0 

oJ;her material couJd withstand 

reacting with the pow'tier. A small 

this temperature without 

" 1 ayer of powder, ab out 1 cm 

" thick, was \dried at a time \to avoid the formation of a dry 

--

cru s t a t the top 0 f the cru c i b 1 e wh i c h wou l d pre ven t· a n y 
o 

) 

further dehydration of the underlying powder. The crucib1e was 

then charged into an air furnace at 1200 Oc for on~ hour, 
t 
\ .. 

. -- \ 
4.2.2 Casting) 

~~ 0 

Two types of sa,mples were prepared: a) four-point bend 

samples and b) fracture -tougttness samples. 

~ 
41 
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a) Four-point bend salllP1es 

Since crystallization is a time consllming operation, 

es pee; al l Y uni d ire ct ion' a'1 cry st a l 1 iz a t ion, the" 0 pt ion 0 f 

making large sampl es that cou1,d be machined to give a number 

of specimens of suitable ~ize after crystallization was first 

i n v est i 9 a t e d. A s Qua reg ra phi t e mol d 0 f d i men s ion s 1 5 mm X i 5 

mm X 80 mm was designed. However, the quality of the graphite 

'used did not al10w for proper annealing of the samples sin-ce 

mold degradation occurred at temperatures below Tg. This 

"r e sul t e d i n sam p les wh; c h con t a i n e d h i g h r e s i d ua 1 s t r e s ses . 

Since this glass has the pro pert y to crystal1ize towards the 

stress direction [30]. the crystal s fol1 owed the isothe,rmal 

c u r v e s 1 ~ f t dur i n q the c 0 0 1 ; n 9 0 f the sam p le. {, Fur the r~ 0 r e , 
) 

t - -

since nucleation occurs~ only at t~e surfac) of the specimen, 

crystals grow towards the centre of the sampl e 1n a f1brous 
, . 

form. 1eav ing a'n anisotropic texture. This m-ean's that the 
, . 

mea'sured fl-exura'~ strength w~uld not only depend, on the 
----­.----

chem1cal composition-lrat~lso on the 10catidn of the specimen • 

Therefore, this method of sample preparat;on~s abandoned. 

Rou n d s p e c i m .e n s, 5 mm i n dia met e r and 80 mm i n 1 en g th, 

were then made (Figure 7) us1ng a boron nitr1de (SN) mo1d. 

Since the coefficient of thermal expansion of BN from 0 to 
\ 

1000 Oc 1s neglig1ble, on coo11ng, the glass sample shrinks 

away from the mold, fac11itating spécimen re'moval. As ,BN 1s 
1 

c om p 1 ete 1 y 1 ne r t u P t 0 1 400 0 C. i t 1 s po s s 1 b 1 e t 0 an n e a 1 the 

sampl e for a long period of t'me or even to Crystal11ze' 1t in 

, ' 
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the mold. Therefore, BN 1s the 1deal mol'd mat'eria1. 
) 

&, 

'. 

F 1 9 ure 7: Fou r - po 1 nt ben d s pee i ni en' and th e 'b 0 r 0 n n 1 tri d e mol d • . 
, , 

~ T 0 0 b t a i n 9 0 o( m ~ 1 d - fil 1 i ft g, cha r a ete ris tic s, the 9 1 a, S s 

batch,had to be h,~a~ed!t'lZOO ~c, or ab'ove" in order to & 

,àch1ev'e a low melt'viscotslty. Lower me'l tirig temperatu.res would 
, , 

~ 

r e $ u.l t f n the f r e e z i n 9 of the 9 1 as S b e for e . i t r e a c hep the 

bottolt! of the molci-; The mold was preheat..,~!!" in a furnac~, 
, • . fi. 

sl ight1y above the gla'ss transition temperature. After t,he 

pouring of the glass, the mold was pl aced, back in the fu'rnace 

for 1 0 min u téS for a n n e a· 1 i n g. The mol d wa s the n rem 0 v e dan d 

left to C901 to room temperature. 'The r~sulting sampleS".had a 
. 

smooth sur face and low r,es 1 d u'a 1 'S tress. 

,~-- The c,0011ng rate .is a critical parameter· 1n cal cium 

p h 0 5 P h a te' ,g 1 a 5 s' cas tin g. T ° 0 h i 9 h, a C 0 ° l 1 n 'g rat e 1 S 
-1:,. ,. • ~ 
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"rè~ponsiblé for two undesirable effe.cts: a) a wa"ly pattern 1s 

9 en e rat e d a t the s p e c i men sur f ace. p r o,b a b 1 Y due t 0 
t 1 \ • 

pre f e'r è n t i ~ 1 s h r'i n 1< age f O· 1 1 0 win 9 the r and' ô~ mol ~ cul arc ha i n 

path and, b) gas bubble fO'rniation. The gas 1s tttoug,ht ta be a 

m i x t u r ~ a f p h a s p h 0 rus pen t a x ide and h Y,d r 0 9 en. The, b u b b 1 e 

formation, is a1$0 f,avored by "the 1 arge 1 ength to diameter 

r a 11 f a 0 'f the sam p 1 es. A 1 t hou 9 h, the r e i s mol t e n 9 1 ,a s s'" , " 
~ . 

avail.able at the ,top of th,e mold, durifl:g. freezlng 'the centre 

,of -the'V'.ro~ becomes too; vi scoûs t~ fl ow. T~erefore, any furthe.r 

s I;l r 1 n 1< age 0 f the 9 1 a ~s s a t the c e n t r e w,1 1 1 - r e sul tin b u b b l ,e 

format i on. 

On the other hand. tao slow a coo11ng rate would give 

's'uff1ciènt' time fo·r- nucl eation and crystal 1 ization' ,ta occur, 
• , l " 

wh i c Il mus t b e a v 0 ide d a t th i s-.... s t age' • The c 00 1 i n 9 r a t.e c a "-
_ • ,c , 

'easily be ,varied 'by changing both th!! R;le1ting temperatur"e' and . -. 
the mold tem-perature. A me]t1ng ,temperature-of 1200 Oc with a 

, 1 , • " • 

preh~ated mO,l d around Tg wa,s found to be a -gaod compromi se 
. , 

a l t hou 9 h 9 a s b u b b 1 e 'f.o r mat ion wa s r e po rte d 1 n 4 0 ~ 0 f the . 
SP,eclmens p.roduced. These could not be used for strength 

tes,ting and had to be discarded and remelted. 

t->j b) Fracture, toughness' sample.s 
" .' 

- ," 

Sampl.es for fracture 'toughness mea's'urem'ents 'us1ng the , 

notched b'êarn t'ec"hni,que, were mach1ned acèord"fng ta the A~TM 
,', 

, " 

"È399 stand'ar'd (Figure 8); they ha'd'à s1%,e of 1S,'mm'X 30 mm X 

" 

, op 
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8 0 mm • Sin c e b 0 r 0 n nit r ide 1 san exp e n s ive mat e ria 1; h i 9 h 
, . ' .. . 

'qual ity graphite was' chosen for of this large\mold. As high , 

qual,1ty graphite does' not ox1dize significantly, below'600 oC, 
, , 0 , . 

it was' su,itable for con,taining the- sampl e du~ing annea11"g. 

The coefficient of thermal ex,pansion of graphite being' 'lower . 
than that of calci'um ~hosphate glass,"meant that a spl it mold' 

" 

was ,not even .necessary tO,enable easY'removal of the ospecimen 
1 

after ,anneallng, . ' 1 
Th. e 9 1 a s s wa s, me l' t e d a t 1200 0 C a ri d pou r e' d i n t 0 a mol d 

~ , , 

preheated slightly aboVe the glass transition'ltemperature. The . \ . 
mold w'as t'hen 1ef! for 15 min in the furn'ace' befo~e it was 

fUr'nace cooled to 300 ~C and then removed. This p'rocedure was 

very satisfactory. since the samples were perfect1y annealed . ' 

land bubb 1 es w!!re al mqst n ev er present. 

" , 

., 
c~ 

F1gur'e 8': .Sample for fracture toughness measurements using 
th e no t c h e'd b e am te c h n i q u,e • 
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The top s~rface of the spec'imen was rounded and th1s 

face was groun'd down' to'the required dimension.,.The V-notch 

was' machinn' on ,the gro~nd face so that the' .stress due'to 

grinding would not inf1uenee fracture toughness measurements. 

, . A ,.3 0 i f f é r e nt; al' S c a n n ; n g. Calo r i met r y 
, , ( 

-
A Differential Seanning Calor1meter (OSe) ,is an improved 

D'ifferential Thermal Ana1ysis appar:~.tus (OTA). A'DTA only 
, 

measures the temperature increase or-dècrease involved in a 

c.h em i cal 0 r ph ys i cal c h ~:n g e ~ 0 r in a . ph a set r ans f 0 r~ a t ion, J 

whereas a ose ;s 'capable of me'asuring the aetual amount of 

heat it has to fu'rnish to maintain both the reference sample 

and the test sampl e at the same. temperature during t,he 

tr'ânformat;or'l. Tnerefore, it gives the energy,_inv,olved in 'such 
il i ; 

a t{ r a n f Ô r mat ion. A 1 t hou 9 h the use 0 f a 0 Sei s nfu c h s 1 m p 1 e r 

th an the 0 n e 0 f a DT A. i t s ma j 0 r d. r a,w bac k ; s th a t ; t i s no t , 

possible to reaeh temperatures above 727 Oc (1000 K). 

The OSC exp~riments wer,e carried' out on aêrerki,n Elmer 
1 . ' . 

D ~ C .. 2 i n 9 r a phi t e cru c i b J / e sun ct e r ~ 1 t r 0 g e n' atm 0 s p h e r e.' , 
~ ,,' 

, , 

~nitial1y- smal1 bul k samp1 es lying on a grâphite pOw'der bed·, 
, , , , 

were use'd in order to ,reproduce more'closely the condit10as of 
" , 

,a real ,bu1k·cast piete, i.e. low specifie surface area. 

However, 'the ,poor thermal contact between the sam'p'l-e and ,the 

sensor ·1 ead. to enormo~s ,peak temp,erature offsets (of the' order 
. -.J ' 

of 50 oC) ,and to very poor data reproducibi 1 ity. Ther,efore~ . . 
glass powder ,was used for al1 the follow1ng ~xperiments. Prior 
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t~_ t~.~tingt each gl ass sampJe was ground and ~ievtd either 

through No. 100 and 120 sieves or through No. 70 and 1'00 

s1eves. 1he_Jesulting powders had a size distribution betw~en . , 

125 and 150 paf, and 150 and 212 JJm res~e.ctiv--ely. Each tést was 

usually" carried out with a heating rate' of 1.0 oC/min and'w;th 

10 ta 30 mg of glass powder. 

L.~--~--------------~------------------~~----------~ 
ZRI!J2 lX 2ND AS et\ST 
VT. 14.33-S 

SCAN RATEt .... deg/II!'" 

u 
m 4._ 
" ..1 

, ~ 

T /G FROM. 821.2S 
1· 1'0. 141.18 

DNIET. 141.78 
CALIGDIC. • _1124 
NIDPOIHT • ..... 

PEAK F'ROMa' .-TOI _ 

OHSET. 8111. lM 
CAL/CRAMI-31. 1 

&-111. • •• 

,F{iI' , Fi'~~.Df 
,DATEe ~U/18 fUC. "ISi52 

-

... 

, , 

.- •• •• ft. .', 
!~MP~ TURE <tO , ose 

Figure 9: Example of ,a ose' plot ~etermini,n9 th,e g~ass 
" trans1t!on, and the crystall1zation peak temperatûres. 

.... " 
, 
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The ose was cal ibrated using potassium chromate, K2Cr04' 
, 

The mel ting temperature was found to be 954.6 K inst'ead of o. 

943.7 K. Hence, a temperature shifting of -11 0 was performed 

on every measure. On the other hand, the calibration of the 

1 atent heat of fus ion was 8.13 ca"l/g'ram compared with a true 

value of 8.5 cal/gram • 
.. 

~ Figure 9 gives a typical examp1e of a ose curve. The 

gl ass transition temperature i'5 determined by a small 

endothermic deviation arising from the internal st·ress' 

relaxation. The large exotherm'ic peak is characteristic of 
p 

crystall ization. The area under the peak represents the energy 
'--

lost by the material during the transformation to t~e D10re 

stable crystalline state. 

4.4 Crystal1ization 

'The specimens for 4-point bend ,testing were crysta 11 ized 

at 'temperatures ranging from 550 tO,700 Oc for 12-16 h'ours. 

They w~re placed' in SN ,tubes having twice the glass,rod 
, " 

di ameter. stnce the crys ta 11 i za}ion temperature was h iQher 
, ~ , 

than the -glass trans'ition temperature, the samples had time to 

'd e f 0 rm b e for e cry s ta 1 1 1z i n 9 . The r e for e. the r e sul tin 9 9 1 a s s-

, cer'amie samp'l es had an ~111ptica l shape. 

However, since the shape of the beams for the fractut"e 
. 

to",ghness determination. is important, the se were crystal 1 ized 

1n a stainless steel mold. -The mold had to be coated w1th BN 
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ta avoid reaction of the 91 ass w1th the steel. The specimens 

were nuc1eated at 650 Oc for 

16 hours at 570 oC. 

t.l2 hr and then crystal1ized for 

~~ .. 
~ 

4 • 4 • 1 Un 1 d -; r e c t 1 on ale r y 5 ta 1 ri z a t ion 
\ 
\ 

One 0 f the s p e, c 1 a 1 cha ra ete ris tic 5 of cal!= i um ph 0 S ph a te' 

glass 15 that 1t tends to crystallize towards the str'ess 

d1rec'tion [30].'As d1scussed earl 1er, Abe et al. showed that 

1t was possible to grow unidirectional crystal fibres from one 
~ 

end, of a glass rad toc/he other by pa~s1ng )t through a 

.thermal gradient [31,32]. 

motor 

sampl e 

.... : .. 

Î 

furnace l 

Figure 10: Apparatus designed for un1direct1ona 1 crystal1·t,a--- .~­
tion. 
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A n a pp a rat usd e sig rted for uni d 1 r e c t 1 0 n ale r ys t a 1 1 i z a t 1 0 n 
( 

was bu1lt (Figure 10). The sample advance system was composed 

of a 1/10 HP electri.ca'l motor turning at 1530 RPM. a variable 

reducer' ranging trom 13 to 120 RPM", a worm 'gear hav 1ng a 335/1 
. 

reduc~ng ratio and a thread advanc1ng at 0.5 mm/revol ution. 
0" 

Th i s 9 a v e \ a nad van ces p e·e d wh i c h wa s var ia b 1 e f rom 2 0 t 0 2 0 0 
... <"IIU ........ 

~ m / min. The 9 las s rad wa s pus he d th r 0 u 9 h a ver tic a l tub e 

furnace. The thermal gradient could be varied by changing the 

setting of the hot zone as illustrated in Figure Il. 

TUBE FURNACE TEMPERATURE PROFILE -
700 

.. Gradient • 51 [de9 CIe.] 
\ 

, Q Gradlant • 36 [de9 CIe.] 
600 

,....., 
o Gradient • 28 [deg CIe.] (.J 

C"') 500 QI 
'"C 1 ....., 
QI 
'- 400 :J ...., 

~ 0 
"-
QI 
Cl- 300 E 
QI ..... 

• 
200 

-~ 
.. 1 , ~ .., - , 

100 
0 2 3 .. 9 10 J1 12 13 

DIstance th; FurnacQ 

Figure 11: Temper'ature profil e in the tube furnace 0 for 
d1fferent hot zone temperatures. 

50 
~." . 

., 
.s 



o 

, 

~ ... 

" 

The t i p 0 f the 9 1 as s r od wa s fi r st he 1 d a t 650 0 C un t i 1 

random crystal1fzation took place, i.e. 30 minutes. The tip 

w~s then moved to the location corresponding to 450 Oc and the 
\ 

~ , 

advance system was turned "on. This location depended on the . . 
.. set t 1 n g 0 f the fur n ace and, the r e for e, 0 n the the rm a l 9 rad i en t 

used. 

• 

~ 

The . 1 en 9 th of the s p e c ; men s wa s 8 0 mm. -S ; n cet h e a d van c e 

speed was set at 20 pm/min, 67 hours were necessary to achieve 

the complete crystal 1 ization of the sample. Furthermore, since 

un id ire ct; 0 n a l cry st a 11 i z a t 1 on " 0 c C ur s som e w h e r e b 'e t w e en 450 

and 5 60 0 C (s e e se, c t ion 3. 2 .3), t i m e h ad t 0 b e 9 ive n for the 

samp1e to reach the appropriate growing temperature • . 
"(herefore, the running time for each sample was 84 hours, i.e. 

three and a hal f days. 

4.5 Ceram09r~phy 
" r ----~- - ~ .... 

For conventional 1ight microscopy, samples were ground 

using 120, 240, 400, and 600 grid sil icon c,arbide paper. After 

u1t~ason1c cleaning, the samples were polished with 6 and 1 pm 

diarnond paste. D1fferent"etchîng techniques were attemp-ted, 
. 

i • e. h p t 0 r col d h Y d roc h l o,.r 1 cac 1 d, h Y d r 0 f l u 0 r i cac id, 

pho~phoric acid or HF-H3P04 mixtures, and high temperature 

etching, e.g. 700 Oc for 30 min. None of these techniques 
, 1 

resulted in prefer,entia1 etching to revea1 the microstructure. 

Instead of diamond paste, alumina (S, 0.3. O.OS',..m) on a 
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thick soft cl oth was tried. Al ùmina acted, at the same t1me, 
" 

as a po1ishing agent and an etching agent. In fact the more 

the crystal fibre was perpe.ndicular to the p~l ished surface, 

the b et ter i t r e sis t ed ab ras ion. Sim i l a r'y • the -. m 0 r e par a l l e 1 

to th~ pol ished surface the fibre was, the easier it was 

abraded away and hence, the microstruct\,lre was revealed 

(Figure 12). In order to ensure that the microstructure 

obtained was not due to the presence of a second phase. a 
... 

microhardness profile of the samp1e was made. No correlation , 

betw~en the hardness scatter and the micr:ostructure cou1d be 

se_eil_. c'bnfirming that the microst~ucture was on1y dependent on . , 

the cry s ta 1 f i br e 0 rie n t a t 1,0 n • 

, 

, 

Figure 12: Microstructure of a calcium phosphate glas's·'ceram1c' 
obta1ned .... by al umina po11sh1ng. ' 

" 
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S c a n n in gel e c t r 0 n m, 1 c r 0 9 r a phs . w e r e t a ken 0 f f r a c t ure 

sur f a.c es. Th e s ide 5 0 f the go l d co a te d s pee i men s we r e co ver ed 

with silver paint and low acce1érat1on voltages were used to-..:. .... , .......... ~ ... .. 
av oid char1jing. The ·number on 'the 1 eft .. hand s ide of 'the 

scannfng .e1 ectron micrographs represent the 1 ength of the bar 

'1n microns. 

-
4.4 'St,rength Measurements 

, 

~~ -- -
4.4.1 F1exural Strength 

Tensile , testing is norma11y 
, 

no t use d for the 

determination of the mechan ica1 strength of ceramic s [33]. The 
, r' " .. 

main reasons are the high fabrication cost of ,the tensi1e 
o 

specimens and the requirement for extremely good al ignment of" 
1 

the 10 ati t rai n dur i n 9 tes tin 9 • 
" 

Poor alignment induces a 
o 

ben d i n 9 m om en t tin cre a s 1 n 9 the s t r e s s 1 e v e 1 0 non e s ide 0 f the 
• 

sam p 1 e. A n y fla w ,p r e sen ton t h i s fa c e a c t sas a s t r e s s 

. :.',., con c en t rat ion f a c t 0 r and f r a c t ure 0 f . the s p e c i men w i 1 1 
-

t originate at this fl aw. Theref~ret a large uncertainty 1s 

l' #' introduced in the measured strength: 

oC 

. Because of these prablems, the cha'ràcterization of a -. 
ceramic 5trength in bending i5 very common. The f1exural 

strength or modul ifs"- of rupture (MOR) ,i5 measured either under 

three point or four pOint bending. The 

c a' 1 cul a t e dus i ri 9 the 9 è n e ra l f 1 ex ure s t r es s 

bend strrh i5 

formul a: \ 
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MOR :1 P a cIl ( 2 ) 

wh.er-e: P= fa il ure 1 oad, f4 

a= distance from the supporting edge to the loading 
edge, mm ."~ 

- - \. . 
C = dis tan c e f rom the ne ut r a 1 a x i s t a ~,n-'E! sur fa c e in 

ten sion, mm 

1= mom/~nt of.....-inerti a. mm 4 
1 
1 

1 

- -~T h e a d van t a 9 è'-s are t h a t tes tin 9 -4~ qui è f-a n d e a s yan d the 

sam p 1 e 9 ~ 091 e t r y i~ sim Il 1 e t i. e. s qua r e, r e c tan ~ u 1 a r,. 0 r 
, . 

circular rod of un iform cross-sectional area. The severe 
r 

" limitation to this method is,that the MOR depends on tn.e.j-ize 

and the geometry of the specimen 'and whether 3-point or 4-

point bend1ng is used. The stress distributions in the . 
different sample conf1gura~ions are i11ustrated in Figure 13. 

Although th~ volume of mat~rial under maximum stress 15 

1 a r 9 e r i n the 4.':, po i n t tes t th an in the 3 .. po i n t tes t. the b e'S t 

configur"àt10n for the stress distribution 15 the tensile., test. 

i~e complete volume of the samp1e 1s under unifarm tensile 

stress (provided the alignment 1s perfect). Thérefore, the 
'. 

prababil ity that the fracture wi 11 occur at the' 1 argest flaw 

1s 100 1 •. 

Sinc.e the equipment required ta perform an accurate 
, 

uniaxia1 tens11e test 15 not commercialy ava11able for ceram1c 

testing, strength determinat10n us1ng the 4-po1nt bend1ng 

tee h n 1 Que wa s c ho sen. A 1 0 a d~ a p pa" a tus was bu11t for 
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circular specimens, with 15 mm and 50 mm for the inner and 

outer span5, respectivelYi 
'-

th 15 1 sac cor d i n 9 t 0 the AS T'M 

~standard C-158. All the strength data were col1ected using 

c1rcular samples, 5 mm~;n dfameter by 80 mm in length • 

. , C.' 3fOINT BENOING 

Cbl <HOINT BENOING 

.~\\\~~ 
• (cl UNIAXIAL TENSION 

a 

Figure 13: stress distribution in à a) 3-po1nt bending spe~i­
men. b) 4-point bending specimen, and c) tensi le 
s pee 1men • 

4'.4.2 Statistical Treatment of Data 

, 
C-eram1e strength measurements requ1re an approach which.. 

tI 
talces 1nto account both. the flaw and stress distribution. The 

most comm,only used method 15 Weibul Vs stat1stical approach 

(34]. character1zing the scatter of the méasurements and 50 

de t e rm 1 n in g the de g r e e 0 f con fi den c e of the me a ,5 ure d st r e s 5 • 
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It fs based on the "weakest 1 ink" theory which assumes that a 

given volume-of ceramic under uniform.stress will fail at the -----
m 0 st se ver e fla w. Wi th t hO i s con dit ion. the pro b ab i 1 it Y 0 f 

fa il ur e can be d escer ib ed by: 

P f Il 1 .. ex p f ( S) 

where Pflll probab il i ty 0 f fa il ure 

S :1 modulus of rupture 

(3 ) 

\le1bl.ill proposed an empir1cal relation for f(S). Since a 
! better rel ationship to stat1stical1y describe the scatter in ! 

experimenta 1 data has not, yet been found, i.t 1s sti 11 widely 

used and 1s as fol1ows: 

(4) 

o 

The We1bul1 modul us (m) 1s the parameter that describes 
~ -

the f1aw distribution and thus, the scatter of the data; the 
" 

1 0 we r the Wei b u 1 1 m 0 d u 1 u S J the h i 9 h e r the s c a t ter '. 0 u e t 0 

subcrit1cal slow crack growth problems in ceram1c,s, Su 1s' 

often s·et a t zero. 
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Experimentaly, 'the- probabil ity o'f fail ure (Pf) 1 'S':' 'r, - , , 

associated with the measured strength, and can be ca'lcu.lated 

uS1ng-: _.RI 

Pf - n 1 N+l • (5) 

, with: 'n • the ranking of the sample 

N • the total nurnber of sarpples teste~ 

The 'We1bul1 modulus, m, can the" be determined by 

~ 1 0. t t 1 n 9 1 n 1 n (lI ( 1 - P f)} ver sus 1". (S). The réS u 1 t 1 n g plo t -
"J 1 <f" 

should bè 'a, straight 1 ine of slope, m • 

. The, accuracy of the ",e'ibull modul us is determined _by the 

n u m ber 0 f s pee i me", s ... tes te d. 0 u e, t'o 't he 1 a r 9 ~ sc a t ter . ~ f the 

measured strength, large _nu~ber of sam'pl es have' to b~ tested.· 
~ 

A Wei b u 1,. m o'd u 1 us' de t e rm 1 n ed w 1t h lOb end sam p 1 es w i 1 1 ,h a v e an 

accuracy of +40% [35]. Jo decre-ase this val ue to'!,l'Ol, 300 

.. sam p 1 es 5 hou 1 d b ete s t ed • __ 

, Wei b u 1 1 r e po r t s a val u e 0 f m· 3 for the 'm e a sur e men t S Q f 
l 

the y1eld stren'gth of a steel [34]. This low va1u'e indicates a 

very substantia 1 scatter. Such a 10w Weibul1 mo,dul us is~' 

per,ectly acceptab1 e fo~ the mea:surements of the' yield 
, 

'Strength of a steel s1nce, even if' th1s stress is exceeded, 
- ' , ' 

fa i 1 ure 0 f the -s am p, 1 é 'w 111 no toc c ur. Th i sis - no t t' rue 1 n the . 
case of ceram1cs. If -the stress appl1ed to a cerâmic sampre 

. 
,reaches the ord~er of magnitude of the measured str,èngth, 
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d r a in a t 1 t fa i '1 ure 0 f 't h e sam pie ,1 S l i k ~ l Y t 0 0 ecu r. S 1 n cet he 
o • 

. p t" 0 b' ab 1 l 1 t,Y for suc h. a fa i l ure t 0 0 c c ur 1 s inverse'ly 
-Il 
'r . 

proportional to the \leibu11 modulus·. high Weibull'moduli are 

r e q u 1 r e d for ~ Il e, s t r e n 9 t h m e a sur e m e.n t S 0 f c e r am'; CS. 1. e • 

greater~han 10'. 

4.5 Fracture Toughness Measurments 

~ 

4.5.1 Vickers Indentation Technique 

Development of radial c,racks around 'V1ckers indentation 
, " . 

ln 'britt~ ey'ma't'erial s has long been noticed. The çrack's' were 

first regarded as .a nuisance, to effective ha~dness 

measurements. However, in 1962, Palmqvist [36] showed that 

t h 1 s wa s n ot the cas e • and t h a t i t wa s ev e n po s s' i b 1 e t 0 

emplrically cor,relate the fracture toughness, of a material to 
P "-

the c'ra~'k length. More recent studles [3i,38] developed a 

theory describing the crack propagation under a sharp, 1n~enter 

and rel a t e d i ~ t 0 the f r a c t ure t o. u 9 h n e s s'.' The crd van t age S 0 f 

suc h a te c h n i que are: a) man y tes t s c an b e p'e r f 0 rm e don a 

small sample not suitable for'conventional fractur~ toughness 

tests, an<f'b) the'ease. slmp11cfty and short time requ1red for 

tésting. 

Th e f ra c tu rem e cha n tes an a'l ys '1 s 1 s bas e don the 

propagation o,f a penny-l1ke crack ( Figure 14 ) wh 1ch forms . 
{ , 

, f f 
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. , 
below the indenter. The ge.neral compl ex1ty of the 

elastic/plastic contact field description [38] led to the 
1 

deyel opment of sem1-ernp1rica 1 models re1.ating '~Jle fractur'e 
" ' 

- t 0 U 9 h n e s s , K c ' the ha rd n e s s, H , the cr a'c le l en 9 th, c • the 
.... ~ .. 

, ' , 

in den t âï 10 n d 1 a go n al, a, the con s t, rai n t fa ct 0 r, 0, (a b 0 ut 3 
, 

for Vickers indenter), Pois~on's" ratio, V,' the friction: 

between\ the indenter a'nd the material, u, and the plastic zo.rle 

radius,' Ry [39J. 

Kl-c by Vickers indentation techn'1que 

, 

. 
'.. 

, '. .--l.-. ' 
a c 1 

d 

C' 
Conditions: d. c • . - c ) 2a 

Figure 
.,. 

, ' i . • 

. , , 

<-
1 

0" 

, " 

h at 
racle • 
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. • Injt1 ~ 1 experill1enta 1 s'tudies' 'i ndi cated· that ~ure 
. toughness was strong 1 y dependent on the r~, but "as not 

,affected by v and u. A into account the 

residual stresses left by the ind~nt r and the pl astic zone 

had t.o be introduced in terms of herrdne ~ elastic modul us 

ratio, HIE. The following rehtion [39] was 'o~~ed: 

? 
(6 ) 

.. 

Evans [37] has further rational ized thYs argument and has 

obtained a more precise relation by using a polynomial curve 

fitting: 
<> 

(7) -

2 '. 3 '~X4 5 2.02 X + , 11 .23 X , - ,,24 .97 + 16.32 X 

wh e r eX: log ,( c / a) 

, \ 
---... . 

Two conditions have, to be ful fi l1ed for this te-chni'q'ue 'ta 

,"be valid: a) a hall penny-like ~rack has to be develaped so 

th a t the c r à c k, 1 e n g th, c t i s r e' pre sen t a t ive 0 f the' c r a c k 

depth. dj b) the c/~ ratio has to be greater than 2 ta ensure 
. ' 

that the crack crosses the plas~ic deform~t1on zone. R,esidual 

stresses at the surface of the specimen, 'i.e. due to machining' 

or fast cooling rates, are known 'ta ser10usly affe,ct the 

fracture toughness measurement. Evans [39] -est1mated the 
• 

pre c i s ion 0 f a f r a c t u r ~ t 0 u g h n e s s d ete r min e d b Y Vic k e ,r 5 

indentation technique~'to be withi'O 10 S if th~ elast1c modulus 
6 
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and, therefore, (H/Il-E)Of1$ known and withln 40 S if 1t 15 

n 0 t' k n'o w.n. A 5 t u ~ y eJ) con· car b ide [/40] i n d i è a t ed a v 'a 1 ~ e 

wh'ich was- 30 ~ 'lower for the Vickers indenta~ion techniq,ue 
Q 

compared to the value obtained by the ,single edge notched beam 

technique, SENS, even if the el astic modul us was known. 

In the present study, spe~ime~s used for the fracture 

toughness determination were annea 1 ed, ground and then 

carefully polished down to 0.05 pm alumina. Some of the 

specimens were tested, annealed, and retested to determine the -effect of the-residual surface stresses 1eft by the po1ishing • 

. 
4.5.2 Si ng 1 e Edge N'o te hed Bearn' Tec hn i que 

, , -

Fracture toughness (Ktc) determination using the singfe 

" edge notched was' carried out. The specimens 
. , 

standard ASTM w e r ete st ed i n .a - p 

, E399i an i 11 ustrat 

'Figure 15. The main 

f the test configuration is giv~n in 

, 
'1 

standard are~ 

a) The thickness of the n'otch pl us 

.5 (Kl-c/~OR)l. 

crac k 

1 eng th shou 1 d both be 1 arger than 

b) A fatigue crack should,be ted at the tip of'the 

no tJ:.h. The n 0 t ch plu s c ra Crk 1 en 9 th s hou 1 d b e b et w e e nO. 45 

and 0.55 times"the width of the specimen, w~ 

c) '~'load-displacement curve has to be monitored to determine 
. ~ 

the.1oad to be used for the,' fracture toughness ca 1 cul ation. 

1 t al S 0 de t e rm i ne s thé val id i t Y 0 f the tes t. 
" 
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Figure 15: Test configuration for the fracture toughness 
determination us1ng a s1ng 1 e edge notched beam. 

Tne fracture toughness, KI c ' is ,calculated us i ng the 

','. ~-o11owing rel at1onship: 

KI c ... :1 (Pq S / B \13/ 2 ) f(a/W) (8) 

. where: '. 
, 3' ( al W) 1/2 [ 1. 99-- ( al W) -( 1 - al W) f 2 • 15 - '3 • 93 al W+ 2, • 7 a 21 W2 )] 

f(a/W) :1 

2(1+2a/W)(I-a/W)3/2 

:"·'and Klc:l'Fract'ure toughness, MPa mi/2 

Pq :1 Suitable load J N 
\ 

~ 

S :1 S~an between the l'Oad i ng and support edge, m 

B III, Tl\ickness of the spec imen J m 0 

'W • Wid th of the spec 1men, m .' 
a ~. no t c h '+ fat 1 gue cr a c k 1 en 9 th. m 
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The sU,itable load 1s usua11y O.2S yie1d 10ad for ,metals; 
1 

sin cet h e r e 1$ us ua 1 1 Y no yi e 1 d i n gin ce r am i cs. the ~ r e a le i n g 

Joad i sus ed • \ --~-

4.6 Tribo1ogical Study 

The coefficient of fri~ion in a healthy' synovial joint 

is very low. i.e. 0.01. -This an essential requirement for the 

bearing of a joint prosthesis since it dissipates 1ess 

muscular energy and m1nimizes the reaction stresses at the 

bon.a.--p.rosthesis interface. The ~ear ,rate sh~uld also be as low' 

as possible since adverse biologioal reactions ... may result as a 

consequence of a modest amount of wear de'bris. 

~ 

A hip J,oint is subje~ted to a very complex system of 

loading. mgvement and environmental'conditions [45]. A1though 

'joint simul ators have been deve10ped. it is e'ssentia1 to be , 

able ,to determ1ne the tribolagical behavior of any patentia1 

biomater1als so that on1y the more promising combinations 

undergo, the more rigorous examination provided by the 
c 

simu1 atlon technique. Many simp1 ified apparatus have been 

bu11t for this reason. e.g. d,1sk on f1at. -anny1us on f1at, pin 
~ . -.-.. . r di,Sk. and pi,n on flat; they are review~d by K. Wright [46]. 

1 ~ 

Ina s t u d yin v 0 '1 vin g a C 0 - C r - M"à P i il 0 n a u 1 t ra' h i g h 

mo1ecular w,ight polyethyl·ene (UHf4WPE) disk [47],., it was 
J 

- not1ced that the wear tracks were para 11 el to one another 

when the pin was stat'ionary. and random1y oriented and simi 1 ar 
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to that observed 10 a ohip prosthesis with,-a rotating pin. .. 
Therefore, it was decided to built a wear apparatus w1th a 

rotating pin on a re~iproe~ting plate (Figure 16t. 

'\ 

~--- ,i!(---, 

Figure 16: Schemàtie of a rotatin'g pin on a reciproeat1ng 
p l,a te. 

A ,reciprocat1ng plate rather than a rotat1ng d1sk was 

ch 0 sen b e eau 5 e i t . r e p r od u e e s m 0 r e c 1 05 e 1 y the a 1 ter n a te mot ion 

of a hip joint. Olt was ,a150 more convenient to produce long 

. r e e tan g u 1 are 0 u n ter f ace 5 t han c i r-e u 1 a r 0 n es. The 5 1 1 d 1 n 9 

~ ,i s tan c e wa s 50 mm a n a the pla t e wa s r e c 1 p r '0 e a t 1 n 9 a t 1 

e y c 1 e / s. The 1 0 ad 0 n the p 1 n w ~ s 2 50 N, cor r e s p 0 n d i n 9 _-t 0' a 

contact stres5 of 9 HPa. This stress 15 higher than the mean 

. con tac t s t r e s sin a' h 1 p j 0 1 nt, ,1. e • 5 H Pat b u ~ 1 s s t 1 1 1 

reasonable sinee, during walking, the peak stress reaches 15 

MP':a [46]. The pin was a1so rotating'at 1 cycle/s. The tes.ts 
" - ' were carried out in saline s91ution; Le. 3.7 g -of iod1zed, 

sa 1 tin 500 ml wa ter. f 
1 

> 
\ -

f' 

'q 
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Three d.ifferen-r-èombinoations of materia 1 s wer:~_ te_~ted: a) 

U H MW P E - Co - Cr a 1 1 0 Y (V i ta 1 1 i u m), b) U H M W P'E - h i 9 h den s i t Y 

alumina, and c) UHMWPE _0 calcium phosphate glass. The pin' 

material was always polyethylene. The pin, the Vitall ium and 

the glass were polished down to 0.05 um uSing al umina 

po11shing pawder. The alümina was pa11shed da~n to 1 um with 

d 1 a ln and pas te. The p i'n 5 we r e pre s a a k e d a ver n 1 9 h t t a a v a i d .. 
water absorption and weighed·regularly ta determine the wear 

Q 

losses. The three.material cambin-ations were tested for up to .. 
70 x 10 5 cycles. 

i 

• 

, " 
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5.1 trysta11ization Studj 

The crystal 1 ization behavior of the different glasses was 

fir.,st studied using a Differential Scanning Ca10rimeter 

,( D Se). The 9 1 a 5 5 t r ans 1 t ion - and the cry s t a 1 1 i z a t ; 0 n p e a le 

t em p e rat ure s , as we l' 1 as the a ct i vat i cl n en erg y -w e r e 

·determined. An attempt tb define the optimum 
"Ii; 

nucleation 

tempera t ure wa5 al 50 C arr 1 ed 0 ut by DSC. ,1 Î!' 

Bulle samp1 es were , 

nuc1ea~ion temperatu~e 

t em p è rat ure. Th e r es u 1 tin 9 

5.1.1}DSC Study, 

~ 0 

used to determine th~ m~){.{mum 
- ~,I ~ 

and" the 0 p t i m u m cry s t a y 9 r 0 w t Q. . , /' 

micr~structu~~~~~;scusse~. 

.. - , 

~",1~1.1 Gl ass Tr·ansition and éPeak Crysta 11 ization Temperatures 

-
The e f f e c t 5 0 f the ad dit ion 0 fat h~ i rd -p h a set 0 cal c i u m 

\ , 
P h 0 5 P h a te' 9 las son the 9 l a 5 s ,t r a n- s i t ion an d the v ') 

" cry 5 ta l 1 t z a t ion p e a le t em p e rat ure we r e i n v est i 9 a t e d b Y 0 SC. 
. -
A l ,u pl i na, A·1 2 0 ;3 ) and z 1 r con i a ( Z r r ° 2) we r e a <i d e d a 5 a 

., 
., • ~ "'. f 

s,t r ~ n 9 t h"e n i n 9 'Ji h a 5 e and a n u c l~ a tin 9 ph a s ~, r e 5 pee t ive 1 y ; the 
, 0 

resu1ts are l1sted in Table XII. 
).v--

T-he 9 l,a'$5 transition tremperaturè found" for 'the c,a1 c~ium 
t '1 " l ,1 ~" r 

." ,p~o'sphat~ gl'a5~ having a molar ratio Ca/P·O.S,'p.e Ca9/P20S_·, 
1 • • , ,1" • 0 "1 

, '.... "'l '.. \ .'. 

'1 ' ,', 1} fs' s1gn1~iclritly h1gher than that foun~, by Abe et al. [29]. 
''', ,\ ,,' ' 
• ,4(., 

", .. ,.'1,'-') \_ 

, ' . ~ 
, . , 

\ 'l-,:' ...... 
',II' ".~ 
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'There are two reasons which can be given to explain th1s 
. 

discrepency. First, the difference in - techniques used to 

determine Tg, since Abe used thermal expansion curves. 

Secondly, the f~ct that, in this techn iq!Je, the val ue of Tg 15 

'dependent 0, heating rate. Abe reports a val ue of Tg of' 

51-0 Oc (compared to 550 Oc in the presen t study) w1 th the 

-

ng-rate of 10 oC/min. Yamamoto [41] made a 

of the determination of the glass transition 
• M 

n i ne' c omm e r c i a 1 9 1 as ses us i n 9 v 1 s c om e tri c and 

t~chniques. Tg val lte s de ter min e d b Y 0 T A we r e ~ 1 w a y 5 -consistantly ~5 Oc higher than thsse determined by the 
1 

viscometric technique. Therefore, the,discrepencjes in Tg's 

observed here and in other studies are with1n the expected 

range when comparing the two differe,nt techniques. 

- -' 
Ta»le XII: Glass Transition and Crystallization Peak Tempera­

tures of Calcium Phosphate Glasses Doped with 
Alumina and Zif'conia. Q 

.'l 
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Furthermore, for g 1 asses of the phosphate group, Tg 15 10wered 

by the presence of r'esidual hydrogen or hydroxy1 groups [42]. 

The r e for e, the g 1 4s s pre par e d i n t h i s s t u d y m a y h a v e 1 e s s 

~ comb1ned water than the one pr,epared by Abe et al .. 

o 

The~glass transition temperature 1s th~ 'tempera:ture at' 

which molecu 1 ar motion becomes sufficient to a1low stress 
\ 

relaxation to occur. Addition of sma1l amounts of A1203 or 

Zr02 (e.g up.o 2 wt %) did not change Tg. This indicates that 
, 

the s t rue t ure and bon d i n g' i n t'h e 9 1 a s s are n 0 t a 1 ter e d 

significantly by these levels of addition and so do not change 

the the rm a 1 pro p e r t i es and vis cos i t Y 0 f the 9 1 as s • For h i g h e r 
r 

percentages of alumina, the increase of Tg ,could indicate that 

A1203 1s affecting the structure of the glass by 1ntroducing 
. 

stronger and more stabl e bonds. In fact, acco.rding to the 
• 

ternary phase dfagram, additions of A1203 to calcium phosphate' 

promote the formation of the A1203-P20S compound, which has a 
o -. 

higher me1ting point (1450 OC) than CaO-P2 0 S" (980 oC). 

, 

On the other hand, the crystal 1 ization peak temperature 

a 1 ways i ncrea-sed in the presence of A 12°3 or Zr02 ev~en for 

smal1 additions « S Wt %). This could be explained by the 

fact that alumina as well as zirconia are very sta~le o'xides 

which tend to increase the stability of the glass. Therefore, 

the4'4ctivation energy necessary to cr,ystallize ,the glass 

shou,ld be ~1gher. The'/gradual increase "in the crystal.!.izat10n 

p e a le t em p e rat ure w i th an i il cre a sin 9 pre sen ce 0 f ad dit iv e s 
-

1 n die a tes th a t the m 0 r est ab 1 eth e 9 1 a s sis, t'h e m ore the rm, a 1 

• en e r,9 Y 1\ r e qui r ed for cry s tao 11 i z a t ion t 0 t a le e pla ce. 
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5.1.1.2 Activation Energy , 
---.:.-~; ........ -------_ ..... , ~-'S--... ~'II'!!::1 . ~~ 

The act·;vation ene,rgy of a phase transforllat1on 1s 

defined by the'Arrhenius equilt1an: 

v = Va exp (- Q / R T) 

with: V :II crystal growth rate, JJ/min 

Vo= constant, p/min 

Q :II activation energy, cal/mole 

R = gas constant (1.98 cal/mole K) 

T,· absolute tempera'ture, K 

Taking the natural logarithm of equation (9)'gives: 

, 1 ln (V) = ln',,(V o) Q / R T 

(9 ) 

(,l'a ) 

. '-

t= r om è qua t ion (~Q) 1 b ~ plo t~ log a rit hm 0 f t h
1 

e ~ r y 5 t a l' 

9 r ri w t h rat e, V 1 ver sus the i n ver 5 e 0 f the a il sol u t'e 
i ,. 

temperature, lIT, a straight. 1 ine 1s obtained, with the slope 

. representing the activation energ~ Q • 

. Pure ca 1 c1um· phosphate glass was ground and si.~yed to 
'\ ' 

ob ta 1 n a s 1 z e d\1s tri but ion Il e t w e e n 1 5 0 and .212 }J m • 1 sot h e r mal 

ose runs were made-at 640,650,660 and(677 oc. Ta-det"er-m1ne 
o 

the crystal growth rate, the follawi"ng assumpt10ns were made: 
, u 

. (. a) a~ll t'he p:owde-r part~clles were spheres hav1ng a 

d iameter of 181 }lm, " 
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• 

b) % nue 1 e' a t ci 0 n occurred on1y at the surface of the 

partie 1 e, :...----

l c} the crystal gr owt h rate was constant throughout the 

experiment, 

d} at the crysta ll1zation peak t i me, one quarter of the 

di ametér was cry s ta 1 1 i z ed • , 
, , 

Crystal Growth ActIvation Energy 
1.5 

1.4 

o Act. Enargy .. ']02 [heaI/MO]e] ,...., 
c:: -E ....... 1. 1 ::::L. ....... 

), -01 
'. ~ ~ 

0 .9 a:: -t 

.L:. • B 
~ • 0 .7 L 

(..!) - .6 c - .5 

.4 " ~ 

.3 
-1.05 1. 06 , 1.07 1.08 1. 09' 1. 1 

1000 / Temperature [l/Kl 

- -
Figure 17: Arrhenius plot for the determination of the 

crystall1zation activation energy of ca'lc1um 
phosphate glass above Tg. 
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The a c t i vat ion e n erg y for cry s ta 1 9 r 0 w t hab O'V..& the 9 1 a s s 

transition temperature was found to be 1.02 kea'l~mole (Figure 
,/ 

17). Thjs val ue is in good agroeement with that found by Abe et 

al. [29]. Sinee this va~ue 15 simtlar to· the energy needed to 

,b r e a k the ph 0 s ph 0 rus - 0 x y g,e n b 0 n,d, i t . i s th o'u 9 h t th a t 
, 

crystallization occurs by breaking 'and rearranging these 
/ 

atom i c bonds. 1 

5.1 .1. 3 opt imum N'ue 1 ea t ion Témpet;ture 
~ -..1 ~_ 

The determ1nation of the optimum nucleation temperature 

in si l icate gl asses using OTA curves has been. demonstrated by 
" . 

Maro~ta et V' [43]. The total number of nuclei per unit 
, -~ . 

vol ume i s ~ qua 1 -t, the s u m o.f n u c 1 e 1 for m e d dur i n 9 t ,h e 0 T A r u n 

( N h)' nu c 1 e i f 0 r~ d u-r i n gap r e v i 0 u s nu c 1 e a t 1 0 n he a t 
• Q \ 

treatment (N n) and the number of heterog,eneous bu 1 k nue 1 ej. 

( N c ). Us i n 9 the Jo h n s o-n -'M eh 1 - A v r am i e qua t ion [48,49] 

des cri b i n 9 n u c 1 e a t i 0, n and cry s ta' 1 9 r 0 w th, i t i s P 0 s s 1 b 1 e t 0' 
~ / 

show that if the OTA r'uns are carrie~ out on sampl,es with the 

same specifie surface area and at the same heating rate, the 

sum of nucle; formed dut:ing the ,OTA run 1s constant. F~)f" a 

pr~v,l~usly nucleated sample, ft, is described by equation (11). 

1 n (N 0 + N n) • :( Q . 1 R '1 p) + K 
.. 

; 

• 
72 
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'. • 
w1 th: 'No :& number of nucle1. formed during the OTA run 

N n:a n ù m b e ~ 0 f n u c 1 e 1 f br me d dur 1 n 9 p'r ev i 0 U s he a t 
treatment ' 

, '~ 

TJ:a' aryst~ll ization peak temperature for 
" , s.amP.1e. K" 1 ~, 

Q '1: activati.on energy', cal/mole / 

.' 

R :a 9,as constant; c,a1/mole',K 

a nue (~ed 
'~/" 

K ,:& constant 

(!t 

For an as-quincb~d samp1e (Nn=O) equation.Cll) 

\ . 
. '} . ' 

becomeU~ 

ln (No) • (Q '.R Tpq ) + K' " ( 12) 

with; cri s' ta 1 ,1 i z a t ion' 
"- /' 

Tpq = P e':H_t.ern pe rat ure for an ~s -
quenched samp1e . 

/- ~ 

, 
From (-11 ) and (12) the fo 11 ow1 ng e'qua t i on be 

~ 

obtained: can 

ln ((No +,Nn) , No} • ("Q/R) (l/Tp' - I/T.pq ) (13) 

-3' 

It 1s possib1 e ,to assume that Nn is much greater than No since 

the glass 1s quenched and on1y surface nuclei are ,generated . ' , 

dur 1 n 9 t h ,e n u c 1 e a t ion h e a t t r e atm e nt' ., The n u m ber 0 f n u c 1 e ; , 
? 

, 

Nn • 1s re1ated to the 1ength of the nuc}eat1on peripd, t,. by,: 

( 14) 
.) 

'w1th: 1 • the rate of nucleat10n 

b • a parameter related to the nucleation mechanism 
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,H en ce, i f a 1 1 't h e sam p.1 e 5 h a vin g, the sam e s p e c i fic sur f ace 

arear are he1d the 5ame time at'the nucleation temperat~r~ a~d 

are subinitted to the' 
, 

same the followir:t9 heating rates,' 

approximate equation can ,be obtained from (13) , , 

ln 1 =- (~ 1 R) (l/Tp - .1/T pq ) + KI ( 15') 

o " 

where KI i5 :il -constant. 
'. \; " 

, 

S 0 • b Y plo t tin 9 (~ / T P - 1/ T p q) v e J'l S'U s the' te m p e rat ure 0 f 

nucle-ation, Tnt a 6el1-type curve 15 obtained,' with the 0 

- , 

m a x i m u min d i c a tin 9 t',h e 0 p t i m u m nue 1 e a t ion te m p e rat u r ~ (s e e 

Figure 18a). 

l 
Calcium phosphate glass was quenched into a small cold' 

'"' ' 
boron n1tride mold and subsequ~ntly ground, and sïeved to 

aCh1,eve a particl e size distributi-on between 100 and 125 pm. 

Th r e e 0 SC ru n son ,a s - que n che d s pee i men s we r'& p ,e r f,o r m e ~ t 00 

precisely ~etermine the cr.ysta1lization p~ak temperature, Tpq . 

The other samples were brought rapidly ta the different 

nucleation tempera~ures (ranging from 520 ~ to 610 OC) with a~ 

"heat1ng'rate" of 80 o~l-lJIin to minimize the formation of nuclei 

during heating. ,The~ were. held at this. temperature for 1 hour 

and then a ose ,run was performed with a heating rate of 10 

~C/min • 

Two series of experiment were made: a) twel ve samples of 

pure calcium phosphate and lb) nine samples with an addition of 
, , 

one percent of zirconium oxide. Both.resu 1 ted in the type of 

curyes shown in Figure 18b. 
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F,1gure 18: Nucleation rate versus temperature curves: a) 
ideal situation [43] b) cal eium phosphate glass 
eOF\ta,ning 11 Zr92' 

The type of cur·Ye obta ined in Fig ure 1Bb is due ta the' 

f a e t t h a t it w a s n 0 t the n u c 1 e a.t ;kQ n rat eth a t w a s b e i n g 
\ 

" measured but rather, the progressjve erystallization of the 

sample which was occurring during the s04called "n,ucleation 
i;' 
'1 

period Î'
• This gl ass has the property of crystall izing at, or 

even belaw, the glass transition temperature. Therefore, 

instead of forming nuelei only, partial crystallization of the 

partieles also occurred. This behavior was further reflected 

by the décrease of energy involved in crystallization during 
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the OSC runs. The more crysta~ 1 ine the sample became during 
. ' 

- the nucleat'lon period. the less driving force was available 

for crystallization during the actual crystallization rune 

o • 

Since both significant nucleation and ûrystal growth can 
, 

occur within the sarne range of temperature. 1t is concl'uded 

'thâ't the technique to dete,rmin'e the optimum nucleation ~ 
\ 

t-emperature by t.hermal analysis 15 not appl icab.le to calcium 

phosphate glasses. 

,.lt; 

5.1.2 R-andom Crystal1-iz.ation 

5.1.2.1, Nucleation 

T 0 s t u d y the nue l e a t 'Ion b e h a v '1 I? r • cal c i u rn ' ph 0 $' P h a t e 

(Ca( P04)2) glass was melted at 1100 Oc ànd poured into a cold 

boron nitr1de rnold~- The resulting glass samp1es were he1d at 

dffferent nucl eat10n temperatures. rang1ng from 550 to 700 Oc 

'for 10 minutes. The nuc1eated samples were then placed in a 

':'fur~~-~e at -540 Oc (or ia, hours for crysta11 i zat1on. This low 

, _ t e m p e rat ure wa s c h 0 sen t '? .v 0 i.d . the f 0 rm a 't i 0 h 0 f n e w nue lei 

dur, i n 9 the cry s ta l 1 '1 z ~ t i '& n' h e a t t r e a t en t. Ath i n l a y e r w a ~ 
then removed from each of the resu t'lng glass-ceram'lc 

specimens which were subsequently lished with 0.05 pm 

a'l umina. The removed 1 ayer was found to be 1 ess than 0.5 mm in 

th i c k ne s s. Th i s pro c ed ure a 1 l 0 w e ~t>b-$ e r v â t ion 0 f the 
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microstructure and estimation of the number of the nucleation • • 
sites. ( 

Fig ure 1 9 s h 0 w s t ha t n u c 1 e' a t ion. 0 n 1 y 0 ecu r s a t the 
o 

5 ur fa c ft 0 f the s p e c i men s. 1 f the n u m ber 0 f n u c 1 e i p e r u n i_~ 

area is sm.11l, every grow1ng crystal has time to develop in , 

every direction around 'it bef9re being ,arrested due to 

. impi~gement on another growing crys~al; the resul t 15 t,he 
, ' 

formation of hem1spheruJ i-tic crystal s. Therefore, by remov ing 
o 

a s'mal' 1 layer at the surtace.. 1t 15 'possibl"e t-o observe thè 

radial growth of the crystal from the nucleation ~entres. This 
, 

is $.hown in Figure '20. The si ze of 'the crysfal s is rel ated to 
~ 'if 

the number of nuclei; the larger the diamet~r of" the fan-like 

crystal, the fewer th~ ~umb~r of nuclei formed dur1ng heat 

treatment .. 

\ 

Figure 19: Surface nucleation in calcium phosphate glass, with 
fan-like crystals around the nucleation centre. 
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__ F1gtlre 20: Calcium phosphate glass-ceram1c show1ng l--a/g'e fan-
1 1 k" e cry s ta' 1 s due t ° a sm a l 1 n u m ber ° f nue 1 e 1 • 
(nucl eatio~: 570 Oc /10 min; 
crystallitation: 540 0 C/18 hours). f, 

.... 

If the number of nucl ei per unit area· 15 large. the 

growing'cry5tal wi·l1 not have time to grow radially s1nce it 

will be rapidly blocked by the adjacent growing crystals. The ~ 

only remaining free path for growth 1s towards the centre of 

t1te specimen. Hence. each crystal fibre bundle pèrpendicular 

to the surface iS,associated with one nucleation site (see 

Figure 21),. The size of these bundles 1s also related to the 
o 

n um ber 0 f n u c 1 e 1; s 0 , the' Sj a l 1 e r the bu n d 1 eSt the h i 9 he r the 

nucleation rate dur1ng the heat treatment-. 
o 

d-" ',"' 

78~ 



o 

.'"" ... , , 

,0 

.. 

, .. -- ~-----

'\ 
Fi g·ure 1: C'a 1 e 1 um ph!l s ph a te 9 1 as s ce r am i eO s h,o win 9 cry st ~ 

bund 1 es grO"wi ng toward s the centre, of the spee imen---
-,,", i ar1s1ng fram a 1 afge number of nuelei. 

\" /; Jnu~leat1o": 650°C; crystall ization: ,540°C). 
~/ 

'-

The optimum nucleation conditions' were, found' to be ln tfie 
; 

te m p.e rat ure 1 ra n 9 e' ° f ~ 30 t ° Q 7 0 ° C... Ab ove 67 0 ,0 é the cry s ta 1 

gr 0 w t h rat e i s ver y h 1 g h, sot ha tas s oo.n a s 'a nu c 1 eus i.s 
o 

't formed. a l~rge crystal 1s Quickly devel oped. oHe,nce, the 

surface i5 rap1dly erys~11zed with t~e res~lt that any 

further nucleat10n 1s arrested. 
I!:J. 

rate 1s tao\s 1 aw ta form many 

'crysta1'l1zat1on heat treatment, 

Bel ~ w _~ eth e nue 1 e a ,t ion ' 

nu cl e i -""$ 0 th a t dur i ng the 

large fan .. like cryst'als are 

developed. W1th a decreasing number of nuelei, the size df the 

fi'bre bundle.~ increa5es up to the point wn.ere they start ta 

turnJ'into fan-l ike crystals (see Figure 20). Sinee all the 

samples were ma1nta1ned at each of the nucleation temperatures , . a 

,\ 
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~ for ~the same time t i.e. 10 minutes, it 15: possible ta 
, 

conclude that the optimum nuel eation rate 1s between 630 and 

-6,70 a C • 

5 • l _ 2 • 2 Cry s t al TTZa t i an 

The m~jor phase present in the glass-ceram1c is beta 
, tt_ 

c 

ca 1 cium phosphate. Sma 11 peak;; 
,j.,. 

charac:Jè1'ist1c of the 
cl 

me1tastable--gamma phase ca'n be seen on the X-ray pattern .... This 

grmma phase tends ta di sappear ·1 f th,e h.eat treatment 15 

suffiei entl y long. ê 

o 

. " 
1 

. Figure 22: Ca 1 c 1 um phospha te crystal f1br11s grown et 570 o.c 
for 15 hours. 

- 1 \ • 
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The crysta 1 s grown close ta Tg, Le. 570 oC, have a 

typical fib:ous structure. Figure 22 shows that hundreds of 

1 ittle fibrils, ab~ut 1 pm in diameter, grow parall el ta one 
f. '. 1 \ 

another ta form fibre""bund 1 e's. Si nce nuc 1 ea t ion on 1 y ta kes 

place at the surface of the specimen, the growing crystal 
il 

bundles first form a hemispherul ite. The c,rystal s growing .. 
para 11 el ta the surface are then restra i ned by the growth of 

adj,acent crysta 1 s. The bund 1 es growing perpend ;cu l ar ta the 

sur f ace k e e p 9 ra win 9 u n t i l the y c ras s the c om p 1 e t ~ sec t ion 0 f 

the s pee; men, as; 1 1 u s t rat e d i n Fï g ure 2 3, 0 r m e e t a 9 r 0 win g 

cry s t a l 0 r i gin a t 1" n 9 f r am the i op pas; tes u r fa ce. 

Figure 23: Crysta' fibres ar i sing from one nuc 1 eus cross i ng 
the complete sectio1'1 of a four point bending sampfe 
(fr~re surface, Tc :1 570 Oc for 15 hours). 
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1 f a h 1 g h c r'1 s t a 1 1 i z a t ion t em p e rat ure (w i t h r e s p e c t t 0 
J'. 

the gl ass tr,ansiti on temperature, i.e. 550 OC) of 650 Oc ; s 

emp10yed, ex ces s 1 v e de f 0 rm a t ion of the' sam p 1 e 0 c c urs bec a use 
<il/> 

of t"e rapid decrease in viscosity of. th glass at 

temperatures above Tg. The crystall ization of he surface 

c r ~ a t,e s a r 1 g i d s h e 1 1 wh i c h st 0 p ~ a n y fur the r de f 0 

s;nce the crystal is more dense than the glass, pores must 

form to compensate for the shr inkage (see Figure 24). The 
, ,.; 

pores are usually situated on the edge of the fibres, thus 

decreasing the inter-fibre cohesion. They alse tend te block 

the uniform growth of the fibr'es" thus gener'a-ting a structure 

c om po s e d 0 f sm a 1 1 ne e d 1 e - 1 ; k e cry s ta 1 sas s h 0 wn i n F j g ure 25; 

t"is results in a significan,t 10ss of strength in the gla'ss­

ceramic (see Section 5.2.2). 
,> 

Figure 24: Calcium phosphate crystals grown at 650 Oc show;ng 
ex te n s iv e i n ter - n e e d 1 e po r 0 S ; t Y (f r a \t ure sur f ace) • 
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The glass-ceramic crystallized at a temperature close to 

the g1 ass transiti~)n temperature, e.g. 570 oC, does not 

exhibit such porosi.ty. This could be expla1ned in terms of 

viscosity. Around Tg. the ~iscosity' of the glass is still ve·ry 

high; h-ence, ev'en if the ceramic is denser than the glass, the 
~ j 

glass is too viscous to flow and to allow'pore formation. At 
l 

Tg + 100 oC, the,vis'cosity has drastically b~en decreased so 

that the glass can easily flow t.o allow pore formation. This 
1 

pro Cl es s ; s a l s 0 f a v 0 r ed b y the fa ct t h a t the 9 1 a s s den s ; t Y i s 

higher at Tg than at Tg +.100 oC. Therefore. the diffel"ence in 

volume between the glass and the crystal becomes smaller and 
'" 

the driving force for pore formation decreases. 

. ~ 
• .. 

... 

Figure 25 :~,Cal c ium phosphate crystal fibre grown at 650 Oc 
interrupted by porosi ty (fracture surface), 
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5.1.3 Unidirectidnal Crystallization 

1 

Unidirectional crystal fibres were grown using cl ther,mal 

gradient of 30 OC/cm (w;th hot zQne of 550 OC) and an advance 

~peed of 20 pm/min; the microstructure is 'shown in Figure 26 • . 
The uni d ire c t i on a 1 cry s ta l gr 0 w th 0 c c urs f rom the h ;'g h 

LÇJ 

temperature to the low temperature regions of the furoace • 

. ' Eac./l fibre is" composed of several hundreds of fibril s (about 

one micron in diameter). a 11 growing p'ara l l el to one another 

(Figure 2'). The thermal gradient tends to straighten the 

molecular chains in the glass giving an easy path fpr the 

growth of crystal fibres. This process is al so favored by the 
1 

stress interface [31]. This , . induced at the 9 l ass- crysta 1 

stress arises from the difference in depsity of the glassy and 
'"" 

the crystall ine phases. 

The two major problems with ·unidirectional 

cry s t a 1 1 i z a t to n are the 1 0 n 9 t i mer e qui r e d toc r -Y s t a 1 1 i Z e a 
If " 

relatively small sample (84 hours for a 80 mm sample), and the 
. 

sensitivity of the process to the experimental conditions, i.e 

maintaining a sufficiently steep thermal gradient without 
..JI) 

hav ing too high a temperature that could induce surfacè 

nucleation. 
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Figure 26: Fracture surface of a uniClirectional fibre. The 
axis of growth is perpandicular to the surface. 

Figure 27: Unidireét10nal fibre stiowing smal1 fibrl1s grow1ng 
parall el one-- another. The axis of growth ls 
ln the plane of the page. 

" 
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The temperature range where unidirectional 

crystal11zation occurs depends strongly on the chemical 

composition of the sample. Abe et al. [32]'showed that this .-/ 
• 

temperature range is from 540 to 560 Oc for a mol ar ratio of 

CaO / P 2 0 5 = 1 and f rom 4 5 0 t 0 5 6 0 0 C for a mol a\r rat ; 0 0 f O. 9 • 
( 

Infact, wfth a glass haviog,a ratio of 1, unidirectional' 

,c r y s ta 1 s g r e a ter t han 1 Q mm we r e n e ver 0 b ta i n e d i n the pre sen t 

study. However, for glass having a ratio of 0.9, crystals up 

to 40 ml)l in 1 ength were produced. 

Se ver ale x pla n ~ t ion s are s u 9 9 e s"t e d for the poo r suc c, s s 
• 

of the unidirectional crystallization experiments: (a) it is 

difficult ta avoid .the formation of new nu~lei on the surface 

of the specimen 1n front'of the glass-c~ystal interface~ since 

both nucleation and ,crystallization can ,occur within the same 

temperature range. Any crystal growing' in front of this 
1 " 

interface will cause the un i'dirlttiona l fibre' to stop when it 

reaches the newly nucleated surface crystal. (b) Each"ad,vanc"e 

speed corresponds to a very narrow temperature range where 

unidirectional crystallization can occur. 50 any variation of 

the temperature in the furnace C' coul d cau~ thi s critical 

temperature to lag behind the crystal front, a.rresting 

unid1rectional crystal growth. (c) Correspondingly, if the 

crystal gro~th rate is slower than the advance speed, the 

glass-crJystal interface will progress towards t,he 'higher 

temperature region where the thermal gradient becomes lower • 
\ 

Therefore, the driving force for crystall1zation is decreased, 
. 

at the same time lowering the ~rystal growth rate. This 
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~rocess continues until un1directional crystall ~zation 1s 
1 

, . / 
completely stopped and 1s replaced bY,random crys~allization. 

. .. / 
(c) Any variation of the advance speed, (e.g. dlie to a l ine 

1 

voltage drop) would also interfere with unlid1rectional 

crystall ization. 
• 

Mor e suc ces s f u l uni d ; r e ct; 0 n a l cry s t a l l i Il a t ion m i g h t b e 
\ . 

achieved by having a linear thermal gradient ,up to ,th~ c~ntre 

of the furnace. The ... driv ing force would be 'constant and the 

furnace could, therefore. be set at the actual crystaH-fzation 

temperature. ,. This way. any nuel eat1.on of the specimen during 

the he a t t r e a t em e nt cou l d b e a v 0 ide d . 

.. '" 
J 

\ 

'/ 
1 r 

87 

'\ 



,0 

• 
5.2 Glass and Glass-Ceramic Strength 

----

i 

\\ 
1 

l' 

1\ 

The modu1us of rupture of pure calcium phosphate 'Y1a~s 
~ ...... ;) 

was first deterRlined and then the effect of crysta 11 ization on 

the mechan1ca1 pr"op~rt;es was investigated. 

5.2.1 Glass strength 

The elâst1c,modulus of the glass was determined using the 
• 

ul t'rasonic technique. However, this method was not used for 

the g 1 a s s - c e r am i c- sin c e i t i son '1 y v il l id for i sot r 0 pic 

materia1s. The Young's modu1us of the glass was found to be 57 

+ 2 GPa. This is very satisfactory s;nce it' is closer to the 

el astic modu1 us of bone than conventiona1 b i om a ter i a l s, i. e. \ 

bone, E = 17 Gpa; stainless steel, E :& 210 GPa; high density 

al umina, E = 400 GPa. 
il 

Four-point bend tests were conducted on three types of 

- sam'ples: al 

sandblasted. 

que n che d ; b) . a n n e ale d a, n d, c ) a n n e ale d + 

" . For the quenched speclmens, glass was cast into 

a cold boron nitride mold, which resulted in rapid freezing of , 
~ . 

the molten glass. For t'he annealed samples, the glass was 

poured into a preheated (560. oC) bÔron nitride mold followed 

by careful anneal ing at the same temperature for 10 minutes. 

In addition, a number (10) of the anneal ed specimens were 

sandbla,sted prior ta testin'.g. Cal ibrated sil ica sand was used; 

its size distribution is given- in Figure 28. 

88 

'" 



--0 
SIL ICA SAND PARTICLE SIZE DISTRIBUTION 
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~igure 2.8 : Particle size distribution of sil ica sand -used . . for san d b las tri n 9 specimens. 

Table XIII gives the number of specimens ~ested, the 

modul us of rupture with i t s st a nd a r d deviation and the 
~. 

*" ~eterm Ine.)the Weibul1 modulus. Ex am p 1 èS of the plo t s to 
•• -

Weibul1 mod u 1 i are giv en in Figure 29. 
ç; 

o 
... 
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Figure 29: Weibul1 modulj determination for the a) annealed 
specimens and b) annealed + sandblasted specimens. 
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Table XIII: Flexural Strength and Weibull ModuliJS for Calcium 
Phosphate G1 ass Specimens. ù 

Specimen 

Quenched 

Annealéd 

Anneal ed + 
Sandblasted 

N umber of 
Test s 

3 

15 

10 

MOR [MPa] 

217 + 46 

125 + 35 

47 + 6 

\Jeibull 
Mad u l-us- ~ / 

!' 3.8 

7.8 

----" /' , 

As can be s.een from Tabl,e XIII. the resul ts obtaioed for 

the MOR are strong1y dependent on specimen preparation..... The 

val u es c a n~ de cre a se d b Y ~ fa ct 0 r of> f 5 b Y 9 e n e rat ~ n 9 fla w S 

• at the surface of the specimen. 

The h i 9 h f l e x u r a 1 s t r e n 9 th· for the que n che d s p e c tm e n s 

arises fram the surface compression generated during the fast 

cool ing. The first layer of glass comin~g into contact with the 

" . col d \~, 0 1 d' sol id i fie s i mm e d ia tel y, r e sul t ; n gin a l 0 w den s i t Y 

~1 ass \ayer. The centre oOf the specimen so) id:1fies 1;,ore /si 0';1 y 

(resultt'ng in a' higher density. Since the outer layer is 
,r?, 1 , # 

already t60 ViSCDU'S to deform, the shrinkage resulting from 
~ - --

the higher density at ,the sample centre induces a hiqh 

C 0 III pre s s ; ~ 'ev S t r e s s . a t the sur f ace • The r e for e, dur. i n 9 ·t h e 

ben d t n 9 0 f the s pee i men s, t h i s C om pre s s ive s t r e s s ha s t 0 b e 

overcome before the material starts' ta undergo a tensi le 

stress •. The increase in flexural strength is, hence, 

proportional to the amount of compressive stress induced by 
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the fast'cooling rate. However, the large scatter of the'data 

should be noted, i.e. + 21\. This arises from the large amount 

of energy stored in the sample and the uncontrall ed fl aw 
# 

cdistribution. Therefare, once a crack begins to f1r.~w, it will 

lead to catastrophic failure since energy ta grow the craek is 
, 

readilyavailable: 

Cas tin 9 the 9 las sin t 0 a pre h e a t e d ma', dan dan n e a 1 i n 9 

a llowed for str-ess rel axation to occur and el iminated the 
~ 

surface compression stresses. The specimen was, therefore, 

s u b j e c t e d t 0 te n sil est r e 5 s f r om the s ta r t a f the tes t, wh i c h 

explains the lower va'lue for the flexural strength. The 'ar~e 
" scatter of the data, i.e. + 28 %, as well as the low We,ibull 

modulus of 3.8, indieate~ that the flaws are distributed over , ' 

a. wide range of- si zes. 

--Sandblasting generates surface flaws of a specifie size 
~ 

distribution. Ninety nine weight percent of the sand particles 

are smaller th an 210 }Jm. Since ten percent-of the partiel es 

are between 150 and 210 pm, it i s reasonab 1 e to assume thàt on 

the surface under maximum ten.sion during testing of each 

specimen there 15 at least one flaw with a size of the arder 
,"' 

of 200 }Jm. These large'flaws are responsible for the drastic 

decrease in flexur~l strength. The'small sc..atter of the data, 

Le. + 12 %, and the higher Weibull modul us of 7.8 are due to - - ~ 

the homogeneity and reprod ucab il ity of the fl aw si ze .. 
distribution:. ... 
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5 . 2 • 2· G las s - C e r ami c , S t r e n 9 t h 

1 • • 

Pure cal'cium phosphate glass s.pecimens were crystall ized 

at temperature just above Tg,. i.e. 570 0 (. Three samples were 
. 

tested as - crys ta 11 i zed and six were san..db 1 asted pr ior to 

testing. Ten 'S1Jpplementary samp1es were crysta11ized at 650 

oC. The ;esults are listed in Table XIV. At this temperature, 
..... 

both high nuc-1eation and crysta11 ; zation rates are expected. 

Table XIV: FlexuralStrength and \Jeibul-l Modulus for -G.alcium 
Phosphate G1 ass~Ceramic Spesimens. 

Specimen 

"'Crysta 11 ized 
at 650 Oc 

Crysta 11 ized 
at 570 Oc 

San db las t ed 

Number of 
Te s ts 

10 

3 

6 ~ 

MOR [I1Pa] 

35 + 3 

70"t. 7 

38 + 3 

Weibul1 
Modul us 

11. 2 

11 .6 

The low flexural strengths .for the specimens crystal1ized 
/ -

at 570 Oc are due ta the mode of crystall ization. Since only 

surface nucleation occurs, the ·crystal ,fibres grow 

p~~pend1cu 1 ar to the surface. Al though the crysta 1 fib'res 
~ 

themselves are very strong along their length, the bonding 

between them is relatively'weak. Therefore, wheré crystal 

J 

fi b r e s cr 0 s s the c om p 1 ete cr 0 S s - sec t ion a 1 a r-e a of tj~ 

usua{ly 
"'-.., 

. 
specimen,~ a plane of weakness is generated. Fracture 

\ ..... 
J 
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or1ginates at a nucleation site and follows one of these 

planes of weakness; this is i11ustrated in Figure 30. The low 
6' ~ ~ 

scatter of the order of .:!:. 9 t and the high ~/eibu 11 mod u1 us of 

11.2 are due ot the consistent fracture initiation mechanism, 
~ 

i.e. failllre 1s thought to originate at a surface defect 

which ;s .a nuc1eation site. 

San db 1 as tin 9 ha s the sam e e f f e ct 0 n ' the g 1 as s - ce r am i cas 

it does on the glass; large surface f1aws are generated whic~ 

decrease the f1exura1 strength. However, the We\bu1l modu1 us 
-~ 

1's sti 11 re1at1ve1y high, (Il.?), since the mode and the 

reproducibility of the fai1ure origin are like1y to be's1mi1ar 

in both cases, i.e. whether t'hey are due to a cal ibrated f1aw 

size distribution or if they. originat~ at a nucl~eation site. 
\, 

, 

Figure 30: Fracture surface of a calc'um phosphate glass- ' 
ceramic pending specimen showing the interfibre 
fracture behavior (Tc • 570 OC) , 
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Glass7ceramics crystall ized at 650 Oc exhibit a much 

lower strength than those cryst-a11ized at 570 oC. This is due 

to the porosity induced during crystallization at th;s 

temperature. The bonding between the fibres iS reduced, since 

the bdhded surface area is decreased by the porosity. 
/'" 

Fur the r m 0 r e, _tb l:! s t r e n 9 t h 0 f e a c h ---, i b r e i s d ras tic a 1 1 Y 

decreased, since pores act as stre-ss-raisers and reduce the 

fibre cross-sectiona1 surface area. Figure 31 shows that, 

instead of on1y follawing the crystal fibres, the cracks are 

capable of growing perpendicular ta the fibre growth axis. The 

obtained Weibull modul us of 11.2 is satisfactory, since 

f r a c t ure 0 r i gin a tes a t p 0 r e s h a vin gap pro x -iin a tel y the sam e 

size range resulting in a low data scatter. i.e. !.. 10 t. 

Figure 31: Crack progressing perpendicular ta the fibre axis 
in a cal cium phosphate gl ass-ceram1c crysta ll1zed 
at 650 oC. . 
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5.2.3 Bulk Nucleated G1ass-Ceramics 
., 

';: 

Addition of 1% of zirconia (Zr02) affected the nuc1eation 
, , 

betTav ior of ca 1 cium phosphate glass. Instead of surface 

n u c 1 e a t ion, Zr 0 2 P r om 0 tes b u l k n u c 1 e a t ion. The c ~ a r a c ter i 5 tic ... 
fibrous structure of surface nuc1eation is shawn in Figure 32 

and completely disappear~d when a nuc1eating agent was used 

(see Figure 33). The fact ~hat a gl assy layer remained at the 

sur fa ce 0 f the s p e c i men san don t h-e sur fa c'e 0 f t tre p.o r e s 

(Figure 34) seems to indicane that a1though bu1k nuc1eation 

was achieved, the crysta11ization mechanism is the same as for 

pure calcium phosPhate----tfÎasses, i.e. stress' induced 
( 

cry s 1:,a 11 i z a t i on. 

• 4 

Figure 32: Characteristic fibrous structure of surface 
nucleation in pure calcium phosphate glass 

'C fracture sur face , Tc = 570 oC). 
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Figure 33: Addition of 1% zirconia enhanced btllk rather 'iir an 
surface nucleation 'fracture surface, Tc = 'S70 C). -

, 

Figure 34: 1% zirconia ca 1 cium phosphate glass show1ng a 
g 1 as s y 1 a y e-r 0 n the cry s ta 1 1 1 z a t ; 0 n de f e c t sur fa c e 
(fractu~e surface, Tc :1 570 oC). Gi 
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97 



, -

.. 

) 

, .. 

A c om par i son 0 f the st r e n 9 th da ta for bot h the 9 1 as ses 

and glass-ceramics with 1% Zr02 addition are given in Tab1 e 

X V. r h e h i 9 h a t r e n 9 th for the que n che dg) a s s a ris e s f r om the 

surface compression induced during the fast cool ing of the 

specimens on casting. Annea1 ing the. sample resul ts in 

relaxation of the se surface stresses, thus d'ecreasing, at the 

same time, the b12nd strength. A1though additions of 1% Zr02 to 

calcium phosphate glass do not affect the mean MOR (s.ee Table 

X)'- i.e. 125 MPa, there is a significant .iml'rovement in the 

Weibul1 modul us, i.e. from 3.8 to 7.2. 

Table XV: Flexural Strength and ~/eibull Modulus for Calcium . -
Phosphate Gl~ss and G1ass-Ceramic Sa'!1ples with 1% 
ZrOZ A'ddition • 

Specimen . Number o'f MOR [Mita] We i bull 
Tests -Modu1l,1s 

1 
Quenc~ed glass 3 268 + 44 -
Anne.a1 ed glass' 11 125 + 17 7.Z -
Crysta11ized 3 73 + 9 
at o570' Oc 

Crystallized 9 18,+ 13 1:4 
a t 650 Oc 

' . 

.. 

Gl as~\-ceram,ic sampl es crystal1 ized çlose to Tg (570 oC) 
. 

have a h1gher strength than ~hose crysta11i~ed at 650 oC. Once 

aga1n, the porosity 1s the' determin1ng fact'or; The former' 
1 ..... _',' .. 

conta1-ns'very l1ttle or, no porosity (Ffgur.e 34), wh'ereas the_ 
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1 a t t-e r h a s a /v e r y une ven mie r 0 s t r u c t ure (F i 9 ure s 3 5 and 3~. 
Som e par t s 0 f the sam e s p e c i m ~ n are d ~ n sel y cry s ta 1 1 i z e d (s e e 

Figure 35), while other areas exhibit substantial 

micropo'rostty as illustr-ated in Figùre 36. -This inhomogeneity 

could be the result of a poor mixing of the z1rconia powder. 

" The exi~tance of two different mi~rostructu~al constituents in 

the specimens can explain the large scatter of data, i'.e. 

~ 72 'X. •• ' , 
. ' 
.. 

\ 

, . 

Fig ur, e 3 5: '1 ~ z i r c· 0, nia ' c a '1 c ; li m P h 0 S P h a t e 9 1 ~ s' S - C ~ ra", i c 
d'e'nsely cr.ystal'li.zed (fracture sU.rface, Tc • 
650°C)'. . 

• 

" 
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Figure 36: 

/ 
,. 

,. 
1% ti~c6nia calcium phosphate glais-ceramic showing 
micropores of approximatly 0.5 pm in size (fracture 
surface, Tc = 650 oC). 

5.l.3 Strengthen1ng Agent 

The bend strength for ~oth the glasses ana the glass­

ceramics, w1t,h 2i A121T3 adct1.tion are 1 isted in Tabl~ XVI. 

Additions of alumina to calcium phosph~te glass does. not 

affect the bend strength in the expected way. Al though the 

val u'es of' MOR are of the sa~~ order, considering t'he scatter' <' 
• 1 

of.the measurements, calcium phosphate glasses with 2i alumina 
l '. ~ \ 

exh1bft lower beRd strengths, ,94'MPa 'compared with 125 MPa for 

pure c-a-'cium p-hosphate:glass~s. However,the sGat·ter of the 

: d a t ais ,d e c r ~ a s e d', i. e. !. 1 6 , • 
• p 
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Table XVI: Flexural Str-ength and Weibull Modulus fDr 2~ 
Alumina Calcium PhQsphate'Glass and Glass-Ceram1c. 
Sam p les. 

o 

.. 
Spec imen Number of 

Tests 

Annealed Glass 10 

An n e a l ed , G l a,s s 
+ Sa nId b l cl ste d 

Crystallized 
at 700 Oc 

6 

5 

" 

MOR [MPa] 

94' + 15 

52 + 22 

r 
43 + 8 

Weibull.' 
Modul us 

.' 

, 

Alumina is ~ network forroer in sï 1 icate glasses'and has 

"t he e f. f e c t 0 f - i, n ~ r e a s i n~g their strength. This may' not be ,th~ 

case il) calcium phosphate glasse"s. Howevoer, thére is 'ev1dence 

of ,sorne structural modifi~,ation in these gl asses because there 
. . 

is an' increase in (a) the crysta 11 izatio/Ï peak temperature, 

i . e • f rom 6 65 0 C for pur e cal c i u m, ph 0 s P h a te 9 las s t 0 7 1 2' 0 C 

for 2% alumina containing! glass, and {~} the fracture 

, t,o u 9 h ne s s. i. e. f rom' 4.56' t 0 5.35 M Pa ml 1 2 (s e e sec t ion 

5.3.1). The hardness of the glass does no.t change 
, ' 

significantly, i.e HV = 3.41' + 0.06 GPa and HV = 3.33 !. 0.3 ' 

GPa, respectively. The decrease in MOR cannot be 'explained, 

s ; ne e it se em s t 0 b e i ne 0 n sis te n t w it h the 0 the rob se r vat ion. 

Further investigati'on in this area woulp ne' required, but this , 

1s beyond the scope of the present study. 

, '. 
The i ne r ~ a sei n da t-a, s c ~ t ter for the' san d b 1 as te Ci 

specime'ns., t'.e.·!. 42~., is-"<!lso incor,sistent w1th .the r-esults 

d' ; s eus ~ ~ d ,e a r 1 ; e r • San d. b· i 'a s tin 9 sam p 1 e 5 ,p rio r t 0 tes tin 0 
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should decrease the data scatter and, so increasfl the Weibull 

modulus, since it generates reproducible flaws at the surface 

of the specimens. The decrease in Weibull modu~l us, from 7.8 ~ 
, ' 

for tbe'pure calcium p.hos~hate gl~ss to 2.2 for the alumina 

) containing glass., could be explained by thie inhomogeneity of 

tbe samples tested. 1.e. s;nce some of the samples might 

con t.~ i n m 0 r e n ~ e t w· 0 r k m 0 d i f yin 9 ion s t han 0 the r s, the y wou 1 d 
. . 

exh'ibit higher str~ngth. However. this is unl ikely sin'ce no, 

d i f fer e -n c e 1-' n r. e f r a c t ive i n d e x i n the a s - cas t og 1 a s es w a s 

observedi this being characteristic of heterogeneity in 

t ra n s 1 u c en t.' 'g 1 as ses. 

,Figure 

• 1 l' 

. , 

1 • 
\. 

/ 

~ 

31:" 2S alumin-â--calcium phosphate glass-ceram1c showing 
,c r y s ta 1 f i b r e s gr 0 W n f r om the sur fa cet 0 W a rd s the' . 
centre of the specir:}en (fracture suface, Tc • 
709 oC). 1 
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fact 

• 
, ' 

The l 0 w ben d s t r' e n 9 t h for ,t h e 9 las s - c e r ami c i s due t 0 the 
, , 

t h a ton 1 y sur fa c e nue 1 e a t ion 0 c o.~r s . l n t h i s cas e , 
• 

ho w e ver, the nu c lei are nu mer 0 use n 0 u 9 h' sot h a t cry s ta 1 

fibres grow from every point of the surface towards the centre 

of the specimen, as shown 'in Figuré 37. Although it is still a ... ., 
fibrous structure, the bonds between fibres appear to be more 

numerous and so; it is more difficult to resolve them (see 

Figure 38). As a resul t, there might be an increase in the 

strength of the gl.as's-ceramic whlch is counteracted by the 

presence Gf microporosity, evident in Figure 39 • 

.' 

, 

Figure 38: 21 aluminà ca'lcfum phosphate, glass-ceramoic fibres 
(.fr~tt.ure surface, Tc • 700 oC). \ . , 
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Figure 3.9: Microporosity in 2% alumina calcium phosphate 
g las s - ce r am i c (f ra c tu r e sur fa ce, T c = 700 0 C) • 

, 
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5.3 fracture Toughness 

5.3.1 Vickers Indention Technique 

Fracture toughness determination using the Vickers 

indentation technique was on1y performed on the glass, since 

i t wa s n 0 t sui t a bJ 1 e for the 9 1 a s s - c e r ami c. 1 n ste a d 0 f 

deve10ping half-penny 1 ike cracks initiating. at the 

.in.dentation corners, the cracks in the glass-ceramics tended 

to propagate a10ng the fibre bund1es, perpendicular ta the 
\ 

surface, as may be seen in Figure 40. Therefore, the crack 

geametry was fundamenta11y different from that used in the 

Vickers indentation theory • 

, 

----- -.. _~-

Figure 40: Vickers indentation ~n a calcium phoC\phate glass: 
ceramic (load 20 kg). 
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Ont he 0 thé r han d, the 9 e om et r y 0 f the cr a c k s de v el 0 p e d 

in each of the calcium phosphate glasses tested was similar to 

the crack geometry discussed in the theory (see Section 

4.5.1). A crack was initiated at each ,corner of the 
" 

indentation (see Figure 41) and usuall)' grew to a greater 

length than the indentation diagonal. Figure 42 shows that a 

half-penny crack has developed beneath the indentation. 

However, it is obvious that ttoe geometry of the crack is more 

compl ex than a simple ha1 f-pe,nny since sorne radial cracks have 
.. 

a1so formedi one even extended 2.5 tim,es beyond the half-penny 

rad i us. Sin cet h e e n erg y t 0 9 r 0 w the s e rad i a 1 c : a c ksi \n 0 t 

used to propagate the ha1f-penny cracks (the measured craaks),' 

1t wi 11 1 ead to an overestimate of the fracture toughness, 

Klc, 

'fil' 

Figure 41: Vickers indentation in a calcium phophate glass 
showing a well-developed crack Syst~(load 2 kg). 
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Figure 42: Fracture surface below a Vicker,s i~dentatfon 
i11ustrating the half..lpenny like crack (load 2 kg). 

5~3.1.1 Effect of the Indenter Load 

The influence of the indenter laad on· the fractur'e 

t 0 u 9 h n e s s wa s fi r st i n v est i g' a t ed. A cal c i um ph 0 S ph a te 9 1 a s s 
" . 

with 1 % zirconia was tested with an app 1 ied 10ad varying from ;' 

2 to 20 kg. The variation of the fracture toughnes5 15 s~own 

in Figure 43. 
<i 

The fracture toughness '1ncreases w1th an 1ncreasing 

i n d Efn ter 1 0 ad; t h i sis due ta the c r a c k 9 e om e t r y. Wh en l 0 ad s 

larger than 3 kg are used, multi-~ranched cricks,are developed 

and, fur the r m"o r e, lat e r a 1 ven t s s t art t a a p p e a ras s h 0 w n 1 n 

Fig ure 4 4 • The en erg y use d toc r e a te the s e. ex t r a c ra c k s 15 n 0 t 
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taken into aCrcount during the measurement of the median crack 

lengths and so the val ues of fracture toughness are 

ov.erestimated. The large data scatter is due to the 

difficulty in differentiating, in many cases, between the end 

of the median crack and the beginning of the lateral vent. 
~ 

Therefore, 2 kg was' chosen as the optimium load for the 

measurements of Kle. 

FRACTURE TOUGHNESS ~ (1 NOENTER LOW) 
18 18 

16 16 
• l<le 

14 )4 

'. Hv 
12 -12 

10 10 

8 8 ,...., 
I~ 

0 6 "\ 6 
, a. .... x 'r-, ..... 0 

• • 0... . 
:s:: 

u ...... -:s: :> 
2 2 -z 

0 8 10 12 14 16 lB 20 22 
Indenter Lood [kg] If' 

Figure 43: Variation of fracture to\)(Jhness wi th indenter 10ad 
for a 11 zirconia calcium phosphate glJss. 
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Fig ure 44: T y pic ale r a c k 9 e om e t r y for i n den ter 1 0 ad s > = 3 kg. 

5.3.1.2 Frracture Toughness Measure.{l1ents 

The fracture toughness (Klc) 'was determin-ed twice on the 

sam e set 0 f sam p les: a ) pur" e cal c i u m p h 0 S P h a t e 9 1 a s s {C a 0 1 
r' . 

1 
P 205 = 1), b) 9 las s'IIi th ad dit ion 0 f\ 1 % 0 f z ire a nia and c) 

9 1 as s w i th" ad dit ion 0 ( 2 % 0 f ,a 1 um i na. In Ia b l e X VII. the 
. 

resulfs meas.vred on the as-polished samples are given and the .. 

measurements performed on the same samples after a subsequent 

a n n e a 1 i n 9 h e~ t t r e atm e nt· are 1 i ste d ; n T a b l e X VIII. E a c h 

f r a c t ure t 0 u 9 h n e s s val u e i s the a ver age 0 f the m e a sur e men' t s 

f r om fou r i n den t a t ion s, i. e • 16 cr a c k l è n 9 t h s • 

Comparison between Table XVI and XVII indicates that the 
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"Surface stresses induced by the pol ishing have a significant 

effeê't on the fracture toughness values since, on anneal1ng, 
, , 

" the y we r e r e duc e d b Y 13 % ~ 48% à n d 34 % for the pur e 9 1 a 5 s, the 

1 % Z r 0 2 con t a i n i n g 9 las san d the 2 % A l 2 0 3 con t a i n i n g .g las s 

samples respectivel~. The explanation for this is that 

polishing induces surface compression which tend to preve~t 

~! c r a c k pro p ~ 9 a t ; 0 n • Sin cet h e f r a c t ure t 0 u g h n e s S ; 5 ; n ver 5 e 1 y 
~ , , 

pro po r t ion a 1 t 0 the cr a c k 1 en 9 th, sur fa c e c om pre s s ion 1 e ad s t 0 
... , 

_-9.. n oyerestimate of Klc, The fracture toughness determined 

.. 

Table XVII: Fracture Toughness Determined by Vickers Indent~­
tion Tec~nique on As-Poliso!1ed Glass Samples (load 
2 kg). 

- - - - -

Spec imen Fracture Toughness Hardness 
[Mpa m1 / 2] [GPa] 

Glass 4.56 + 0.23 3.47 + 0.07 -
1% Zr02 7 .20 + .. 1. 54 3.71 + 0.15 

2% AL203 5.35 + 0.65 , 3.33 + 0.3 

Ta b 1 e X V 1'1 1: Fra ct ure To u g h ne s s • 0 ete rm i n ed b y V ; c k ers 1 n den ta­
tion Technique on Ann~aled Glass Samples (loa'd 
2 kg). 

Specimen Fracture Toughness Hardness 
[Mpa m1/2] [GPa] 

-
G 1 as s 3.96 + 0.23 3.41 + 0.06 -

------- l~. Zr02 3.69 + 0.22 3.56 !. 0.09 

2~ ~203 ·3 .54 + 0.35 3.27 .:!:. 0.49 
• 

~ 
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by the Vickers indentation technique is a local fracture 

t 0 u 9 h n es s, e. g. i n th i s cas e, t h:~ t y pic a l ha 1 f - P e? n y rad i us 

varied from 0.1 'ta 0.2 mm. Therefore, the condition of the 

sur f ace s hou 1 d ber e p ~e sen t ive 0 f the b u 1 k mat e r i à 1 i f the 

Vickers indentation technique is to be used w,ith any degree of 

confidence.' On the other hand, the hardness readings were- not . 

significantly affected by the surface compression. 
\ 

The effect that the addition of alumina to ca,lcium 

phosphate glass has on the fracture toughness was investi­

gated. Samples wi\h 1, ,2,3,4, and 5 % alumina were""tested. 
,;;. 

Results for the as polished samples ar,e given in Figure 45. 

Additions of alumina increases the fracture toughness and 

the tî a 'r d n e s s of cal c i lA m ph 0 s ph a t e 9 las s, i. e. f r om 4.56 t 0 

7.75 MPA m1 / 2 and from 3.41 to 4.07, GPa respectively; for an 

addit'ion of' 5 wt % A1Z03' Al though these values .were measur'"ed 

on as-polished sampres, and thus not ab'Solute values, they ~re 
• 

still representative of the trehd. It is very unlikely tha"t 

this fracture toughness increase is due anl} ,ta încreasing 

sur f ace C 0 m pre s s i à n, sin cet h i s î n cre a s e w o' u 1 d n 0 t b e s a 

constant. An illus.tration of the effect of poor pol ishing on 

the fracture toughness is the val ue abt'ained for 1~ alu';nina , 

( se e F j 9 ure 45)., He r e , the h 1 9 h val u e m e as ure d, i. e. K 1 c' Il 

8 • 0 1 M P ami / 2 , i s c e r t a i n l yon l y due", t 0 ) the ,5 u r f ace 
10 

compression induced by poor pol ish1ng~ 

" .. ( 111 
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KI c = f (7. A 1203) HV = f Ci. A1203) \ 
IO~------~------------------------------------r' 10 

li Klc 
9 9 

B 
• Hv r 

8 

7, 7 ,...., 
o 

CL . cl 
Q.. 
X 6 - 6 8 ...... 
u -::::.:::- 5 5 

3 3 
.. -

2. 3 
% A1203 

F f 9 ure 45: E f f e c t 0 f ad d f t ion S 0 f al um i na toc ale i um ph 0 S ph a te 
9 , a S son the f r a c t d r e ~ 0 u g .h n e s l and the ,h a r d n e s s. • 

> ::x:: 

The fracture toughness measurëd for the different calCi,ium 

phosp,hate glasses a"e rel ativ~l y ~igh_, e.9. Kit = 3.96' r~Pa, 

m 11 2 for g'l a s s h a vin 9 a r à t i 0 CaO 1 P 2 0 5 :1 1, s i ,n c e n 0 rm a 1 

K 1 c val u e s for sil i c a t e 9 las ses 1 ; e ,b e t w,e e nO. ,6 and 1. M Pa 
\ 

ml/2 • Howevèr, since there are some unce~tainti.es as to the 

va' i d 1t Y 0 f the' f r a c t'u r e t 0 u 9 h n e s s d ete r RI ; n a t ion b y the 

V1tlcers indentation te<:hnique"because of crack geometry and -- \ ~ 
surface compression, the values obtafned wére double-chec·kE!d 

by a more conventfonal method as di-sc;ussed beTow." 

1 
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5.3.2 Single Edge Rotched Beam 'Technique. 

Fr:-acture tO,ughness det'erminatio~s using the single edge 
't , , 

riotched beam technique were carried out on pure calcium , 
phosphate specimens. Since it was not possible te precrack the 

l , 

... 
s p e c ; men s, t h--e n 0 t c h wa s m ad e a s s h a r p ci s' p 0 s s ; b leu sin 9 a 

1 

razor blade. However~' this generated small c'racks in the gl'ass, , -
- .. , . .. \ 

sam p 1 es wh,; ch, e v en tua l l .y, gr e w th r Q u 9 h the c om p 1 ete sec t ion 
, , 

by'slo~, subcritical crack growth. On1y one gl,as5 sample ~nd 

three 9 1 a.s).;oc'eramic s'ampl.es were teste~ .(tabJè XI,X). 

rab l e X 1 X: ' Sin gr 1 e E d 9 El N Q t che d Bea m Fra c t.u r e Tou 9 h n e 5 s for 
Pur:e Calcium Phosphate Materia1s. 

.... 

Material 

. Glass-
" 

. , 

G l·a s s - Ce r am i c 

4.3 

16.7 + 7,8. 

, , 

Al though a fracture .toughness v'al ue dete'rmined from only 
. . ' 

,6 one sampl e ,does not.'allow ~,any statistical variatio'n, the 

val ue for the glass given in table XIX 'is considered rei iable: 
, , 

H 0 we ver, the use 0 f a s h a r pra z 0 r b 1 ad e d i q no t 9 e n e rat e' a 
, 

uni'form crack along the com'plete wid~h of,the specimen. 
t .t'-. 

Therefore, the fracture toughness ,is overesti'ma,ted since the 
<.", 

'ene.rgy, and hence the load, used' 'to .initiate 'a crack iS·higher 
~ 1 ... • 

than 'th~t used to ,propa·gaté the crac~. liowever, both the' 
, ' -

' .... ~ .. 
,'rfotche(l:!be.am and the V1ckers tndentatfon techniques lead ta 

l ," ~!. .. .. . \ 

• 
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siml1ar vàlues for the glass, i,e. 4.3 MPa m1/Z and 4 MPa m1/ 2 
.. , , 

respectivelyo Tnerefore, it 1s possible, ta conclude that the 

Vic k ers i n den ta t ; an te c h n i q" u e t'a r the g las s s pee; m e ri.s ; s a 
, . 

satisfactory technique ,since it is very easy ta perf~r.m 'and 

gives reasonably accur-ate results. 

Figure 46: Fracture surface ,of a, c'alcium phosphate g1 ass"'­
c'eramic no'tched beam. 

, " 

. For the "t'l.ass - ceramï c spec imen s, the' flse of a sh ar,p .razor 

"b l ade '1 ed' to ,ot" prab 1 e,mso,' The cr ac k' d id not a 1 ways" i!l it 1 a te 

o n l y, a t the bot t a fi a f ~ h e g r a 0 v e, but a l S Qat the s ide 0 f the, 

note,h. This i5 due ta the fibrol.ts st~uctu,re of"the':~rys.tal s, 
'" 

'shawn in F1g,ure 46, si,nce it 1s ea'sier for" a crack' ta 

1.n1tiate at a fibre j'oin~ than in .t,he middl~ of.' a fibre. 
, . 

" 

1 - , 

, . 
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Therefore, if the bottom of the notch is in a fibr'e, the track 

r"\ will init,iate on the side of the"notch at the closest fibre 
~ , ~ 0 

j 0 i nt. The ver y 1 a r 9 e da tas c a t ter " i. ~. .!. 4 7 ~, i s a l s 0 due 

, to. this crack initiation problem. However:' .. the' high fracture 
• toughoess measured seems to be.promising although it has to be 

vie w e d wi the a u t'; 0 n, sin cep r e cr a c 'k i n 9 wa s no t suc ces s f ù 1 -' and 

on1y three specimens were tested. 

'5 • 4 Tri b'o log i c ~ 1 St u d y 

T h ë w e a, r b'e h a v i 0 r 0 f t n fi e e mat e ria 1 COll\. b i n a t ; 0 n s w a s 

• 

assessed: UHMWPE-Vitall ium, UHMWPE-Alumina and UHMWPE-cal cium 

phospha,te glass. Every combination was tested once for up to 

7 x·IO S 'cycles with thé stress on the UHMWPE pin being g Mpa; 

r e sul t s are plo t e d i n F fg ure 47. 
. -. 

This p'rel iminary wear behav ior study, ind icaterj· that the 

Vital1iu~ combination exhi:b)ts a- steady incre'as'! ~1n wear" 

debris. Th'is is ,consistent with cl inical experience where' it 

was ,noted that the wear rat~ keps i,ncreasing af'ter on1y a few 
\ " 

months in service [3}. This characteristic 1s obv'iously not 

fav,ora'ble because of a) the possible adverse biological 

r e s po n se and b) the e a r 1 y ~/I W e a ri n 9 0 ut Il 0 f the po 1 ye th Y 1 en e 

s, 

.. part. " , 

B 0 i h the a 1 u m· i n a and t·h e cal c i u m p h 0 s P h a t e 9 1 ~ S 5 

eomb1nations exhibit s;mila! wear behaviors. After a very 

short "run-in tl period,.the wear rate becomes neg."l1'gible ~.nd 
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remains s.o for the duration of the test. The lJ,HMWPE-ca1cium 

phosphate test w.as· stoppéd earl1er t.han that in·vo1 ving 

V-1ta 11 ium because the f1 uid. 1 eve1 dropped bel ow the conterface 

1evel. H.owever-, 1t was still conc1uded that the wear rate of· 

the' UJiM,WPE-ca 1 cium.. phosphate comblnation ~a~ mucb more 

sat1sfactory than that aL the conventional UHMWPE-Vital1;um 

c am b i n a' t ion • 

. . . 

40 

.. Vi tal-lll" 
3S 

1 
• Calcu. ~sphota Glass 

30 . 
• Al ... sna 

th , 

E 25 .. 
'-J 

..., 
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L . , 
C 
QI 

':' 10 

O~~~~~==~~~~~~~~~~--~--~~~i--~ 
'0 100 200 m 400, .' 500 600. 700 800 

Num~Qr of CyèlQ~ x. IODO 

Figure 41: .Wear behav10r of UHMWPE p1ns',tested . on Vital1 ium, 
a1umin'a and calc-ium phosphate glass under a 9 HPa 
stres$ and in sal ine solution' • 
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, The wear beh,avior of calciJum phosphate gl ass 
, 

pol ye th Y 1 en e c om b (n a t ion is con s ide r e d' t 0 b e ex cel 1 en t sin c e 

the'wear of the polyethylene pi'n (the'softer material) was 

very sm.alf. However, this result has ta be considered witho 

caution ,for two reasons: a) ,ooly one sample was test-ed and b) 

the e x poe r i men t wa s no t car r ; e d 0 ut in, b i 0 log i cal y a ct; v e 
. 

solvtion. Since calcium phosphate glass 15 a b1oact1ve 
, 

material, th~ ,natural' l ubrfcating fluid in joint~ (the 

syn9vial fluid) Way' affect the glass by physio-chemical 

r e a ct; 0 n w i th the sur. fa ce. Th i s m a y 1 e ad t 0 the d ,e 9 rad a t ion 
. 

of the highly polished ..... surface and hence, dr,asticaly increase 

t the. we arr a' te. -' 

• , J 

" 
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6.1 Calcium Phosphate Glass-Ceramics 

'1. The poor strength of calcium Ph~SPhate~ass-cera"iC 
samp,l es. i.e. MOR = 70 MPa. crystall iZed at temperatures 

c los e t 0 T 9 ( 5 7 0 0 C ) a ris es f r om the cry s t a l l i z a t ; 0 n m 0 de. 

Since nucleation takes place only at the surface of the 

material. the crystals grow in â fibrous farm perpendicular 

to the surface. The bonds between the fibers are weak and 

pl anes of weakness where cracks can easi ly propagate are 

9 e n e rat e d . At hi 9 ti e r cr ys ta l l i z a t ion t em p e r a tu r e s ( 650 0 Cl • 
• 

the large differénce in density between the glass and the 

cry s ta 1. as we 1 las the 1 0 w 9 las s vis cos i t Y t P r am 0 tes par e . 
formation. further decreasing the strength of the gl ass­

/ ceramic, i.e._ MOR = 35 MPa. However, with a value of 16 

('~- .... MPa ml / 2 , the frac ture toughness i s sat i s factory. 
} 

2. According to the literature. unidirectional, crystallization 

substan.tially increases the gJ a;s-ceramic streng,th';-:- i.e. 

11 0 R = 640 M Pa. Ho w ev e r, the sen s i t ; vit Y 0 f t hJ s pro ces s t 0 

experimenta1 conditions made it impossible to grow crystals 
~ -

longer th an "40 mm. Le. su itab le for stréng th measuremen ts. 

3. The addition of zirconium oxide to'calcium p-ilosphate glass 

promotes bulk nucleation. However, the strength of the, 
o 

glass-cer~mic crys~a.llized at tempèratures close to Tg (570 
, ! 

oC) i s n 0 t i m pro v e d sig n 1 fic a n t l Y , i . e. ,M,O R = 7 3 M Pa. 

Furthermore, highar crystall ;zàtion temperatures (650 oC) 

result in very uneven 

i 

/,- -~ ... 

structures further lower1ng the 
yff 
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glass-ceramic strength; i.e. MOR = 18 MPa. 

4. Alumina modifies the structur~ of calcium phosphate glass­

ceramics by promot1ng the formation of strong A1203-P20S , 

bonds. This tends to decrease the fibrous nature of the 

crystals. However, the expected increase in strength is 

counteracted once more by the porosity, thus leading to 

low bulk strength values, i.e. MOR = 43 MPa. 

5. Therefore, calcium rrhosphate glass-teram1cs, in the form 

pre sen t ed in th; s st u d y, don 0 t a p p e art 0 b e par tic u 1 a r 1 y 

promisin~ candidates as b10materials for appl ications in 

the highly stres?ed~ env ironment of the locomotor system of 

the human body. 
... 

6.2 Calcium Phosphate Glasses 

1. The strengt-h of ca l cium phosphate g' ass (CaO 1 P20S = 1) is 

affected by the cool ing rate after casting. Annealed 

calcium phosphate glass ha.s a f'lexural ~trength of 125 MPa. 

However, 1ncreasi.ng the cool 1ng rate generates.surface 
. 

c om pre s s ion, and sig nif i ca n t 1 Y i m pro v est h e f l ex ur a 1 

strength, i .e.'MOR = 213 MPa. 

2. The st r en 9 th 0 f the 9 las s 1 s no t cha n 9 e d b Y the ad dit ion· 0 f J 

1 
zirconium oxide, but the scatter of the data is decreased 

s1gnificantly. Le. the Weibull -modulus is increased from 

3.8. 'f 0 r cal ci ùm ph 0 S ph a t e g las s, t 0 ~_. 2 for the 1 % 
4 __ .. ·_---

z1rconia containing glass. , 

) ,,-" .,J 
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3. Oespite the fact that alumina additions do nat have a 

p~onounced effect on the glass strength, they d~ modify its 

fracture behav ior, i.e. additions of 5 wt % of A1203 

increase the fracture toughness of the glass by' 70%. 

4. The preliminary study of wear behavior indicates that u.ltra 

high molecular weight polyetnylene usèct in conjunction with 

calcium phosphate glass results in a) mûch lower wear rates 
SI . 

th a n th a t of the con ven t ion a l b i am a ter; a l cam b i n a t ion, 

UIfMWPE-Vita11ium and b) similar wear rates to that quoted 

for the U HM W P E - a 1 um ; n a cam b ; na t ion. 

5. Since calcium phosphate glasses have satisfactory bend 

sttength, gaod fractur~' toughness, goad tribal ogica 1 

properties and excellent biocompatibility, it is concluded 

that they are very promising biomateria1s. However, before 

t~ey could be used in a clinical environment, the'ir long 

term in vitro and in v iva behav ior shou 1 d be assessed (see 
~ ~ 

Chapter 7). 
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Chapter 7 

SUGGESTIONS FOR FURTHER STUOY 

4' 
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1. The fracture toughness values reported-{n this thesis were 

me a sur e dus i n 9 the Vic k ers i n den ta t ; 0 n and the si n 9 l e ed 9 e 

n 0 t che d b e am t e c h n i que s . The r e are s 1/i 1 l a n u m ber ,of 

uncertainties related to t'he indentation technique and it 

was not possible to precrack the SENS samples. Therefore, a 

more rigorous fracture toughness determination should be 

carried out with samples that are easier ta precrack, e.g.fI 

by double torsion or compact specimen _testing. 

2. Dramatic slow subcritical'crack growth .was noticed in one 

'" of the glass SENB specimens. A scientific evaluation of 

this probl em is paramount for the determination of the 
J' 

)J 

suitab i l ity of these m~teria 1 s,for highl y stressed med ical 

applications. Subcritical crack growth is related ta the 

static fatigue behavior of the material. 

3. The effects of the ~d{jitio.n of higher percentages of 

zirconia ta calcium phosphate glasses and glass-ceramics 

cou 1 d b e p r om i sin 9 • T h i s wou 1 d i n vol v eth eus e 0 f a 

zirconium based powder that can be dissolved in larger 

quantities and at 10wer temperatures than zirconia. 

• 
4. A technique that would allow for very fast cool in~g rates 

a f ter the cas tin 9 0 f the 9 1 as, s but mai n t a i"n sm 0 0 t h 

surfaces, should be developed. This would toughen- the glass 

and m i 9 h t 1 i m it the s 1 0 w c r a c k 9 r 0 w th P r ,0 b l em. 

5. The characterisation of the mechanical properties, 1.e. 

s t r e n 9 th. f r a c t ure t 0 u 9 h n e s s, s 1 0 w, s u b cri t 1 cal c r a c k 9 r' 0 w t h 

and fatigue, of the glass under 1n vitro conditions .w.o..uld 
\ 
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be essential ta determine its suitability for long term use 

in vivo appl ications. 

6. Although the 'glass has satisfactory mechanical properties, 
1 

i t i s d a u b t f u 1 w h eth e rit cou 1 d b eus e d a sap r 0, s the sis 

material on its own.' The study of it·s joining ta metall ic 
• 

alloys and ta \other ceramics wo.uld_ be a firs·t step towards 

developing a c~mposite prosthesis. 

r 

-.-----
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APPENOlx 1· 

'0 
Slow Crack Growth Cqefficient 

As s u m i· n g th a t the c r- a c k v e l 0 c i t Y " v. f s rel a t'e d t 0 -t..h e ' . 

'Stress intensity factor, K, by the relation ,~A1):_ 

v = A Kn (Al) 

, 
where A;s a constant depending on the' crack geo}11etry and on 

th'e maferia1 tested, 1t ;s pos'sible to estimate the ,slow crack , , / 
g r 0 'Il the x po n e nt, n, f r om the s t rai n r a fe d e p e 1'1 den ç fi 0 f the 

" 

strength [44], using ~Quat1on (A2): 
. ' 

ln .MOR ~ (.1/(0+1» ln V + const. 
" ' 

. , 
with: MOR, the modulus of rupture at a certain- cross head' 

speed,.V, of th'e testing machine. 

"J 
'-

By.measur1ng the modulus' of rupture at different crqss 
,. --........ .. / ' 

h e ad s pee d s;. t h e~ . v a ~ u e ,0 f n m a y' bec ~ 1 cul a t e d. L 0 W val u e s 0 f n . 

. c?rrespond to ·h;gh subcritical 'Crack growth. 

,0 
q / 
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