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—_ ’ " Abstract

Despite their“excel]ent'biﬁcompatibility, the use of
calcium phosphate cerami%s and glass-ceramic?’jn the medical
area is 1imited to non-load\bearing‘applicatnons because of
their poor meghanica1 properties. -

The poor strength of the glass-ceramic (CaO/ons = 1),

e.g..70 MPa, arises from the fact that only surface nuclea-

-

tion takes place thus generating a fibrous structure perpendi-

cular to the surface, Three types of glasses and glass-

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

unidirectionally crystallized, b) calcium phosphate with
‘additions of a nuc leating agent (Zr0jy), and c) calcium
phosphate wPth additions of a strengthening agent (A1203)

Unidirectional crystallization is an effective strengthe-
ning mechanism_typically increasing 'tpe flexural strength by
upqto 600 %. However, the slow rate of crystallization as well
as the sensit1v1ty of the process to experimental conditions
may: limit its commercia] applicability: Small add1t1ons of the
nucleating agent, Ir0,, enables bulk rathe} than surface
nucleation tp be achievee. However, the strength of the glass-
ceramic is not improved., Additions of the strengthening agent,
Al1,03, increases the'fractare goughness of the glass signifi-
cantLy,e.g.ty 70 4, but does not aftect the strength of the
g1ass-ceram1c. b

Calcium phosphate glasses seem to be more promiéing

biomaterials than. the glass-ceramics, since they exhibited

supefqor mechanical prOperties.
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/ R&sumé ) .

Malgré.l'excellente biocompatibilite des céramiques &

”*33§g>de phosphate de calcium, leur usage dans des‘appl%cat1ons
med?ca1es impliquant des contraintes élevées est reste 11m1te

en F&#scﬁ/ae leur manque de résistance mécanique.

La faible résistance & la flexion (70 MPa) du verre-
céré%ique (rapport molaire CaO/Pp0g=1) est du au mode de
4 cristallisation. -En effet, les germes ne se développant qu'en
surface, les cristaux croissent vers ie centreqde
1'éprouvette, créant ainsi une structure fibreuse hautemenp
anisotropique. Trois techniques de renforcement de ce matériau

ont 8té étudiées: a) par croissance unidirectionnelle des

cristaux, b)upar§1iadd1tioh d'un agent de germination (Ir03),

et c) par 1'ad ion d'un agent modificateur de réseau

]

(A1,03) . . -

La chistallisation unidirectionnelle augmente la résis-.
tance a4 la flexion d'environ 600%. Toutefois, ce procédé
n'aurait que des applications industrielles T{mitées, puisqu;
trés lent et.d'une mise en ceuvre difficile. Bien que

favorisant 1a formation de gérmes a 1'intérieur du mati.er'iay/t
'i
1%oxyde de zircone n' augmente pas sa resistance a la flexion.

%

Si 1! add1t1on d' oxyde d* aluminium augmente la ténacite & 1a
rupture du verre, il n' 1nf1uence que peu les propriétés du

verre-céramique., -’ ) ’ .

-

De maniére'générale, les propriétés du verre sont supé-’
. &
rieures & celles du verre-céramique; i1 est donc possible de

conclure que ce verre semble 2tre un biomateriau~prometteur.

[
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1.1 Biomaterials .. %

&

The term "biomaterial® is useﬁ for any type of material
which is employed as-an artificial organ in the human body.
The varietyqof tiomaterials is very extensive since they are
used in such complex prostheses as artificial hearts\as well
as for quite simple implants s;ch‘as plastnc pipes for
replacement of small sections of blood vessels, The
biomaterials to be discussed in' this thesis will be limited

PR

to matEria]s used in the Tocomotor system for load bearing

ﬁoint prostheses. . T

The hdst commonly used biomaterials for knee or hip

brostheses ark metalltc alloys [1], e.g.-Co-Cr, stainless

_steel and -Ti-Al1-V alloys for the femoral component, and High

Density / Ultra High Mojecnlar Weight Po]yetnylene I2] for the

tibial and~pe1vic'tomponents, respectively. Honever; these
materials are on1y satisfactory for short term joint
replacement [3], since they tend to loosen or. corrode after a
few 'years‘ seerce in the highly stressed and corrosive
‘environment’. of the human body. ' |

' These problems have led. phys1c1ans and mater1a1 engineers

S

to 1ook for "other su1tab1e ‘biomaterials. An obvious “direction

was ceramics. High Density - High Purity Alumina was thosen

because of its excellent corrosion resistance;-éood

«tribo1ogica1 and mechanical properties [4]. However, together

&

~*wjth Tow fatigue resistance and br1tt1eness, the attachment of

[y

the prosthesis sti11 remains a problem [5]

. .
5 - . -
) . N
N ' 2
- 1
o
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Since boneé is am anat%te material composed of calcium,
phosphorus and organic tissue, materials from the calcium-
) bhosphate system were investigated, Calcium phosphate ceramics
(molar Ca0/P,0g > 1.6) are altready used.as non-1o0ad bearing
components of she skeleton [6], e.g. for the maxillo-facial
reconstructive syrgery. This biomaterial is nerfectly
"biocompatible and even bioactive, which means that bone grows
into the pores of the prosthesis and the mine}ajs of the.
implant are then used by the body to generate new, living and ‘
mature bone;[i.e. by chéﬁical~resorption.of the prosthesis
fi]. However, the poor mechanical prbdperties of calcium
phospﬁ%te cgramics‘make’it impoSsib}{ t6 use as~a bulk

-~

prosthesis'in a load hbearing joint. .

r.
Ceramics produced by the "glass-ceramic" process usually

exhibit higher tougheness than sintered materia1s. Startwng
with a glass, it is possible to produce very fine gra1ns by -
:suitable heat treatement 1nvolv1ng a‘nucleation. stage and a
’ crystaI growth stage with a cpnsequent 1mgrovement ﬁq‘
mechanical properties. |
Calcium phosphate gTaSs-céraMics (molar'deIons < 1m6§
er% already wused 1in dental applications and in some
experimental jsint prostheses [8]. Although they have good
casting-cha}acteristics, their strength 1s still not

'sufficient to allow their use in the,Iocomotor system.




L -

1.2 Scope of the Study o

The purposé of this work was.to study the mechanical
properties of §A1Gium phosphate glasses and glass-ceramics to -
determine their suitability for 1load bearing med}cal

apﬁlications, e.g. -hip or* knee joint_prdstheses.

R . \
Three types of material were investigated: a) pure

- calcium phosphate glasses and glass-ceramios, randomly and
unidirectionaly crystallized, b) glasses hnd“gWass—ceraRjé{

(- Ve D

> «with additions 6f a nucleating agent, .i.e. Zr0p, and c)

‘glasses and glass~-ceramics with additiong of a strengthening

agent, i.e. Alp03.

*

N ~ These, glasses and glass=- ceram1cs were characterised in-
terms.of modulus ‘of rupture (4-point bend strength) and
fracture toughness (Vickers indentatton and notched beam
tbchniquetL ~A tribological study was\aJso_tdnducted for thé

* most promising material and a‘chpérison with conventional

biomaterials was made. - " L

0

'Chapter 2 is'a literature survej of biomaterialghwhich
' are used in load bear1ng joint prostheses in the 1ocomotor
system and Chapter 3 deals with the. current knowledge of

calcium phosphate ceramics and g]ass-ceramicsl

-
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2.1 §e1eotion Criteria for Biomaterials . L .

2.1.1. Medical Criteria ' . D

A biomaterial has to meet both“medical [9] and mechanical
[10] requirements. The most important medical criteria are the

\

biocompatibility and the corrosion behavior,

The biocompatibility is a critical parameter.becabae if

the biomaterial is not perfectly biocompatible the attachment

of ‘the prosthesis becomes a prob1em and furthermore the immune

system of the body may react agalnst the material thus leading

) tobtissue inflammation, necrosis, or even to the rejection of

bhé'progthesi§'[11].

K

~

E The corrosion resistance. 1s alsp very 1mportant since the

body fluid is saline and has a pH of apprbxfmately 7.3. S1ight

var1at1oni,of pH with4in the human body cap generate small
galvanic cells in metal alloys which can 1ead to preferential'

corrosion. ahd 1ea£h1ng of toxic ions into the human body. This

'provokes—tﬁsSUe 1hflammation and eventua11y, rejection of the



2.1.2 Mechanié%l Criteria

From a materials science point of view, the most

important requirements for a biomaterial are:

~

a) Ease of ;Ebrication

b) Suitable Young's Moduius, =
c) Strength and‘Toughness

d) Fatigue Resistance

e) Tribological Properties

a) Ease of faﬁrication

S
L Y

This is an important‘crqterion because a load bearing
joinp prosthesis typically has a mo&erate1y complex shape
(Figure 1); fulrthermore, for each implant design several sizes
have to be available since each patied; has a different joint

configuration. Therefore, materials which are easy to cast or

deform are preferentially chosen.-

i v "

b) Suitable Young's Modulus

*

An ideal biomaterial should have a YBung's modulus very
similar to that of bone [12]. Téblp I gives the Young's moduli

for some typical biomaterials cuf;entTy used in orthopaedicy,

’

—
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Figure 1: Total hip prosthesis with a metallic femoral part
and a high density polyethylene pelvic part [13].

Table 1:

Elastic Modulus Comparison Between Bone and

—

Different Common Biomaterials

o

MATERIAL
Cortical bope
Bone cement
Stainless steel
Ti-A1-V alloy
Polyethylene

Alumina

YOUNG'S MODULUS

[GPa]

14-24

0.6
190

118

0.5
400

-

.

~ .
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A large elastic modulus mismatch between the prosthesis
and the po#e can have dramatic consequences. The internal
fixation plate used lo stabilise a'long bone fracture (e.g. a

femoral fracture) provides a good eiample of this problem

[12]. These plates are usual 1y screwed to the two parts of the

bone so that the fracture site is under compression (Figure
2a). If the plate is not stiff enough, the parts of the bone
are allowed to move, and hence, the union will never occur,
But if the Young's moduius of the plate is too high, large
stress shielding through the pla®e will occur. Therefore,
since tiving bone regcts to external stresses, if no demand,is

placed on it, the bone will tend to disappear. Hence, the hard

replaced by soft.and»weak cancellous bone (Figure 2b). This

wi]] lead to a high risk of refracturing the bone after

rembvaj of the plate.

Pttt mar g

Figure 2: a: TFixatton plate used to étab#¥ize a femoral,
fracture. b: Bone resorption (arrow) at the previous
location ofothe fixation plate [12].

i *
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- and strong cortical bone next to the fixation plate will be\\

~

t




\

Another effect of a\high efcstic modutus mismatch between:
the bone aﬁ% the ‘impladt material is the high ;Eress it can
induce at the bone-implant interface: Under constant stress,
bone is 1ikely to deform more than the @e$a11{c prosthesis
thus creating an inter face probﬁem. This may lead to 1oosgpﬂng

of the prosthesis within a short period o} fimé [12].

e

c) Strength and Toughness

/

Y

are highly stressed [14], e.g. the total reactijon on a hip

In the locomotor system, load bearing joint prostheses

I 4 : .
joint when a man 1is staading very quietly on one leg is three
timMes his body weight, this value reaches five when he is
walking and is over ten when he is going upstairs m;down-

stairs. And since the space available for the implant is quite

.small, the stregs level in a'hip joint during thése activities

is very high, e.g. a) maximum contact bearing stress of 15 MPa
and b) an estimate of the stress in“the part of the prosthesdis

s@bmitted to the maximum bending moment is 130 MPa.
N , :

N

-

| In Table 11 the ultimate tensi]e strength’ and the

fracture toughness of the same b1omater1a1s currently used in
ontﬁg;;edic surgery are given., This Table shows that the
ultimate ccnsile strength of cortical bone is rather 1ou‘and
the low Kj. value 1nd1cates that it fractures. in a brittie
manner. But here again bone is a 11v1ng mater1a1 whicn can
accommodate minor structura] deterforation and heal, but this

is obviously not possible for a biomaterial. Tnerefore, an

- «

N S 10°
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jdeal biomaterial should have a much higher tensile strength

L4

and toughness tham .cortical bone.

A

Table II: Strength and Fracture Toughness Comparison
’ Between Bofe and Different Common Biomaterials

.
Ve L

MATERIAL Fracture Stress  Kq. [MPa ml/2]
[MPa] )
Cortical bone - 60-170 2-6 :
Bone cement ‘ 70 1
) Stainless steel - 660 20-100 -

Ti-Al-V alloy . 880 0%
Polyethylene " 50 - " 10-20
Alumina tension 400 4-5 ¢

compression 4000

d) Fatigue Resistance

F

- The fatigﬂ@ resjftihze un&er stress and corrosion of a
biomaterial shoy]d be very high. It was estimated that a knee-
Joint of a norma1{;1d¢1e¥aged North AmericadwaduTt has'to
withstand abouy 1.2 x 106 cycles per year. Hence the
‘conventional faiigue limit, fi.e. 13 7 cycléi, is reached

within eight \years. .



e) Tr{bological Properties

Since the coefficient of.friction and\the wear rate of a
natural joint are very low (Table III), 1tis.essentia1th3t
the pair of biomaterials have similar characteristics [4]. A
high coefficient of friction will™~be responsible. for a
difficult and paiﬁ?u1 motion and for loosening of the
prosthesis. Tissue 15f1ammat10n, necrosis and prosthesis
loosening could be some of the consequences of poor
tribological properties. .

o

Table III : Tribological Properties of a Natural Joint
Compared with Ar;ifiqial Prostheses

/
Coeff. of Friction Wear Rate [mm/year]
Joint Articulation 0.01 none (regeneraticn)
Metal-Polyethylene 0.1-0.2 T 0.1-0.2
Ceramic-Ceramic 0.1-0.05 oo . 0.1-0.01
4 -

‘ In 8 metal to polyethylene prosth;sis, the initial
coefficient of ?ription and Qear rate are very low because of
the*high}} polished surfaces, j.e. polished to 0.05 pm,
However, the polzethylene component is quickly damagéd and,
hence, the wear product keeps increasing when in service, The
body immune system is capable of accommodating a small amount

of polyethylene wear debris but as soon as the wear rate

becomes toe high, debris accumulation occurs.and an adverse



reaction takes p'lace resulting in t'issue inflammation and

netrosis.,

From a tribological point of view, a ceramic-ceranmic
configurationgis more favorable. The initial coefficient of
friction and wear rate are quite low, and they drop to an even
lower value after a short "run-in" period. Furthermore, since
ceramics are more bioinert than polyethylene, al 1l the wea‘r.;

& * 4 \

prodbcts can easily be accommodated [15].

\

- ~

2.2 Current Biomaterials ° "

| 4

The most popular biomaterials used for hip and knee
prostheses are metallic alloys, alumina and polyethy1ene:

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

knee and the hip prostheses where a material with a high

‘strength 1is required. High Density / Ultra High Molecular
Weight Polyethylene is the convemtional counterface material-'
since it acts as a shock absorber and results 1in a
~satisfactor'y coefficient of friction when used in conjunctiqn

with metat1fc alloys or ceramics. .

2,2.1 Metallic alloys

. Table IV giveé the composition of some typical metallic
0 ~3lloys used as biomiterfals [1]. 'A11 these alloys were chosen

o 4
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because of their hights'trength, toughness, ,relatively low

density and good corrosion resistance.

) / g

Table IV : Common Metallic Alloys for Artﬂgicial

Joint Prostheses. ’

ALLOY " TYPICAL COMPOSITION (wt %) N
Stainless steel 18% Cr 14% Ni 3% Mo
Cast Co-Cr-Mo 28% Cr 2% Ni 6% Mo
Wrought Co-Cr 20% Crl 10% Ni 15% W
Wrought Ti-Al-v 6% Al 4% v .
™™

Their, corrosion resistance arises from the passive oxidg
filmon the sur face of the 1mplané. However, the weakness of
this. passive film can lead to the failure oi‘ the pros,thgsis.
since thg slightest disrﬁption of thi's surface lTayer causes

preferential corrosion to occur, . -

-

In the sixties the metal-metal combinations were widely
~used. However, high coefficients of friction leading ~t0'h1§h
wear rates were encountered. It was very d/‘i.ffit,:'u'lt for the
body to cope with the wear product bggause most metals except

Fe, Al and Ti are toxic. Therefore loosening and eveh

Tejection.of the prostheses were very éommo‘n and they had to
’ . ‘ ¢

be replaced frequently [1]. . ’ | 3

!

In a- metal to -plastic implant only the bonethxlen"e part

ifs affected b“y wear, How‘ever, this wear product is much less

4
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toxic and the human body can easily accommodate the wear

debris. The coefficient, of friction in such an implant is

,qu1te 1ow during-the ear]y ‘years of seryice, but increases

with time tTable III) The weaq rate follows the same trend,

sa that;tﬁe 'weanipg Out“iof the plastic cpmponent is to be

expected within about ten years [3}.

1

. By far the greatest prob1em in tnta] Jo1nt rep]acement\

surgery is still. the attachment of the prosthesis Th1s is

usual]y achieved by using bone cement The problems of bone
cement w111 be discussed in detail |ater, but the 1ntroduct1on‘
of a second intérface, and hencianother elastic modulus

R N ~N— e r . ) ) 3
mismatch, increases further- the problems already described in

section 2.1.2.

Another method for attaching the prostheées is to allow

‘bone ingrowth info a perous layer 'on the surface of the

4 . ’
implant. But since for every metallic alloy there is at least

one element which s not cbmpleteT}abiocmeatihle, this
process'ts very s]bw.*ﬂowever, some progress has been made

witﬁ a porous coating-of pure titanium [16].

~

©2.2.2 Polymers o EEEN :

In order to have‘alnateriallcépaﬁ[g‘of»absgmbihg shock
without damaging the §urroanding bcne as well as to obtain a
low coefficient of friction, var¥us po]ymers have been’
tested, e. g.acrylic materials, ny1on, and fluon [3] These

- ’ ‘ o 15
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T were employed as a part of a mu1ticomponent 1mp1ant 1.e. the

pelvic part of hip prostheses or the tfb1a1 part of knee

prostheses. These polymers were chosen because of their good

. biocoﬁpatibility in non-lgfd bearing implants, e.g. pipes for

small sections of blood vessel, HoweQer, they were not found

\;/jéuitable for- load bearing joint prostheses for three reasons:

a) gross shape_deformagﬁbns under 1oading, b) high wear rate .

and c) poor biocompatioilntx under high stress conditions.

The surgeon Charn]ey'made’the fortunate choite of High

Dens1ty / U]tra High Mo]ecular Neight Polyethy]ene [2]. This

R

po1ymer, used 1n conjunction. with meta] has a low coefficient

of friction and gives sat1sfactory c‘nica1 results. However

two important prqb1ems remain: a) the incredsing wear rate

with-time and b) the attachment of the. 1mp4ant"The high wear

designed, 1 e. by 1ncreasjng the *h1ckness of the ponethylene

‘part‘beyond the required shock absorbing capab111ty Thus, the

1oosen1ng of the imp]ant usual]y precedes the “wearing out" of

rate has to be taken 1n§o account when the prosthesis is‘

the poﬂyethy1ene component The loosening of the prosthes1s is,

—to,be expected s1nce the fixation is ach1eved by using bone

- €ement as discussed below. \\-

s ' s N
v
. s . /]

2.2.3 Bone“Cement - SRR : " ~

. _ ’ . -
Bone cement is used for the fﬁxation of metaliic and

-

po1ymer1c prostheses. The cement is first cast into a cavity

machéned 1&4Ehe bone,. The fmpIant is then ‘forced into the -

«
" .f -( \ N .
3 o
' [ M Moy . . .o [ o R
.
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cement and held in o1ace until hardeninq(of the cement is

achieved. self-curing acrylic cements

‘

Today, only

emp1oyed which ace composed of ‘a mixture

methacrylate (MMA) and polymethyl methaCry1ate (PMMA) [17]

<
. -~

However, several problems still occur w1th the usée of these,

acrylic cements.

First the success of the attachment depends ma1n1y on the

-

skil1 of the surgeon, since he has on1y a short time (e.g.
'

about five minutes) to achieve the correct location of the

/
.the high’

1mp]ant. Secondly,‘during the curing phase,

temperatoretgenerated requires the use of an e*ficient copling
system, otherthe 411 the surrounding tissues would be burned.
) Thirdly, instead’of only one ihterface (bone-prothesis) the

use of bone cement 1ntroduces two 1nterfaces‘

cement- prostheses. This means that the e1ast1c

and bone

modulus mismatch 1% also doubled (Tab]e I), thus, worsen1ng

the -problems: descrlbed 1n 2.1.2.
, . : f
F1na11y, the introduction of -bone cement into the bone

- can be immediately followed by a drastic drop in the b 100d

‘pressure, There are even several cases where a cardiat arrest
« v » N . \

‘ )n . »
' ‘. e

-4 .

s '

»”~

are'ﬁ

of methyl\

bone- bone cement-

followed by the death of the patient have been‘reponted,tla];.

Q0




2.2.4 Ceramics | . \L—

‘ The different problems such as. cor}osion. wear rate,
b1ocompat1b111ty,t)utlnore particularly, the bonding of the

prosthesis have led phy51c1ans and mater1a1 enaneers to

search for other su1table b10mater1a1s

»

" porous layer to increase the reactive surface.

' coefffcient of friction of 0.1 and a wear rate of O.I‘mmlyear ~;?3

\‘a) Alumina

-

Apart from bone cement, there are three other ways of

bonding an +mplant to bone. (a) By hard .tissue ingrowth

/

into a porous layer of the protheses; éhis ?equires~é.

perfectly inert biomaterfal “(e.g. ,pure titanium and alumina)
[19]. (b) By chemiﬁa1 reaction between the implant and bone;
here the material not only has to be biocompatible, but also

bioactive to chemicaly react with bone (e.g. S10Z-Ca0-Na20

\glassés) [20].,(c)‘ByjmatéE1al resorption; 1n‘this case the

materia]‘hab a composition sosimilar to that of the bone that
it is decombosed and used fqr the formation oﬁ new bone (e;g.

porqus Cal-P,0g5 ceramic) [él]. Usually the implant has a

[

. v
Y ¢ -
- iy
’ .

Nowadays, the only ceramic used 1n orthopaedics is high
density- high purity alumina [4] This ceramic has excellent

tribological properties s1nce 1t starts w1§h a very low

and these values drop to 0.05 and~0.01' respectively after'éﬂ

F

u
¥ \

18

- short *run-in" period. The special mechanichlIcharacterjsiicsf
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of a1um3na, i.e, tensi]e'strepgth = 400 MPa, compressive

strength = 4000 MPa, fracture toughness = 4 MPa ml/2 as well

" as the fact ‘that satisfactofy'bone,1ngroyth only occurs in

areas wheke stresses are .transmitted, require a special

implant de\fgn (Figure 3).

trochanter plateau
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Figure 3: Femoral part of an alumina hjp prosthesis designed
’ to minimize bending moments [30Q]. :

e

Although it gives satisfactory results [5],. a]um1na is
st111 not the ideal biomaterial Sqme of‘the prob]emsninclude.
a) a high elastic moduli mismatch (400 GPa for alumina against
17 éPa for'bone), b) its fnherent britilness, ¢) ;hellow

fatigue resistance and d). the s1owness and 1nhomogeneity of

~

bone 1ngr0wth o o : L o

l);;
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« without changing the biological behavior.

'b) Bioglass - o,
Hench et al. [20] developed bioglasses ‘which, by chemical
reaction, achfeve a very strong attachm;nt to bvone. Typical

compositions are given iA Table V.

2
“nn

Table V: Typical .Composition of éioglésses

1

Méterigf o .Composition in Weight Percent )
: Si0p - Pplg cao ‘Naj0 caF, By03 -

| . | . - oo : . .

4555 45 6 . 28,5 24,5 - -

a5S5F 43 5.7 - ™11.7 23.4 1643 -

458ss - 40 . 76 7 24.5 . 24.5 - 5

>

Js y

‘This direct bond 1; obtained without the use of a porous
structure, hence feta{nﬁng the strength o% these méterials.
‘The‘gtréngth of the bond i's promoted/by thefdjssolut16n of
calcium and phosphorus ions in the s{ight1y acid body fluid,

‘,:yhﬁch promotes the precipitatfon of hydroxyapatite in bone.

The ratehat which: the bonding QQCurs,faS‘yell,as its stfength;“

1

" are not dependent-updn the Ca/P rat?g or the microstructural

" state. This means tﬁat it is pos;fble to modify the physicatl

prpperiies of the material (e.g.by-cryéta]l1iing the glass)

{

A\

i

The.streigth of this hond is excellent, since after only'

o

20
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o
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28 weeks, fracture would occur preferentially in the

4 .
surrounding bone, leaving the interface and the eramic

compound intact.

& , 3
c) Calcium phosphate ceramics

- —
P4
e

Since calcium sulphate (Gypsum) was successfully used as

‘bone substitute last cgntdry [22], there is a groW}ng interest

in ceramics b§sed on biological salts.'Because bone is
composed of calcium, phosphorus and organic tissues (mainly
collzgen), calcium phosphate ceramics have received
considerable attention [23]. Calgium phosphate ¢ceramigcs

exhibit a very high biocompatibility since neither’

" encapsulation nor rejection of the material occurs (6]. A

tight bond between the implant and bone is-quickly developed.

"~

Densely sintered ceramics do not exhibit a ﬁeasurable
biodegradation rate (resorption). A comparative animal study
seems to indicate that the~presence of both pores and
impurities favors the resorption of the material [23]. It is,
therefore, possible fo achievé different degradation rates

varying .from negligible to 10% or 'more per month, , w

Resorption occurs jn_two steps. First powder partié]ey
a;b-1§blated'from the ceramic bgdy.by phys{o-chemical
dissolution of the neck of the ‘sintered particles. These
particles are then ingested by the s;rrounding cells and

tranformed into new 1iving bone. It is obvious that the pore

[

« » o .2
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size is a critical parameter for controlling resorption rate

since the more available surface area , the more physio-

chemical action, -

" The mechanical prodertfes of calcium phosphate ceramics
depend strongly upon the porosity of.the sample. For the- dense
Leramic, compressive strengths ;f 500 MPa .and tensile
strengths of 100 MPa have beep reported [24]. It exhibits
substantial slow crack growth and low-fracture toughness (e.g.

Kic = 1 MPa ml/2),

It seems pmssib]e-tn‘pverfbhe these general ceramic
drawbacks by prestreéstng.the implant’in compression [25].
Such prestressed implants are already successfully used as
load bearing tooth'prostheses and they seem to show promise as

joint prostheses,

d) Calcium Phosphate Glass=-Ceramics

“r

LR

The poor mechanical properties of calcium phosphate
ceramics has stimulated research jin glass~ceramiés where fine

grained ceramics are obtained by controlled crystallization of

suitable glasses [8,21].

In France, Pernot et al, investigated the poraus form of
such a glass-ceramic [21,26]. For a bioinert material like

alumina, the’min)mum size of the 1n§erconnectioq between pores

* has to be about 10Q um to allow/satisfactory bone ingrowth,

They produced porous calcium phosphate glass-ceramics using

22

L



©

-vﬂ.‘
*“ﬁm‘. N

- .
M e e e N AN .

the "foaming agent" technique. The resorption characteristics

of this material allowed for a rgdgction in the

- interconnection diameter to about 15 pm without lowering . the

bone ingrowth p;operties, and hence led to an improvement in

the mechanical properties. ,

Dense calcium phosphate glass-g;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 ggtween bone and the

~ceramic while a control titanfum ‘implant (the most

biocompatible metal) was still loose. They were found highly

-suitable fortﬁe manufacture of artifical teeth since their

mold filling characteristics are excellent and their
mechanical piopert1e§ are very similar to that of natural

tooth (Table VI) [8].

Table VI: Physical Property Comparison Between Natural Tooth
and a Calcium Aluminophosphate Glass~- Ceramic

MOR [MPa) Hardness [GPa]
Natural tooth 142 3.6
— ‘3.8

Glas's-ceramic ‘ 116

A hardness similar to that of natural tooth is highly

desirab]e for a dental biomaterial because materials~hgrder
)

than tooth emamel (like conventional dental porcelain) would-

‘wear away the tooth by abrasion..
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3.1 Calcium Phospnate Ceramics

¢

»/ Under normal cooling conditions in the calcium phosphate
system, crystalline ceramic formation occurs abéve 55 molar
percent calcium oxide. This concentration corresponds to the

»

eutectic point between monobasic and dibasic calcium phosphate
. \
(Figure 4). <A) -
M

Most of the studies in the biomedical field were
conducted on_céramics having a Ca/P ratio varying from 1.5 to

- 1.7 (Ca0/Py05 =3 to 3.4), i.erclose to the tribasic cglcium
phosphate composition. The former will wundergo a ‘phgse
transformation from épatite to beta-whit]ockipe at 800 °c,
while the latter wil1“§emain in the apatite form [6]. The
tbfee most important processes used for the pro&uction of such
ceramics are : a) slip casting and sintering, b) cold prés§?ﬁg

,

and sintéring, and c) hot pressing., . 4
¢

Slfp casting jnvolives the casting of a slurry composed of

" calcium phosphate powdgr, water and proper deflocculating
agent into a plaster mold. The wateé is removed by capillary

\ action, leaving the so-ca]lgd "green" body. After prying, the
compact is fired ag}tbe appropriate sintering temperature

(usually 2/3 of the melting temperature™in degree kelvin).

Cold pressing of the dry powdef can be carried out
either in a sonventional uhiaxial press or preferent%a]ly in
0 an isostd&tic press. Compaction of the powder is act;igved with,

pressures of up.to 500 MPa. The resulting compact body is then

25
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heated at the sintering temperature fof a suftable perifod of

time.
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Hot pressing is a complex technique where compaction and
gintering of the powder occur‘simu]taneyus]y. Alt@ough it is )
an expensive proc;ss limited to simple shapes, 1mproveq
mechan1cgl Rrppertfgs can be achieved.

) ‘
* 3.1.1 Properties of Calcium Phosphate Ceramics
\\ . oo
A %arefu1cdetermination of.the mechanfcal propergies of
dense calcium'pposphate ceramics: was carried out by de Vith
et al. [24]. The starting material was a calcium phosph&tg
powder hav ing an Ca /P ratio of 1;64, a specifib“surface area
of 85 mzlg and 50% of the grains below 1 pm. This powder was
__first pressed uniaxially in a die L}t 5 MPa and then
1sostética1ly compacted at 100 MPa. Thé resulting green body
was subgequently sintered at 1450 K for 6 hours in a moist
atmogbhere, ;chieving a density of 98% theoretical. This
- ceramic was characterized in terms$ of e1asti5 modulus, bend

strength, fracture toughness and slow crack groyfh under dry

and wet conditions., Results are listed in Table VII.

The mechanical properties decreased significantly when

tested under wet conditions. However ageing for three weeks in

aqueous solutions containing biologically active components
(Ergzeins and cells) has no effect oﬁ the properties of.
samples careful 1y dried prior to testing, fherefome it was
conc luded fhat even though the presence of water does nof

0 degrade the material, @_he‘fracture behavior is greatly

- ‘ » . L 27




| " affected by moisture. e
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Tab'le VII: Mechanical"Properties of .a Calcium Phosphate
Ceramic Under Dry and Wt Conditions.

’ @ .
.. . . dry- wet' o
Elastic Modulus, GPa 116 ‘ - .
1 Modulus of Rupture, MPa " 103 92 ' N
Fracture Toughness, MPa ml/2 1.33 0.88 . S
\ STow Crack Growth Coeff., n 32 - 14

(see Appendix 1)

Although this ceramic has satisfactory \short term
ngechanica'l characteristics, the 1ow value of n 1nd1cates that
—~a substantial slow crack growth would cause deterioration in
these properties with time, i.e. s'tafic ‘%atigue. Furthermore
this decrease would be more pror;ounced under in vitro
conditions than in dry atmosphere. This cerdmic 1s't~herefao-re al
doubtful candidate for the highly stresséd env ironment of 1load

bearing joint prostheses. -
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3.2.1 Crystallization Behavior Above T

A}

-

In shbkca1cium phesphate system, glas¥ formation- dccurs

. Tup ;o 65 molar perceng Cao.hbe tze] extensive1j¥studied'the

crystal]iiation behavior of the monobasic calcium-

orthqphosphate g]ass v Its glass transition temperature was

found to be close to:510 °C. The crystallization kinetic study

of the glass at temperature close to 800 °C gave the following

results = o e

»

’(»0
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1) The major cr}sta]line phase .was beta calcium metaphosphate

®)

with -a small amount of metastable ~gamma calcium metaphos-
—

‘phate present This gamma phase transforms into the beta

' phase if sugf1c1ent ti@g;is given.,

r

The activation energy of nucleation' and crysta11izat10n of .

,the beta phase, was found to be the same (aboubmlls

kca]/mol). Since this energy is comparab1e to that of the

© T pag-P bond energy, it was thought that crystal growth

. 'C)

‘ phase was estimatedqto be 1arger than .that of the stable

,occurs by breaking and rearranging the chain pattern at the

giass crystal 1nterphase [291]. _ Lo

The nucleation act{vation energy of the metastable gamma

beta phase. 7
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3.2.2 Crytallization Behavior Below Tg
f C K ‘ h , ‘
3

It is nsually accepfg& that glasses en'nnt crysta1Jize
ae, or beﬁow, tne%r'glass transat{on temperature Tg, 5egause
the therma]]energy‘is'too smai]lto break and‘reforn.ghe\glass
networﬁ; amnd also the rate of ionﬁc diffusion is sliow.
However, Abe et al. ~[29] found two groups of phosbhate
glasses, (’a) Be(P03)2, Ca(P03)p, 5n@o3)2, Ba(P0g), Which-
crystallrze both below and above Tg{ and 1b) Mg(P03l2,'
NI(P03)2, NaP03 wh1ch only crysta111ze above Tg. The first

metaphosphate series (a) has a chain- 11kelstructure in boLh

-the' glass and the crystalline s;ate..whereas tne latef (b) has -

t

~a chadin stnuctnre in the gTass‘and ring morpholggy in ‘the

- 1

crystalline state.

\

The glass transifion temperature for the monobasic

) calcium metaphosphate g1ass was found to be cTose to 490 °€

from thermal expansion curves, with variat1ons depend1ng on
the heating rate The corresponding visc05é§y was 1014 Pa s.

Nuc1eating at the surface, the crystals’ wh1ch form at 4
temperature as low as 420 0C, have a typical bemispheru]itic
shape The surfaces remains covered by 2 g]assy layer
approximately 20 pm thick except at the nucleation site. These,

hemispherulites can reach several millimeters-in size and are’

. composed of fibrils abbut 0.8 pm in diameter.

Thefac;ivafjon energy of crystal growth was found to be

.30 -kcal/mol for crysta1l1zat16n below :? which is'a,low value

. iy
. ' ! .
. - ‘ 30
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~calcium'pho‘s,phate with a small amount of the metastable gamma

phase. The crystal growth rate around ‘the glass. transition !

. with v.

» -

compared to ﬂhat above Tg (110 kcal/mo1). This . inddcates that

“‘the crystallization mechan1sm in'the two cases is basically®

different For crystailization below Tg, 1t is thought “that.

the structure of the glass and crysta1 are s1m11ar. A]though /

"the moleculdr chwﬁns followd completely random path in the’

glass, the crystal contract1on (around 3%) inducee a high

“stress at the g1ass crysta1 1nterface, thus stra1ghten1ng and

A\

ordering the glass chains. Th1s crystallfzation mechanjsm -

" requires only a small amount of energy with 11tt1e atomic

)

‘rearrangement since 5t does not involve the breaklng and the

reforming of bonds. This stress-xnduced crystallization

nechanism exp]ains the, presence of the glassy lTayer. Any

’stress app]ied to this thin g1€ssy layer (20 pm) will result

!
in its deformation rathe;fthan to chain straightening.

. N .
Y . .
N ¥
' )

The structure and the phases present in crystals grownf'm

below Tg (¢.g. 420 °C ) are the same as those grown above

(e.g. 800 °C ), 13e.pemispheru11tes oomposed mainly of beta .

temperatune for th1s Cao P205 glass 1s surprisingly h1gh.

‘Equation (1) is rough]y ga]id for network glasses having the

Y

'same chemical composit1on as. the growing crystal

Vs T -~1.6557,10'5 NmK (19 -

» N

- . *+ |
1 ' 3

crystal growth rate,.n/s

‘viscosity, Pa s = & )

-3 .
e

degree ‘of undércooling , K L
(from the melting temperature)

4
-t
’e
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T Usually,-at'tenperatures c14%5e tO‘Tg, this gquation leads

_to crystal growth rate of seveneI microns per.hundr%i yeers.

rate as high as:IO'Pm/min! which corresponds to:

¢ T

N
+ B * ’ ?
v n/ T = 16.667 N/m K.

the glass sample [30] The cr1t1ca1 ‘thickness (where the

growth\nate'JumpS'from 1-2 to 20-25 pum/min) was found to be,

about 1 mm at 560 @C and 2 nm at 540 .°C. It fs belfeved that
+ “"this critical thickness is ‘determined by compet1tion between

the rate of relaxatlon of the 1nduced tension 1n the molecular

rate it a given:tempe}ature: | e,
Although tne'trystalngkowth rate is not‘af?ected by the

o~ presence of water the number of nucleation sites s
proportional to the part1a1 vapor pressure of water 1n the
atmOspﬁire The 1ncubagion time also decreases as.the vapor

pressure increases [29}
’ L o ™~~~

. L
; - N
N B ’ R - A . . o
4

"

Howeger,.at Tgs thf§‘celcium phasphate g1as§.cfys;a1fiies_at a.

The growth rate seems to be dependent on thé thickness of

- chaihs at the glass-crystal interface and the crystal grpwth

¢ t . «
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a 3.2.3 Unidirectionalugrystallization o b & .

i
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Another?interesting characteristic’of Ca0;P205 gla;s:is .
its ability to crystallize alonyg the direction of appliedy

~ stress [30] A fine glass rod was obtained by stretching 15
- thgee times 1ts*original length at a temperature slightly
_above Ty (i e. 540 °C). When thlS specimen was heated at 510
OCc under ‘no load, crystallization occurred in the elongation
direction at a ‘rate ten times faster than that of a
hemispherulite, Fhis high rate is due tosthe orientation of

" the glass molecular chains 1in the stretching direction, thus

providing an. easy path for crystal growth.

»

Thds characteristic is used to produce unidirect1onaly__
- crystallized samples [31,32]. One end-of the rod is heated at
; about 600 °C*until random’ crystallization takes place. The rod
| ‘ts then pulled through a thermal gradient of ig 0C/cm around
| \ mTg at a rate equal to the crystal growth rate (e.g. 20
. L pm/min) “The crystals grow unidirectionaly from the high
temperature region to the low one., The dr1v1ng forces are (a)’f///’
the stress induced by the thermal gradient and (b) the’ stressl

e induced at the glass crystal interface
: . . . A

» " The temperature range where unidirectional
< ' crystallization tan occur depends on the composition of the
"glass (Figure 5),‘This range is quite wide for a molar ratio

*of CaD/ons. R =0 94, but becomes very narrow for R>= 1

.
: ) ‘ . -
.
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\Figure 5: Temperature range whére unidirect1ona1 crystalliza-

tion can occur (from [32])
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®

The strength was impfoved from:50 MPa for a randomly
cryithIWizedJcaIcium phosphatelﬁlass-ceramic to 600 MPa for a
unidirectional one. The maximum strength was found for a molar

ratio of 0 94 (i e. 640 MPa). The fracture toughness was also

~great1y improved since instead of shattering like conventional

eramics, the glass-ceramic fractured 1n step-like -fashion, Ss

i each bundle of crystalline fibres broke. The cracks tended to

[S '
propagate in the dirgctfon of the fibre axis breaking the

-

cohesion between then.
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4.1 Startigg Materiais

- » -

# @ “ 3

4.1.1 Calcium Phosphate Powder

" Purified grade calcium phosphate powder, in the form of
CaH4(P04)2.H2b, was purchased from BDH Chemicals. The major

impurities are given in Table VIII.

Table VIII: Impurity Level in the Calcium Phosphate Powder,

ch'loride < 0.005 %
sul fate < 0.05 %
iron < 0,015.%

Since it is a hydrated powder, a differehtial scanning
calorimeter (DSC) run was per formed to determine the water
dissociation'tpmperatures (Figure 6). The three main

~endothermic peaks characteristic of water loss occured at 150,

270 and 310 °¢. Water dissociation is completed above 450 °C.

2

X-ray diffraction analysis indicated that the powder was
composed mainly of alpha Caj(P04)p, with Targe peaks

_characteristic of éompined water of crystallization.
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Figure 6: D3C curve showing the water, dissociation behavior
. - for the calcium phosphate powder.
]

- ‘-

4,1,2 Additive Powders

Two additions were made to .calcium phosphate to
investigate their affect on a) the nulceation and b) th
_ strengthening; they were 1r0, and Al,03 respectively.

a) Nucleating Powder

LQ In pure calcium phosphate glass only sSurface nuc[eation

: \
e 3.



occurs and, hence, during crystallization a_fibrous structure
is developed, The addition 'of a nucleating agent that would
promote bu]k nucleation rather than surface nucleation was

investigated in order to produce a fine grained structure.

Conventional nucleating agentﬁ used in the glass-ceramic
industry “are: phosphorus pentoxide (P»0g), titanium oxide
(Tiojy), and'}}rconium oxide (IZr0»). Phosphorus pentoxide was
. immediately excluded since phosphorus is one of the main gla;s
constituents. Titanium oxide could not be dissolved in the
glass even at 1600 °C. Titanium 1ons~cou1d also be intr&duced
in the glass by dissolving titanium phosphate. Howevers—it was
considered too expensive at $20 / 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 zirconia diss§1ves in
stoichiometric calcium phosphate glass (Ca/P = 0.5) at 1530
°C, whereas the digsolution témperature for 2% zirconia is
over 1500 °C. Therefore, tﬁe nucleation behavior of ¢alcium
phosphate°g]ass with an addition of only one weight percent of
zirconia was investigated. The appropriate amount of zirconia
was added to the star}ing calcium phosphate powder, carefully
mixed, dried and melted at 1250 9C; no significant increase of
the visco;ity of themelt was noted. The glass was poured into
a-mg1d preheated at 560 °C}and annealed at thiﬁ temperature

for 10 mthtes. Ha]ﬂ/the resultinb glass samples were
P .

crysta11izéd at 650 OC for 12 to 16 hours.
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-m Table IX: Characteristics of the Zirconia Powder Used as
Nucleating Agent. e

Impurities: 0.9 5192, 0.3 A1203, 0.2 Ti0p, 0.06 Fep03
Wt % ¢
Mean Grain Size: 1.5 pm

Specific Surface Area: 4.2 m/g

b) Strengthenin? Powder ‘\
Alumina was added to calcip@ phosphate glass to modify
the glass networ& and promote the formation of stronger
bonding, i:e. Al-b04 bonds, and also increase ‘thé strength of
the bonding between the crystal fibres. The characteristics of
the alumina powder used are given 4n Table X. The appropriate:

amount of alumina was added to the starting powder, e.g_1.6 ¢

A1,03 for 100 g of CaHy(P04)5.Hp0, mixed, dried and melted at
1200 9C. The glass was cast into amold preheated at 580 °C;

and then annealed at this temperature.

B 5 o/

/ -~
1

{ e

- Table X: Characteristics of the alumina powder used as a
o strengthéhing agent.

¢

L
-~

' Impurities: 0.04 Nap0, 0.06 Si0,, 0.04 Fej03, ‘
‘ Wt % 0.04 Cal, 0.04 B,0, .

" Mean Crystal Size: 11 ym

| Specific Surface Area: <1 ml/g . ;

i :
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4.2 Sample Preparation .-

o -

4.2.1 Drying and Méélfng |

4 ey

Since phosphorus pentoxide is an unstable material (puré
P,0g begins to sublime around 300 ¢ and melts at 560 0c), the

weight 1losses occu§r1ng at different melting temperature were

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

16 hours at 115'°C to ensure no loss of P,05. The batch was
then heated -at 1000 ©°C to remove all the-water of
crystal 1iiation and then reheated at 1000, 1100, 1200, 1300,
and 1400 °C for 20 minutes in each case. The ‘sample was
carefully weighed between each increment of temperature rise.
After the first heating at 1000 °C there were no P,0g losses,
since the theoretical weight loss due to water should be
21.43 % and a weight loss of only 20.24 % was measured, this

meant that some water had dissolved in the glass (1.19° ¥%).

5

Table XI: Weight Losses During the Drying and the Melting of
10 g of CaHy(PO4);.Hof.

”ApﬂvTemperature ' Weight Losses in 20 Minutes

[oC] (gl (%]

1000 o 1.4701 . 20.24
1000 ‘ . 0.0014 0.02
1100 - “ ~ 0.0057 0.07
1200 0.0229 0.29
1300 0.0662 0.83
1400 .- 0.1544  ° 1.96




Serious losses of Py0g durfng melting of a gTass batch
werk;te observed at T >= 1300 £C (0.83 wt% after 20 m"i-n).
Therefore, a melting temperatire of 1200 Oc was chasen. To
check if such a melting temperaure would result in high
phosphorus pentoxide losses,\ a batch of glass, having a molar
ratio of Ca0/Pp05 = 0.9, was made by adding 6 m1 of 85%
phosphoric acid (H3P04) to 100 g of calcium phosphate powder. _
After careful drying, this batch was melted at 1200 °C,
weighed and"then reheaded at this temperature for one hour. A

weight loss of only 0.2 % was measured. Therefore, it was

decided that 1200 OC was the optimum melting temperature for

these glasses. ~

A DSC study showed that complete dissociation of the

' y water occurred below 450 °C (Figure 6). Hence, the‘powder was
~——tarefully dried at 500 °C in a platinum crucible since no

other material could withstand this tempera'tur'e without

\ reacting with the powder. A small la}er of powd‘ér, about 1 cn
.~ thick, was dried at a time |to avoid the formation of a dry

crust at the t9p of the crucible which would prevent )any

“ further det_\ydration of the underlying powder, The crucible was

then charged into an air furnace at 1200 °C for ong hour.

: x
AN

3
!

4.2.2 Casting) '

e

) Two types of samples were prepared : a) foour-po'int bend

o samples and b) fracture -toughness samples.




o
Vg

4t L4

a) Four-point bend samples

Since crysta'lljzaf'fon is a time consuming operation,
especially unidirectional crystallization, the option of
making large samples that could be machined to give a number
of specimens of su'itab1e size after'crystallization was first
investigated. A square graphite mold of dimensions 15 mm X 15§

mm X 80 mm was designed. However, the quality of the ‘graphiteg

"used did not allow for proper annealing of the samples since

mold degradation‘occurred at temperatures below Tg. This
resulted in samples which contained hi’gh residual stresses,.
Since this glass has the property to crystalliie towards the
stress direction [30], the crystals fol 1owed the isothermal
curves left during the cooling of the sample.afurther)v)ore, ,
since nuéleatio'n occur;s; only at the surfacg of the specﬁnen.
crystals grow towards the centre of the sample in a finrous
form, leaving\ an anisotropic texture. This means that the
measured fi’éxuraez'l strength would not gonly depend on the

chemical composition- bat a]so on the locatidn of the specimen.

Therefore, this method of sample preparatwn%s abandoned

Round specimens, 5 mm in diameter and 80 mm in iength,
were then made (Figure 7) using a boron nitride (BN) mold.
Since the coefficient .of therm—al expansion of BN from 0 to
1000 ©C is negligible, on cooling, the glass sample shrinks
away from the mold, facilitating s(pécimen removal, As ‘BN is
completely inert up to 1400 °C, it is possible to annegl the

sample for a long period of time or even to crystallize it in

t
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the mold. Therefore{ BN is the ideal moid material,

.
————— - ’ &

Figu}e‘7;'F6ur-poHnt bend speci@en‘and the ‘boron nitride mold.

b ' '

¢

B 10 obtain good_'mbld-fi”ing“ characteristics, the glass
batch had to be hgated\ t 1200 °C, or above, in order to
:achieve a 1ow melt'vi'sco*sity. Lower mel tirg temperatures\would

'resu_'lt in the ffr'e:eziﬁg of the‘glass beforc_e_it reached the
bottom aof the mold.’ The mold was preheated, in a fur.naceg‘
s1ightly above the glass transition temperatunr'a?:1 After the
poquing of the glass, the‘mold was placed back in the fu’rnace
for 10 r:\inutes for annealing. The mold was then removed and

\ - left to cool to room ,tem‘perature. The resulting samples .had a

smooth surface and low residual stress.

0 . 7 The cooling rate is a critical ‘parameter- in calcium
phosphate glass casting. Too higt;, a cio,oHn'g rate fis

-
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‘responsiblé for two undesirable effects: a) a wavy pattern is
generated at the Specimen syrface, probebly\due to
preferentiel shrinkage following the randdﬁ mo]éculan chain
path and, b) gas bubble formation. The gas is tnought to be a
mixture of phosphorus pentoxideland hjdnogen. The _bubble
“formation,is also favored by the large length to dianeter
ratio of the samples. Although, there is molten glass
‘ aseilable at the top of the mo1d, during. freezing the centre
\of‘the;roo becomec too viscogi to flow. fnerefore, any ﬁunther

shrinkage of the g!a%s at the centre will-result in bubble

_ formation.

On the other hand, too slow a cooting rate would give

'. sofffcient'time for”nocleation and crystallization fo occur,
thcﬁ must oe dvoided at thiswstaoe. fhe cooling rate can
'easity be,varied~oy changing both the melting te@peratufe and
the mold temperature. A me]ting temperature~of 1200 °C with a
oreheatedﬂnold around Tb was found to be a‘good compromise
although gas bubb]e formation was reported in 40 % of the

pecimens produced. These could not be used for strength

testing and had to be discarded and remelted.

*

_® b) Fracture toughness samples . " ; 'L',' bos
; AN A . p .
_ Samples for f}acture'toughness meacurements using the
. notched béam technique were machined according to the A&TM
5399 standard (Figure 8); they ha'd a size of 15|mnx 30 mm X

! o
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80 mm. Since boron\njtride j§ an expensive mater{a1; high
quality graphite was’cnosen for of this large.mold. As high
qua11ty graphite does’ not oxidize s1gn1f1cantly below 600 9,
it was suitable for conta1ning the sample during annea11ng
The coefficient of the‘ma1 expansion of graph1te being lower
than that of calcium phosphate gIass, meant that a split mo1d

was not even necessary to, enable easy removal of\the .specimen

after annealing

The glass was melted at 1200 °C and poured into amold
preheated s1ightly above the glass transition temperature The‘
mold was then lef; for 15 min jn the furnace before it was
furnace coofed to 300 9C and then removed. This procedure was
very satisfactory, s1nce the samples were perfectly annealed

/and bubbles were a]most never present.

n\.

.

Figure 8: Sample for fracture toughness measurements using
the notched beam technique. . .o

!
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The top surface of the specimen was rounded and this
face was ground down' to 'the required dimension, The V-notch
was machin®T on the ground face so that the stress due to

grinding would not influence fracture toughness measurements.

" 4.3 Differential ‘Scanning.Calorimetry | ' /

A Differential Scanning Calorimeter (DSC) is an improved
Differential Thernal Ana]ysis apparatus (DTA). A DTA only
measures the temperature increase m*decrease 1nvolved in a
chemical or physiéal change‘or in a phase transrormation.
. whereas a DSC is 'capable of heasuring the actual amount of
heat it has to fdrnjsh to maintain both the reference sample
and the test sample at the same temperature during Qhe
%r%nformation. Therefore, it gives ohe energy involved in ‘suth
ha tranformation. Although the use or a DSC is much simpler
than the one of a OTA, its major drawback is that it is not
possible to reach temperatures above 727 9C (1000 K).

. The DSC experiments were carried out on a(}erk{n Elmer
DsC- 2 in graph1te crucibles under nitrogew tmosphere'
Initial]y small bulk samples 1y1ngon a graphite powder bed -
were used in order to reproduce more closely the conditions of
.a real bulk cast piece, i.e. low specific surface area,
" However, Ehe poor thermal contact‘between the sample and .the
sensor -lead. to enormous peak temperature offsets (of the order
of 56 0C) .and to rery—pogr dafa reproducib%11ty. Therefore,

glass powder was used for all the following experiments, Prior
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through No. 100 and 120 sieves or through No. 70 and 100
sieves, The resu1t1ng powders had a size distribution between
125 and 150 prﬁ’ and 150 and 212 um respectively Each test was

usually carried out with a heating rate of 10 9C/min and with

10 to 30 mg of glass powder.

[ 8
ZRO2 1X 2ND AS CAST

WT:  14.33 mg .
SCAN RATE;  12.00 deg/min .

1l T/C FROM, 821.29
- TOy 041.00
ONSET: 041.70
CAL/GDEG, .981824
MIDPOINT, @38. 08
PEAK FROM, OSSO
T0, 980
ONSET: 067.684
+ CAL/GRAMs ~31. 1

MCAL/SEC
f o
|

»

!

. 8w 1) =) oin T T Y] 1] e -,

o ﬂwﬁmm _ TEMPERATURE €O | ' psc ,
. DATEs O/11/86  TIME: ‘1552 ; ' - . '

Figui;e 9: Example of a DSC plot determining the gihass
: transition and thé crystallization peak temperat res.

~
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The DSC was calibrated using potassium chromate. Kg Cr04‘

The melting temperature was found to be 954.6 K instead of‘V

943.7 K. Hence, a temperature shifting of -11 © was performed
on évery measure. On the other hand, the calibration of the -
latent heat of fusion was 8.13 c&1/gram compared with a true

valﬁe of 8.5 cal/gram.

* Figure 9 gives a typical example of a 639 curve. The
glass transition temperature is determined by a small
epdothermic deviation arising from the internal stress
relaxation. The large exothermic peak is characteristic aﬁ ‘
crystal]ization The area under the peak represents the energy'

lost by the material during the transformation to the more

stable crystalline state.

-4.4 Crystallization

‘The specimens for 4-poin£ bend testing were crystallized
at ‘temperatures ranging from 550 t3,700 OC for 12-16 hours. '
They were placed: in BN -tubes having Fwice the glass. rod
diameter.J51nce the crystallizagion temperature Ja; higher
than éhe .glass transition temperature, the samp1e§ had time to
deform before crystallizing. Therefore, the resulting glass-

ceramic samﬁle& had an elliptical shape.

f—

. However, since the shape of the beams for the fracture
toughness determination is 1mportant these were crystallized

in a stainless stee1 mold. ~The mold had to be coated with BN

48



to avoid reaction of the glass with the steel. The specimens
were nucleated at 650 ©OC for 1/2 hr and thea crystallized for
16 hours at 570 °c,

.
N \
~
'S > -
’ \
‘\

4,4.1 Unidirectional Crystalfiization

One of the special characteristics of calcium phosphate
glass is that it tends to cry.staHize towards the stress
direction [30]. As discussed earlier, Abe et al. showed that
it was possible to grow unidirectional crysia] fibres from one

end of a glass rod to the other by passing it through a
.thermal 'gradient [31,32].

motor i f

sample

/ 600 T [°C)

gt s 2
——

-

~furnace ,
3

’ ~ Figure 10: Agparatus designed for unidirectional crystall-'ita--':'
tion " -

~
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) An appa(r;atus designed for unidirectional crystallization
was built (Figure 10). The sample advance system was composed
of a 1/10 HP electrical motor .tuhrn‘ing at 1530 RPM, a variable
reducer ranging from 13 to 120 RPM, a worm gear hav ing a 335/1
reducing ratio and a thread adva'ncing at 0.5 tpm/revolution.
This gave‘an advance speed which was variable f}'om 20 to 29..9....._...
pm/min. The gfass rod was pushed thro‘ugh a vertical tube

furnace. The thermal gradient could be varied by changing the

setting of the hot zone as illustrated in Figure 11.

&

- TUBE F URNACE TEMPERATURE PROFILE
a Gradient = S1 [deg C/cn)

A 700

O Gredient = 36 [deg C/cm)

-

8
|

o~(§rodient = 28 (deg C/cn)

Temperature [deg C]
8

300
"200-
100 ‘ - -
] 6 1 2 3 4 5 6 7 8 9 {0 11 12 13 14 A5 16 1718 :
‘ ~ ’ Distance from the Top of the Furnace [cm] -
Figure 11: Temperature profile in the tube furnace-for

different hot zone temperatures.
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The tip';f the glass rod was first held at 650 °C until
random crystallization took place, i.e. 30 minutes. The tip
was then moved to the location corresponding to 450 °C and the

\

. ﬁadvancg systém was turned on. This location depended on the

R setting of the furnace and, therefore, on the thermal gradient

used.

The,lengéh of theospecimens was 80 mm. -Since the advance
speed was set at 20 Fm/min, 67 hours were necessary to achteve——
the complete crystallization of the sample. Furthermore, since
unidirectional crystallization-occurs somewhere between 450
and 560 °C (see section 3.2.3), time had to be given for the
éample to reach the appropriate growing temperature.
Therefore, the running time for each sample was 84 hours, i.e.

three and a half days. : L,;4

4.5 Ceramography _

For conventional light microscopy, samples were ground

) using 120, 240, 400, and 606-gr1d silicon carbide paper. After

ultrasonic cleaning, the samples were polished with 6 and 1 pm

diamond paste. Different etching techniques were attempted,

{‘ i.e. hot or cold hydrth]oxic acid, hydrofluoric acid,
phosphoric acid or HF-H;P04 mixtures, and high temperature
etching, e.g, 700 °C for 30 min. None of these techniques _

resulted in preferential etching to reveal the microstructure.

. [
’.ﬂ- - >
>

Iﬁstead of diamond paste, alumina (5, 0.3, 0.05 pm) on a

' , -

;

A RPN -
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thick soft cloth was tried. Alumina acted, at the same time,

\
as a polishing agent and an etching agent. In fact the more

the crystal fibre was perpepdicular to the polished surface,

the bettér it resisted abrasion. Similary, the-more parqllel
to th® polished surface the fibre was, the easier it was
abraded away and hence, the microstructyre was revealed
(Figure 12). In order to ensure that the microstructure
obtained was not due to the presence of a second phase, a
m;crohardness profile of the sample was madg. No correlation
betwden the hardness scatter and the microstructure coulq be
seen, cbnfirmiqg that the microstructure was only dependent on

the crystal fibre orientation.

»

Figure 12: Mic;ostructure of a calc¢ium phosphate glass-ceramic
obtained .by alumina golishing.

52

o



o

Scanning electron micrographsiwere taken of fracture
surfaces, The sides of the gold coaped specimens were covered
with silver paint and low acceleration voltages were used to... -
;void charging. The -number on the left- hand side of the

scanning electron micrographs represenf the length of the bar

4n microns.

o

4.4 Strength Measurements 7 .

»

" 4.4.1 Flexural Strength

Y

! Tensile testing is normally not used for the

determination of the mechanical strength of ceramics [33]. The

"main reasons are the high fabrication cost of the tensile

specimens and the requi}ement for extremely good alignment of.

- the loatl train during testing. Poor a1igﬁmen; induces a
epending moment, increasing the stress level on one side of the

sample. Any flaw present on this face acts as a stress

i~ concentration factor and fracture of . the specimen will

originate at this f1aw. Therefore, a large uncertainty is

e & introduced in the medsured strength.

- - - Because of these problems, the characterization of a

‘ceramic strength in bending is very common. The.flexural

strength or modulu§ of rupture (MOR) is measured either under

. three point or four point bending. The bend strepgth is
@ ) calculated using the géneral flexure stress formuvla: |

] . & ~
[ i —
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MOR =P a c/ I (2)

where: P= failure load, N
a= distance from the supporting edge to the loading
edge, mm BN

- -t . .
c= distance from the neutral axis to the surface in
tension, mm -
I= moment of ~inertia, mm%
/
|

“. .-The advantages are that testing—is quic Kand easy and the
sample geometry is simple, i.e. square, recta&gu]arfor
circular rod of un}form cross-sectional area: The severe
1im1tat1on to t;;s method is.that the MOR depends on fha\jize
and the geometry of the specimen ‘and whether 3-point or 4-
point bending is used. The stress distributions in the

different éample configurations are illustrated in Figure 13,

Although the volume of material under maximum stress is
Iaféer in the 4-point test than in the 3-point test, the best
configuration for the stress distribution is the tensile. test.
The complete volume of the sample is under uniform tensile
stress (provided the alignment is perfect).‘.Thérefore, the
probabil ity that the fracture will occur at the largest flaw
is 100 %. o

0

Since the equipment required to perform an accurate
unféxial tensile test is not commercialy available for ceramic
testing, strength determination using the 4-point bending
technigque was chosen. A 1oa?123 apparatus was built for
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circular specimens, with 15 mm and 50 mm for the inner and
a outer spans, respectively; this is according to the ASTHM
‘standard C-158, A11 the strength data were collected using

circular samples, 5 mm in diameter by 80 mm in 1length.

b

'
t
.
[ A l
a -

AN VAV VLY

E (a) 3POINT BENDING

| !

f ' (b) 4POIN'T BENDING

~

e
{c) UNIAXIAL TENSION

Figure 13: Stress distribution -1n a a) 3-point bending speci-
men, b) 4-point bending specimen, and ¢c) tensile
- specimen.

h %7

4.4.2 Statistical Treatment of Data

" Ceramic strength measurements require an apprc;ach which

1

-
takes into account both the flaw and stress distribution. The

— - most commonly used method is Weibull's statistical approach
. o //' . .

' [34]-charac§:erizing the scatter of the measur.ements and so

| determining the degree of confidence 'of the measured stress.
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It Ts based on the "weakest 1ink" theory which assumes that a

given volume-of ceramic under uniform .stress will fail at _the

‘most severe flaw. With this condition, the probability of

failure can be described by:
Pea 1 - exp f(S) ’ (3)

where Pg= probability of failure
S = modulus of rupture .
-y
Weibul1l proposed an empirical relation for f(S). Since a
better relationship to statistically describe the scatter in /
experimental data has not yet been found, it is still widely

used and is as foﬂows:
f(s) = ~((S - Syr / So)m ) (4)

where S = measured s;t'ress
Sy® stress below which the probability of failure is 0
So* stress at which the probability of failure is 0.632

m = Weibull modulus

The ﬁeibul] modul us (m) is tt;e p;rameter that describes
the flawdistribution and thus, the scatter of the data; the
lower the Weibull modulus, the higher the scatter. Due to
subcrit!cg] slow crack growth problems in ceramics, $§, is

often set at zero.
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0 ’ Experimentﬂy, ‘the probability of failure (Pg) 4s” -/

) associated with the measured strength, and can be calculated
using: =

- 4

Pe = n/ N+l J ‘ | | (5)

" with:'n = the ranking of the sample
N = the total number of samples tested

The'ﬁeibuIl modulus, m, can then be determined by
plotting Tn ln (1/(1- Pf)) versus In (S). The resulting plot’

should be ‘a straight 11ne of slope, m. ;

The accuracy of the Weibull modulus is determined by thg

‘' nhumber of gpecimens’tested. Duéytn‘the large scattér'pf the
measured strength, Iarge~number of samples have to bg tested.’

A Weibull modulus -determined with 10 bend samples will have an
accyrac} of 140%'[35]. To decrgase this vé1ue to-#10%, 300

' samples should be tested,_ ' , .

. Weibull reports a value of m-; for the'measurgments of
the yield streNQéh of a steel [34]. This low value indicates a . -
very substantialiscatter. Such a low Weibull modulus is~
perjectly acceptible for the @ea;urements of the yield
3trength of a steel since, even if‘this stress is exceeded,
failure ofvfhe.samp1é wil] not occur, This_is'not true in fhe
‘E’ R - case of ceramics. If the stress applied to a cerdmic saﬁplé .

rea;hes the order of maénitude of the measured strength,
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dramatit failure of the sampie ds 1ikely to occur. Since the
probhbjlity for such a fai]ure go occur is inversely
proportional to the Weibull modulus, high Weibul1 hodu!i ;re
required for the strength measurements of ceramics, 1.e.

greater than 10.

+

4.5 Fracture Toughness Measurments '

1

4.5.1 Vickers Indentation Technique

4
-~
e

.quq10pmént of radial cracks around-Vickers indentation
1n'brittﬁejmatéria1s has long been noticed. The cracks: were

first regarded as .a nuisance to effective hardness

' meé;urements. Howevgr, in 1962, Palmqvist [36] showed that

this w&s not the’case, and that it was even possible to
empirically Ebnrelate the fracture toughness,of a material fo
the c%a?k length. More recent studies [33}38] developed a
theoryadescribing the crack propagation under a sharp indenter
and related it to the fracture toughness, The advantages of
such a technique are; a) many tests can be performed on'a
small sample not suitable for conventional frdcturg toughness

tests, and’b) the ease, simplicity and short time required for

tEsting.

b

‘The fracture mechanics analysis is based on the

propagation of a penny-1ike crack (Figure 14) which forms
. . | . %
o y ‘ . ¢
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+ radius, Ry [39].

below the indenter. The ge;eral com}1ex1ty of the
elastic/plastic contact field description [38] led to the

deve1opment of semi- empirica] models relating the fracture

- toughness, Kc,_the hardness, H, the crack length, ¢, the

16denf€%10n diagonal, a, the constraint factor, 8, (about 3
for Vickers indenter), Poisson's ratio, v,- the frictiom

between, the indenter and the mater1aT, u, and the plastic zofe

Ki¢ by Vickers indentation technique “b

[

"Conditfons : d = ¢ i ¢ > 2a

e

Figure 14; v1ckers indentation technique{%},z?}ck e
the indentation corners b) half penny 1iké

b

t, e



o

, Initial experimental §tud1e§‘ﬁnd1cated~that;gpé/:::§:Lre
* -

utoughnees was strongly dependent on the eﬁx o c/a, but was not

affected by v and u. A correction txking into account the

residual stresses Jeft by the indentkr and the pldstfc zone
had to be introduced in terms of hardness—to elastic modulus

ratio, H/E. The following relation [39] was"o?%agned:

/

. - -
Ke 0/ H.gllz = 0.45 (c/a)=3/2 (47 p g)0-4 (6)

Evans [37] has further rationa1ized th#% argument and has

’obtained a more precise re]ation by using a polynomial curve

fitting

log [(Kc 0 / Wal’2) (W /70E)04 = - - (7) -
-1.59 -'0.34 X - 2.02 X2 +.11.23 x3 +.24.97 x4 + 16.32 x5

where X= log (c/a)

&

N
Two conditions have to be fulfilled for this techn1que to

*be valid a) a half penny-1ike crack has to be developed $O

that the crack: length, c, is Eépresentative of the crack

depth, d; b) the c/a ratio has to be greater than 2 to ensure

_that the crack crosses the plastic deformation zone. Residba]

stresses at the surface of the specimen, ‘i.e. due to machining
or fast cooling rates, are knpwn~toﬁseriodsly affect the
fracture toughness measurement. Evans [39] estimated the
precision of a fracture toughness determinedlby V1Ekers

indentation technique™to be within 10 % if the elastic modulus

[P
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and, therefore, (u/a's)?;}/}g known and within 40 % if it is
not known. A study QfgzjﬁcomcarbideiAO]1ndiéaté;a valﬁe
which was 30 % lower for the Vickers indentation technique
€ompared to the value obtained by th; single edge qotched beam

technique, SENB, even if the elastic modulus was known.

’ In the present study, speqimeﬁs used f&r the fracture
foughness determination were annealed, ground and then
carefully polilhed down to 0,05 pm alumina, Some of the
specimens were tested, annealed, and retested to determ%ne the

———

effect of the residual surface stresses left by the polishing.

4.5.2 Single Edge Notched Beam‘fechnique

\

' Fracture toughness (Kq.) determination using the single
edge notched beam technique was carried out. The spécimens

were tested in 3-pgint bending according to standard ASTM

' £399; an illustrat f the test configuration is givqn”}n

Figure 15. The main require ts of this standard are:

a8) The thickness of the specimen, B,\and the notch plus crack

Tength should both be larger than 2.5 (Kj./MOR)2.

b) A fatigue crack should . be generated at the tip of the

notch. The notch plus crack length should be between 0.45
i i ?‘\

S

and 0.55 times the width of the specimen, W. - K
¢) A load-displacement curve has to be monitored to determine
the . 1oad to be used for the fracture touﬁhnes% ca1cu1a€ion.

It also determines the validity of the test. .

~ -

L oy e W ST A
! -
-
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\‘ Zj’f\‘\ ,
‘ é
v Figure 15: Test configuration for the fracture toughness
determination using a single edge notched beam, -
| -+ The fracture toughness, Kj., is calculated using the
. following relationship:
" Ky, (Pq S/ B W2 flasw) (8)
.wheré: ‘ ' N
\ "3(a/W)1/201,99- (a/W){1-a/¥) (2.15-3.93a/W+2.7a2/W2)]
A \ f(a/") = 7 .
e _ 2(1+2a/W) (1-a/w)3/2

i ' ;" -'and K= Fracture toughness, MPa ml/2

o . Pq = Suitable load, N | N
S = Span between the loading and support edqe. m

B = Thickness of the specimen, m - o
‘W = Width of the specimen; m '

a = potch + fatigue crack length, m
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The suitable load is usually 0.2% yield load for metals;
since there is wusually no yielding in ceramics, the ﬁreaking

‘ load is used.

4.6 Tribological Study

-

1)

The coefficient of friction 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 1less
muscular ene}gy and minimizes the reaction stresses at the
bonﬁmprosthesis interface. The wear -rate should also be as Tow -
as possib1; since adverse biological reactions may result as a

~

consequence of a modest amount of wear debris.

A hip joint is subjected to a very*complex system of
~ loading, mgvement and environmental-conditions [45]. Although
‘Joint simulators have been developed, it is essential to be

able to determine the tribological behavior of any potential

biomaterials so that only the more promising combinations

und%rgo,tﬁe'more rigorous examination provided by the

simulétﬂon technique, Many simplified apparatus have been
built for this reason, e.g. disk on flat, -annulus on fiat, pin

gﬁ disk, and pin on flat; they are reviewed by K.”ﬁright [46].
[ '

[,

In a study involving a Co-Cr-Mo pih on a ultra high
molecular weight polyethylene (UHMWPE) disk [47], it was

- "noticed that the wear tracks were paraHel“to one another
- ] - when the pin was stationary, and réndomly oriented and similar
3} . . ) 63 s




to that observed in a-hip prosthesis with-"a rotating pin.
Therefore, it was‘decided to built a wear apparatus with a

rotating pin on a reciprocating plate (Fidure 16).

o

\

«+ . T

Figure 16: Sghemétic of a rotating pin on a reciprocating
plate. ’

A reciprocating plate rather than a rotating disk was
chosen because it reproduces more closely the alternate motion

of a hip joint. It was.also more convenient to produce 1long

- rectangular counterfaces than cirtular ones. The sliding

distance was 50 mm and the plate was reciprocating at 1

cycle/s. The 1oad on the pin was 250 N, corresponding_to 2

contact stress of 9 MPa. This stress is higher than the mean
contact stress in a hip joint, i.e, 5 MPa, but is still

reasonable since, during walking, the peak stress reaches 15

MP2 [46]. The pin was also rotating’at 1 cycle/s. The tgsts

" were carried out in saline solution, i.e. 3.7 g of iodized

salt in 500 ml1 water. ! - 7 ‘

Vo
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0 ‘ Three different combinations of materials were_ tne‘s“t:&‘:;:)

| UHMWPE - Co-Cr alloy (Vitallium), b) UHMWPE - high'density
alumina, and c) UHMWPE - calcium phosphate glass. The pin-

material was always polyethylene. The pin, the Vitalliium and

the glass were polished down to 0.05 um using alumina

polishing powder. The alumina was polished down to 1 um with

diamond past.e. The pins were presoaked overnight to avoid
water Bbsorption and weighed~regul§rly to determine the wear
losses. The three.material combinations were te_stgdg for up to

70 x 105 cycles.
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— 5.1 Crystallization Study

The crystallization behavior of the different glasses was
first studied wusing a Differential Scanning Calorimeter
{0SC). The glass transition and the crystallization ;eak
temperaturesn)as well as the activation energy -were

 -determined. An attempt to define the optimum nuci%ation

N

temperature was also carried out by DSC. ey

1

Bulk samples were used to determine the maw{rum
A ”

nucleation temperature and. the optimum crystal growth
\ ! ! p

temperature. The resulting m1crostructure§’iill/pé’aiscussed.

.

0
4 . -
& e

)

—

5.1.1:DSC Study

[

2
-
-t

5.1.1.1 Glass Transition and ‘Peak Crystallization Tehperatures

The effects of the addition of a third phase to calcium
phesphate"blass on the glass transition and the
. crystallization peak temperature were investigated by DSC,

Alum1na (A1203) and zirconia (Ir'03) were added as a

¢rengthen1ng phase and a nuc1mat1ng phase, respectively, the

-

results are lTisted in Table XII.

, The g lass transition t%mperature found’ for the ca1c1um
. SN phosphate g1ass having a molar ratio Ca/P=0.5" (i.e CaO/P205
”.@“ ' l) {s significantly higher than that found by Abe et al, [29].

. 9 . | > " -
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There are two reasons which can be given to explain this
discrepency, ?irst, the difference 1in ~techﬁiques used to
determine Tg, since Abe wused thermal expansion curves.

Secondly, the cht that, in this technique, the value of Tg is

dependent or

510 °C (compared|to 550 9C in the present study) with thé

indentical heatyng-rate of 10 °C/min. Yamamoto [41] made a

erfpefature for nine commercial glasses using viscometric and
tecﬁniques. Tg values determined by DTA were qlﬁays
consistantly 10-35 oc hi;her than thgse determined by the
viscométric technique. Therefore, the discrepencies in Tfs
observed here and in other studies are within the expected

range when comparing the two different techniques.

e

Table XII: Glass Transition and Crysta111zat?on Peak Tempera-
‘ tures of Calcium Phosphate Glasses Doped with
Alumina and Zirconia. - ,

Material -  Glass Tgansition Crygtalligation Peak
- 9C

C .
Ca/P=0.5 - 550 . - 665
1 zrop a8 . 702
1% Alp03 547 697
2% 10 ' .. 881 712
5% Alp0; s0 .. - 761
. .o >

68

heating rate. Abe reports a value of Tg of-

of the geterminatibn of the g]ags transition
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L =3

o

Furthermore, for glasses of the phosphate group, Tq is lowered
by the presence of residual hydrogen or hydroxyl groups [42].
Therefore, the gldss prepared in this study may have less

combined water than the one prepared by Abe et al..

Theaglass transition temperature is the temperature at
which molecular motion becomes sufficient to a]low stress
relaxation to occur. Add1tion of small amounts of Al1,0; or
Zr0y (e.g up ﬁo 2wt %) did not change Tg. This indicates that
ghe structure and bonding in the gfass are not altered
significantly by these levels of addition‘and so do oot change
the thermal propertieé and viscosity of the glass. For higher
percentages of alumina, the increase of Tgucou1d indicate that
Al,03 is affecting the structure of the glass by introducing |
stronger and more stable bonds. In fact; according to the
ternary phase diagram, additions of A1,0; to calcium phosphate
promote the format1on of the A1203 P20sg compound which has a
higher melting point (1450 o) than  Cao- -P»05. (980 0C).

On the other hand, the crystallization peak temperature
always increased in the presence of A1,03 or Zr0; ev.en for
small additions (< 5 Wt %), This could be explained by the
fact that alumina as well as zirconia are very stable oxides
which tend to increase the stability of the glass. Therefore,
the-activation energy necessary to crystallize ihe glass
shoujd Ge higher. The'gradual increase in the crysfa[Lization
peak temperature with an ihcreasing presence of addat1ves

indicates that the more stable the glass is, the more thermal

.energy iﬁ'required for crysta]]ization to take place,
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5.1.1.2 Activatign Energy _ -

. o
e

The aétdvation energy of a phase transformation 1s‘

defined by the Arrhenius equation:

vV = V°‘ exp (- Q/ R T) ‘ (9) -

with: V = crystal growth rate, p/min
Vo= constant, p/min
Q = activation energy, cal/mole
R = gas constant (1.98 cal/mole K)

T.= absolute temperature, K ‘ ’ ’

-

e

Taking‘the natural Tlogarithm of equation (9) gives:
o Ma (V) = In(Ve) - Q/RT e (10)

From équation (10), by plotging the "logarithm of the crystaT

growth rate, v, versus the inverse of the absolute

temperature, 1/T, a straight 1ine is obtained, with the slope

. representing the activation energy Q.

- Pure calcium phosphate glass was ground and sieyed to
obtain a size djstribution betw;gﬁ 150 and 212 pm. Isothermal
DSC runs were made at 640, 650, 660 and; 677 oc. To~det%nmibe
the crysta] growth ;ate the followi%b assumptions were made:

if”}) @11 the powder part1cles were spheres having a

S

diameter of 181 pm,

-

/ ]
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M*nucléatjon occurred only at the surface of the

particle, ' e

fc) the crystal growth rate was constant throughout tﬁe

experiment,

d) at the crystallization peak time, one quarter of the

diameter was crystallized.

Crystal Growth Activation Energy

1.5
1. 4-
- 137 : O Act. Energy =102 [kcal/mole]
S 1.2- . o -
E i
3 LI .
~ 1
2 . x
(a
5 .84
° S
c 717
e
c .67
IS—
4
.3 T o T — '
1.05 1.06 . L0 1.08 1. 08 1.1
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3
2

Figure 17: Arrhenius plot for the determination of the
crystalljzation activation energy of calcium
phosphate glass above Tg. . .
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. The activation energy for crysta] growth aboma the glass

/4
0 . //"’ transition temperature was found to be 102 kcal/mole (Figure

~

17). This value is in good agreement with that found by Abe et
al. [29]. Since this value fis sim{lar to. the energy needed to
break the phosphorus-oxygen bond, it .is thought that
cryst%l]ization occurs by breaking "and rearrang}ng thesé

atomic bonds.'

5.1.1.3 Optimum Nucleation Tehpeg%ture
~

in silicate g1asses using DTA curves has been demonstrated by

.

The determination of the optimum nuEleation temperature

Marotta et \j [43]. The tota] number of nuclei per unit
vo1ume is equa1 tn\;i: sum of nuclei formed during the DTA run

(Np)s nuclei form during a previous nucleation heat

. ° t
treatment (N,) and the number of heterogeneous bulk nuclej,
(N¢). Using the Johnson-Mehl-Avrami equation [48,49]
describing nucleation and crystal growth, it is possible to

¢ 7
show that if the DTA runs are carried out on samples with the

4 9

same specific surface area and at the same heating rate; the u“

sum of nuclei formed during the DTA run is constant. For a

prgngusly nucleated sample, it. is described by equation (1l1).

-

T T (Ng+ Np) =@/ RT) F KT c ()



. the glass is quenched and on]y surface nuclei are generated

.

with: Ny = number of nuclei. formed during the DTA run

- Np= numberofnuclei fbrmedduringp%ev%ousheat o
treatment

. « ' tf i ! ,
e T4 = crysta111zation peak temperature for a nucleated )
sample, K ' uf7£:\\\ , :
\ ‘ /

Q = activation energy, cal/mole
R = gas constant, cal/mole'K
" .

.= constant

n | A

For an as-quenchéd sample (Ny=0) equation.(11) becomes /,h\\\v//

In (Ng) = (Q7 RTpg) +K . - (12)

= crystallization pe}keiemperature for an as-
quenched sample

/\

with: Tpq

From (11) and {12) the following equation can be obtained:

-
+

In ((Ng +Ng) 7 Hg) = (Q/R) (1/Tp - 1/Tpq) (13)

1
¥

It s possib]e to assume that N, 1s:nuch greater than No since

during the nucleation heat treatment; The number of nuclei,

Z

Np, is related to the Tength of the nucleation peripd, t,cby;

Ny =1t T L (14)

‘with: I = the rate of nucleation

b = a parameter related to the nucleation mechanism



\ Hence, if all the samples having the same specific surface -
» o . areay are held the same time at the nucleation temperature and
are submitted to the same heating rates, the following

approximate equation can be obtained from (13) :
In1=(Q/R) (1/Tp - 1/Tpg) + K' . | (15) ——-

where K' is a constant.

So, by plottiﬂg (}/Tp - IIT;q) veﬁsus the'temperature of

nucleation, T,, a bell-type curve is obtained, with the -

maximum indicéting the optimum nucleation temperature (see

Figure ?Ba).

i J
Calcium phosphate glass was quenched into a small cold -

boron nitride mold and'subsequént1y ground and sieved to
achieve a particle size distribution between 100 andﬂlzslpm.
Three DSC runs on as-quenched specimens weré performed to
precisely determine the crysta1lization pgak tempe}ature, Tpg:

" The other‘samples were brought rapidly to the different
nucleation temperatures (ranging from 520 PC to 610 °C) with a- __
‘heating rate  of 80 °C/min to minihiéeothe formation of nuclei b

' during heating. They were held at this temperature for 1 hour
and then a DSC-ru; was performed with a hgating rate of 10

Oc/min.

Two series of experiment were made: a) twelwve samples of
pure calcium phosphate andLP) nine samples with an addition of
o ‘ one percenlt of zirconium oxide. Both_resulted in the type of

curyes shown in Figure 18b.

-
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Figure 18: Nucleation rate versus temperature curves: a)
ideal situation [43] b) calcium phosphate glass
containing 1% Ir0Qy. -
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The type of curve obtained .1n Figure 18b is due to the
fact that it was not the nucleation rate that was being
measured butl rather the progressjve crystal 11"zat1'on of the
san\p]e which was occurring during };he so-called "n,uclea;ion
period"., This glass has the properiy of crystallizing at, or
even below, the glass transition temperature. Therefore,
instead of \forming nuclei only, partial crystallization of the

particles also occurred. This behavior was further reflected

by the decrease of energy involved in crystallization during

o | 75
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the DSC runs, The more crystalline the sample became during
the nucleation period, the less driving force was avaiﬁab1e

for crystallization during the actual crystallization run,

A}
Q

' Since both significant nucleation and crystal growth can

occur within the same range of temperature, it is concluded

'thdt the technique to determine the optimum nucleation
S

temperature by thermal analysis is not applicable to calcium

N

phosphate glasses,

.
'Lw
'
- “ ‘
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A
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5.1.2 Random Crystallization

} 3 -
5.1.2.1. Nucleation I

To study the nucleation behavior, calcium phosphate

(Ca(P04)2) glass was melted at 1100 °C and poured into a cold
boron nitride mold. The resulting glass samples were held ai
different nucleation temperatures, ranging from 550 to 706 oc
'for 10 minutes. The nuc1eated samples were then placed in a
*furnace at 540 OC for 18 hours for crystallization. This low
,_temperature was chosen to,ﬁvoid the formationh of new nuclei
during the crystallizat1%n heat treatment. A thin layer was
then removed from each of the resullting glass-ceramic
specimens which were subsequently pplished with 0.05 pm
alumina. The removed layer was found to/be less than 0.5 mm in

thickness. This procedure allowed 0bservation of the

-
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microstructuﬁe and estimation of the number ofbthe nucleation

sites.,

Figure 19 shows that nucleation. only occurs at the
surface of the specime;s. If the number of nuclei per unit
area is small, every growing crystal has time to develop in

every direction around it before being arrested due to

_impingement on another growing crystal; the result is the

formation of'hémispheruJitic crystals., Thefefore, by removing
a small layer at the surface, it is possible to observe the
radial grawth of the crystal from the nucleation penf;és. This
is shown in Figure 20. The size qf'tgé crystals is related to
the number of nuclei; the larger the diameter of" the fan-1like

crystal, the fewer the number of nuclei formed during heat

treatment.

Figure 19: Surface nucleation in calcium phosphate glass, with
fan-like crystals around the nucleation centre.

17
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.. Figure 20: Calcium phosphate glass-ceramic showing Iaﬁbé fan-

Tike crystals due to a small number of nuclei,
(nucteatiob: 570 ©°C /10 min;
crystallization: 5409C/18 hours).

’

If the number of nuclei per unit are;ais large, the
growing "crystal will not have time to grow radially since it
will be rapidly blocked by the adjacent growing crystals, The
only remaining free path for growth 1i{s towards the centre of
the specimen. Hence, each crystal fibre bundle perpendicular
to the surface is,associated with one nucleation site (see
Figure 21). fhe size of t;ese bundles is also related t? the
number of nuclei; so, the smaller the bundles, the.higher the

nucleation rate during the heat treatment.
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Figure 21: Calcium phosphate glass ceramic® showing crysta\

. bundles growing towards the centre. of the specimen

~~ ! arising from a large number of nuclei,

A * [nucleation: 650°C; crystallization: 540°C).
‘ i ' !

‘

The opt%mum nucleation conditions were fo;nd to be in the
temperature range of %30 to 67bl°Cm ﬁbgve 670 °C the crystal
growth rate is very high, so that as soon as a aucleus is
formed, a 1g}ge crystal is quickly developed, .Hence, the
surface is rapidly cryff?ﬁlized with the result tﬁat any
further nucleation is arrested. Below 630 °C the nucleation

= .
rate is too(glow to form many nuclei 30 that during the

‘crystallization heat treatment, large fan-like crystals are

developed. With a decreas%ng number of nuclei, the size of the
fibre bundles increases up to the point where they start to
turnjinto fan-1ike crystals (see Figure 20). Since all the

samples were maintained at each of the nucleation temperatures

4
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for the same time , i.e. 10 minutes, it is possible to
conclude that the optimum nucleation rate is between 630 and

670 Oc.

5.1,2.2 Crystallization
The major phase present in the glass-éeramlc is beta
calcium ph&sph;te. S%all pgaké characf%?istic_of the
mebastabléxbamma phase can be ﬁeen on the X-ray pattern.. This
g?mma phase tends to disappear 'if the heat treatm;nt is
sufficiently long. . e

e d

e B s
- B o

" Figure 22: Calcium phosphate crystal fibrils grown at 570 Oc

for 15 hours.
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The crystals grown close to Ty, i.e. 570 0C, have a
typical fibrous structure. Figure 22 shows that hundreds of
little fibrijs, ab%ut 1 pm in diametgr,’grow pafa11e1 So one
another to form fibre~bundles. Since nucleation only takes
place at the surface of the specim;n, the growing crystal
bundles firgt form a hemispherulite, The qrysgals growing
parallel to the surface are then restrained by the growth of
adiécent crystals. The bbﬁdles growing perpendicular to the
surface keep growing until they cross the completk section of

the specimen, as illustrated in Figure 23, or meet a growing

crystal originating from the[opposite sur face.

b

Figure 23: Crystal fibres arising from one nucleus crossing
the complete section of a four point bending sample |
(fracgyre surface, T. = 570 °C for 15 hours).
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If a high crystallization temperature (with respect to
the glass tr,ans.?tior_\ temperature, i.e. 550 °C) of 650 ©°C is
employed, excessive ‘geformation\ of the sample occurs because
of the rapid decrease in viscosity of th glass at
tem;eratures above Tg. The crystallization of the surface
creates ‘a rigid shel 1 which stops any further defonrmation, but
since ’the crystal is more dense than the glass, pores must
form to compensate for the shrinkage (see Figure 24). The
pores are usually sit“:ated on the edge of the fibres, thus
decreasing the inter-fibre cohesion. They also tend to block
the uniform growth of the fibres, thus generating a structure
composed of small needle-1ike crystals as shown in Figure 25;

this rfesults in a significant 1oss of strength in the -gla‘ss-

ceramic (see Section 5.2.2).

> v
Pl

L3

Figure 24: Calcium phosphate crystals grown at 650 O°C showing
extensive inter-needle porosity (fraclture syrface),
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The glass-ceramic crystallized at a temperature close to
0 the glass transitsion temperature, e.g. 570 ©C, does not
‘ exhibit such poro‘si.ty. Th.is could be explained in terms of
viscosity. Around Tg, the yiscosity' of the glass is still very
high; hence, even if the ceramic is denser than the glass, the
glass is too/viscous to f]ow‘and to allow pore formation. At

L
Tq +100 °C, theviscosity has drastically been decreased so

g
that the glass can easily flow to atlow pore formation. This

proc‘ess is also favored by the fact that the g]éss density is

higher at T, than at Tg+ 100 OCc. Therefore, the difference in

Y
volume between the glass and the crystal becomes smaller and

the driving force for pore formation decreases.

[

0 ' Figure 25:,.Calcium phosphate crystal fibre grown at 650 °C
’ interrupted by porosity (fracture surface),

°

83

, 4




v
c’é
x

5.1.3 Unidirectional Crystallization ’

¢
Unidirectional crystal fibres were grown using a thermal

gradient of 30 %C/cm (with hot zqgne of 550 9C) and an advance
speed of 20 Fm/min; the microstructure is "shown in Figure 26.
The uﬁidirecfﬁonal crystal growth occurs from the high

g -
temperature to the low temperature regions of the furnace.

Eaéﬁ fibre is- composed of several hundreds of f%bri]s (about
one micron in diameter), all growing parallel to one another
(Figure 27). The thermal gradient tends to straighten the
molecular chains in the glass giving an easy path for the
growth of crystal fibres., This process is also favored by the
stress induced at the glass-crystal interfsce [317. This

stress arises from the difference in depsity of the glassy and

the crystalline phases.

The two major problems with -unidirectional
crystal liiatgpn are the long time required to crystallize a
relatively small sample (84 hours for a 80 mm sample), and the
sensitivity of the process to the experimental con&itions, i.e
maintaining a suffié;ent1y steep thermal gradient without

having too high a temperature that could induce surface

nucleation.
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26: Fracture surface of a unidirectional fibre. The

Figure
axis of growth is perpandicular to the surface.

o
M

o Figure 27: Unidirectional fibre sliowing small fibrils growing
parallel one- another. The axis of growth is
in the plane of the page. - .
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The temperature range where unidirectional
crystallization occurs depends strongly on the chemical
composition of the‘samble. Abé et al. [32] showed that this
temperature range is from 540 to 560 °C for amolar rafio of

Ca0/Py0g =1 and from 450 to 560 °C for amolar ratio of 0.9.

Infact, with a glass Baviug‘a ratio of 1, wunidirectional-

crystals greater than 1) mm were never obtained in the present
study. However, for glass having a ratio of 0.9, crystals up

to 40 mp in length were produced.

Severa{ explanations are syggesxed for the poor succegss
of the unidirectional crystallization experiménts: (a) it 1is
difficult to avoid the formation of new nuclei on the surface
of the specimen in frontvof the glass-crystal interface\since
both nucleation and crystallization can occur within the same
temperature range, Any crystal growing in front of this
interface will cause the uniﬁ%ré?tioga1 fibre to stop when it
reaches the newly nucleated surface crystal. (b) Each’adyande
speed corresponds to a very narrow temperature range where
unidirectional crystallization can occur, So any variation of
the temperature in the furnace could cau this critical
temperature to lag behind the(‘crystal front, arresting
unidjrectiona] crystal growth, (c) Correspondingly, if the
crystal growth rate is slower than the advance speed, the
glass-crystal interface will progress towards the higher
temperature region where the thermal gradient becomes 1ower.
Therefore, the drfvihg force for crystallization is decreased,

-~

at the same time lowering the @rystal growth rate. This

~
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process continues until unidirectional crystallfzation is
completely stopped and is replaced by,random cryéﬁgllization.
(c) Any variation of the advance speed.{e.J.dg% to a l}ne
voltage drop)‘wou1d also interfere with um§d1rectiona]

«©

crystallization.

Al

'
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ﬂore successful unidirectional crysta]\igation might be
achiéved by having‘a linear thermal gradient up to ,the centre
of tpe furnace. The -driving force would be :constant and the
furnace could, therefore, be set at the actual crystal-fzation
temperq;ure. This way, any nucleatipn of the specimen during

the heat treatement could be avoided.
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5.2 6lass and Glass-Ceramic Strength

Y N t
1

/\

The modulus of rupture of pure calcium phosphate glass
Q i >
was first determined and then the effect of crystallization on

the mechanical properties was investigated.

~

5.2.1 Glass Strength

The elastic-modulus of the gﬁass was determined using the
ul trasonic technique. However, this meéhod wés not used fdr
the glass-ceramic since it is only valid for isotropic
materials. The Young's modulus of the glass was found to be 57
+ 2 GPa. This is very satisfactory since it is closer to the '
elastic modulus of bone than conventional biomaterials, i.e.
bone, E = 17 6Pa;stain1ess steel, E 2 210 GPa; high density
alumina, E = 400 GPa.

e

Four-point bend tests were conducted on three types of

-samples: a) quenched; b) annealed and, c) annealed +

sandblasted, For the qdenc%ed specimens, glass was cast into
a cold boron nitride mold, which resulted in rapid freezing of
the molten glass. For the annea1;d samples, the glass was
poured into 5 preheated (560 °C) bdron nitride mold followed
by careful annealing at the same temperature for 10 minutes.
In addition, a number (10) of the annealed specimens were

sandblasted prior to testing. Calibrated silica sand was used;

its size distribution is given in Figure 28,

e

2
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SILICA SAND PARTICLE SIZE DISTRIBUTION

W///////////////////////////

Particle Slze.[pm]

size distribution of silica sand used , .

for sandblast’ing specimens.

28: Particle

Figure

of specimen

. S

mbe

-

gives the nu

]

Table XII
modulus of ru

s tested, the

and the

tandard deviation

v

its

with

ture

(=8

[}
£
>
\I./hw
Q
[ =
&
|
a
-2
@
©
o
FS)
"
e
Q
—
a .
(=]
Q ~N
E =
]
Al
>
- (=}
(@] b
U
v
o =
—
Q. [ -4
e Q
-] >
N e
(T8 ) o
[V}
.
|
(7]
= o ;
— —
> —
© 3
o v
e o
E
—
p—
-
-
3 Ch
2 o
b o—
el QU
= =

89




In In (1/7(1-P))
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Figure 29: Weibull moduli determination for the a) annealed

specimens and b) annealed + sandblasted specimens.

90

-




J———ﬂ

S

Table XIII: Flexural Strength and Weibull Modﬁ]us for Calcium
0 Phosphate Glass Specimens. T
\ ’ . //P—‘\\\
Specimen Number of MOR [MPa] Weibull
Tests " Modulys_ _ ~

Quenched 3 217 * 46 -

Annealed 15 125 +35 ,- 3.8

Annealed + 10 47 + 6 7.8

Sandblasted

-

As can be sgen from Table XIII, the results obtained for

the MOR are strongly dependent on specimen preparation. The
. [} L

values canibe-decreased by a factor of 5 by generating flaws

at the surface of the specimen.

¥

-

The high flexural strength-for Ehe quenchep specimens
arises from the surface compression generated during the, fast
cooling. The first layer of gltass coming into contact with the

’ co{z\mold‘solid}fies immediately, resulting in a low density
glass \ayer. The centre o} the speciﬁen so) idifies hore/§?0w1y
Cresu]t;hq%in a- higher density. Since tﬁ; outer layer 1is

already tdo viséou} to deform, the shrinkage resulting from

the higher density at .the sample centre induces a high

i-

compressi¥€ stress -at th: sur face. Therefore, during ¢ﬁ5
bendlng of the specimens, this compressive stress hﬁgﬂ:gﬂse
.overcome before the material starts to undergo a tensile
stress.. The 1increase in flexural strength is, hence,

o proportional to the amount of compressive stress induced by

- 91
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the fast cooling rate. However, the large scatter of thedata
should be noted, i.e, + 21%. This arises from the large amount
of energy stored in the sample and the uncontrolled flaw
.distribution. Therefore, g%cg a crack begins to gﬂ?w, it will
lead to catastrophic failure since energy to grow ihe crack is

readily availab]%,

Casting the glass into a preheated mold and anneal ing
allowed for stress relaxatign to occur and eliminated the
surface compression stresses. The specimen was, therefore,
subjected to tensile stress from the start of the test, which
explains thg lower value for the flexural strength. The large
scatter of the data, i.e. + 28 %, as well as the low Weibu1l1l

modulus of 3.8, indicate; that the flaws are distributed over

A
a wide range of sizes, ® p
el
Sandblasting generates surface flaws of a specific size

) 8
distribution, Ninety nine weight percent of the sand particles

are smaller than 210 pm. Since ten percent of the particles
are between 150 and 210 pm, it is reasonable to assume that on
.the sur face under maximum tension during testing o% each
specimen there is a; least one flaw with a sizg of the order
of 200 pm. These iarge‘f]aws are responsigae for the drastic
decrease in flexural strength, The small scatter of the data,
f.e. + 12 %, and the higher Weibull modulus of 7.8 are due to

the homogeneity and reproducability of the flaw sife

: r

distribution.
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5.2.2 Glass-Ceramic _Strength ~

4
o>

/ LA ]

Pure calcium phosphéte glags ;pecfmens were crystallized
at temperature just above Tg, i,e. 570 OC. Three samples were
tested‘as-crysta11ized and six were sandblasted p?ior to
testing, Ten supplementary samples were crysta]lized at 650
OC. The results are listed in Table XIV. At this temperature,
both high nucleation and ¢crystallization rates are expect;d.

2

Table XIV: FlexuralStrength and Weibul-l1 Modulus for Salcium
Phosphate Glass-Ceramic Specimens,

)

2

Specimen Number of MOR [MPa] Weibull
. Tests . Modulus
~ v, ’ »

“Crystallized ~ 10 35 + 3 11.2

at 650 9cC

Crystallized 3 70 + 7 -

at’ 570 O .

Sandblasted 6" 38 + 3 11.6 ‘?

r

2

The Tow flexural strengtﬁs for the specimens crystallized
at 570 °C are due to the mode of crystallizatidn. Since only
surface nucleation occbr;, the .crystal fibres grow
perpend1cu1ar to the surface. Although the crystal fibres
themselves are very strong along theirjlepgth, the bonding

>

between them is relatively weak. Therefore, where crystal

fibres cross the complete cross-sectional area of tpé‘\~;K

specimen,. a plane of weakness is deneréted. Fracture usua{Jy

N\
\ >
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s
originates at a nucleation site and follows one of these

planes of weakness; this is illustrated in Figure 30. The low
scatter of the order of + 9 % and the high Weibull modulus of
11.2 are due ot the consistent fracture initiation mechanism,

i.e. failure is thought to originate at a surface defect

which is .a nucleation site.

Sandblasting has the same effect on the élass-ceramic as
it does on the glass; large surface flaws are generated which
decrease the flexural strength. However, the welPu11 modulus
fs still relatively high (11.7), since the mode and the
reproducibility of the failure origin are 1ikely to be 'similar
in both cases, i.e. whether they are due to a cal 1brated'f1aw

size distribution or if they originateé at a nucleation site.

k4

Figure 30: Fracture surface of a calcium phosphate glass-
) ceramic bending specimen showing the interfibre

fracture behavior (T, = 570 ©c)

\J . .940




Glass-ceramics crystallized at 650 °C exhibit a much
Tower strength than those crystallized at 570 ©C. This is due
to the porosity induced during crystallization at this
temperature, The'bonding between the fibres is reduced, since
the bonded surface area is decreased by thg porosity.
Furthermore, the strength of eachjkibre is drastically
decreased, since pores act as stress-raisers and reduce the
fibre cross-sectional surface area. Figure 31 shows that,
instead of only ?o]]owing the crystal fibres, the cracks are
capable of growing perpendicular to the fibre growth axis. The
obtained Weibull modulus of 11.2 1s satisfactory, since
fracture originates at pores having approximately the same

o

size range resulting in a low data scatter, i.e. + 10 %.

\

Figure 31: Crack progressing perpendicular to the fibre axis
in a caJcium phosphate glass-ceramic crystallized
at 650 “cC. . '

95




5.2.3 Bulk Nucleated Glass-Ceramicg

[H

Addition of 1% of zircon%a (Zr0y) affected the nucleation
behavior of calcium phosphate g1;ss. Instead of surfaée
nucleation, Ir0, promotes bulk nucleation. The characteristic
fibrous strugture of surface nuc]eat}on is shown in Figure 32
and completely disappeared when a nucleating agent was used
(see Figure 33): The fact that a glassy layer remained at the
surface of the specimens and on the surface of the pores
(Figure 34) seems to indicate that although bulk nucleation
was achieved, the crystallization ﬁechanism is the same as for
pure calcium phospha}&~gﬁasses, i.e. streSS‘inAUced

crystallization,

Figure 32: Characteristic fibrous structuré of surface

nucleation 1in pure calcium phosphate glass
(fracture surface, T, = 5§70 °C).
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Figure 33: Addition of 1% zirconia enhanced bulk rather ’%ban
' surface nucleation §fracture surface, Te =570 °C).

00~ 05 000! 08

Figure 34: 1% zirconi'a calcium phosphate glass showing a
glassy layer on the crystallization defect surface
(fracture surface, T, = 570 °C ). =
.'. -
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A comparison of the strength data for b;)th the g]a:sses

( and glass-ceramics with 1% Zr0, addition are given in Table
XV. The high atrength for the quenched glass arises fromlthe

surface c‘(l)mpr'ession induced during the fast cooling of the

specimens on casting. Annealing the_ sample resu]tts in

relaxation of these surface stresses, thus decreasing, at the

same time, the beond strength, Although aqditions of 1% Ir0, to

? calcium phosphate g11ass do not affect the mean MOR (see Table

X), f.e. 125 MPa, there is a significant .improvement in the

Weibull modulus, i.e, from 3.8 to 7.2,

Table XV: Flexural Strength and Weibull Modulus for Calcium
N Phosphate Glass and Glass-Ceramic Samples w1th 1%
ir0, Addition.

.

-

Specimen _ . Number of MOR'[M&a] Weibull
Tests ) ~Moduluys
) , ' . E .y
Quenched glass 3 T 268 + 44 -
g r Annegaled glass: - 11 ~ ‘ 125 + 17~ 7.2
Crystallized 3 73 + 9 -
_ at 570 °c ‘
- . , Crystallized 9 ’ 18.+ 13 1.4 .
at 650 °C . : L
Glass-ceramic samples crystallized close to Tgq (570 °c)
have a higher strength than those crystallized at 650 °C. Once .
i G ' again, the porosity is the determining factdr The former

conta1~ns very Tittle or no poros1ty (Figure 34), whereas the

- s \ - .
~ [ »
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lTatter has a very uneven microstructure (Figures 35 and 321:
Some parts of/the same specimgn are densely crystallized (see
Figure 35), while other areas exhibit substantial
microp&rosity as illustrated in Figure 36. -This inhomogeneity
could be‘the result of a poor mixing of the zirconia powder.

The ex%Stance of two differenf microstructural constituents in

the specimens can explain thellarge scatter of data, i.e.

Y72 % . >

’

Figure 35: 1% zirconia 'calcium phosphate g1g§§-cgramic
densely «crystallized (fracture surface, T, =
6500¢C). ’ -

‘y
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Figure 36: 1% zirconia calcium phosphate glass-ceramic showing
micropores of approximatly 0.5 pm in size (fracture

surface, T, = 650 °C).

5.2.3 Strengéhening Agent K g ’ e . o .
The bend strehgth for both the glasses and the glass-
ceramics with 2% Al,03 addition are 1isted in Table XVI.
Additions oflalumina to calcium phosphate glass does,nog
affect the bend strength in the expected way. Although the
values of MOR are of the same oﬁdgr. considering the scatter °

of .the measurements, calcium phosphate giasses with 2% alumina

exhibit lower bend strengths,'94‘MPa'compared with 125 MPa for
. pure calcium phosphate glasses. However,the scatter of the

‘data is decreased, i.e. + 16 %, S
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Table XVI: Flexural Strength and Weibull Modulus for 2%
Alumina Calcium Phesphate Glass and Glass-Ceramic,

Samp1es.
. L
Spec imen Number of MOR [MPa] Weibull.
Tests | . Modulus
Annealed Glass 10 . 94"+ 15 5.8
1 ' -
Annealed.Glass 6 52 + 22 2.2
+ Sandblasted
CrystalTized 5 | v '8 Yl
rystallized - 43 + 8
at 700 9c ) > - T\

’

Alumina is 2 network'former in silicate glasses and has
the effect of'inqreasinb teeir strength. This may not be the
case in ca1c1um phosphate gIasses. However, there is-ev1hence
of some structural mod1f1cat1on in these glasses because there
is an' increase in (a) the crystal lization peak temperature,
i.e. from 665 °C for pure calcium, phosphate glass to 712°°C

for 2% alhmina containing glass, and (b) the fracture

“toughness, i.e. from 4.56 to 5.35 MPa ml/2 (see §ectitn

5.3.1). The hardnese of the glass does not change.
significantly, i.e HV = 3.41 + 0.06 GPa and HV = 3.33 + 0.3
GPa, respectively. The decrease }n MOR cannot be ‘explained,
since it seems to be incensistent with the other observation,
Fgrther investigation in‘thié area would be required,'but this

is beyond the scope of the present study.

The idncrease in data scatter for the“;andblaeteﬁ
specimens, t.e. + 42%, is-d1s0 incossistent with the results

discuséed earlier, Sanqbiasting samples prior to testing
- | 101
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should decrease the data scatter and, so increasg the Weibull
moJu1us. since it generat;s reproducib}e f]éws at the surface
of ?he specimens. The decrease in Weibull modulus, f;om 7:8 "
for the -pure calcium phosphate glass to 2.2 for the‘a1umiﬁ5

j conta}ning glass, could be explained by the inhomogeneity of
the samples tested, i.e. since someé of the samples might
contain more dét#o;k modifying %ons than others, they.would
exhibit higher étr@ngth. However, this is unlikely since no
difference +n refractive index in the as-cast glass was

observed; this being characteristic of heterogeneity in

4

translucent'glasses.

.

L . v
Figure 37: 24 alumina calcium phosphate glass-ceramic showing

, - crystal fibres grown from the surface towards the
o - centre of the specimen (fracture suface, T, =
700 °c). . :
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T

The low bend strength forlﬁhe glass-ceramic is due to the

» -
fact that only surface nucleation océyurs. In this case;
however, the nuclei are numerous enough so that crystal

fibres grow from every point of the surface towards the centre

of the specimen, as shown 1in Fidure 37. Although it is still a
« B ]

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 result, there might be an increase in the
strength of the glass-ceramic which is counteracted by the

presence of microporosity, evident in Figure 39.

Figure 38: 2% alumina calcfium phosphate. glass-ceramic fibres
) ' (fracture surface, T = 700 °C). .

Yy
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Figure 39: Microporosity in 2% alumina calcium phosphate

glass-ceramic (fracture surface, T. = 700 °C).

104

«
3




o

5.3 Fracture Toughness

5.3.1 Vickers Indention Technique

*

Fracture tougﬁness determination using the Vickers

indentation technique was only performed on the glass, since

it was not suitabsle for the glass-ceramic.

developing half-penny 1ike

indentation corners, the cracks

Instead of

cracks initiating at the

in the glass-ceramics tended

to propagate along the fibre bundles, perpendicular to the

surface, as may be seen in Figure 40. Therefore, the <crack

geometry was fundamentally different from that used in the

Vickers indentation theory.

Figure 40: Vickers indentation <n a calcium phosphate glass-

ceramic (load 20 kg).

s
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, On the other hand, the geometry o} the cracks developed
in each of the calcium phosphate glasses tested was similar to
the crack geometr; discussed in the theory (see Section
4.5.1). A crack was 1initiated at each corner of the
indentation (see Figure 41) and usually grew to a greater
lTength than the indentation diagonal. Figure 42 shows that a
half-penny crack has developed beneath the indentation.
However, it 1is obvious that the géometry of the crack is more
complex than a simple half-penny since some radial cracks have
also formed; one even extended 2.5 times beyond the half—peany
radius. Since the energy to grow these radial cracks ig\Pot
used to propagate the'ha1f-penny crack§ (the measured cracks),

it will lead to an overestimate of the fracture toughness,

ch-

9

Figure 41: Vickers indentation in a calcium phophate glass
showing a well-developed crack systeg\f]oad 2 kg).
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Figure 42: Fracture surface below a Vickers ikNdentation
illustrating the half-pedny like crack (load 2 kg).

?

9

%

5.3.1.1 Effect of the Indenter Load

The influence of the indenter 1oad on the fracture
toughness was first investigated. A calcium phosphate glass
with 1 % zirconia was tested with an applied load Qarying from -

2 to 20 kg. The variation of the fracture toughness is shown

in Figure 43,

'The fracture toughnéss increases with an increasing
indenter load{ this is due to thg crack geometry. When loads
larger than 3 kg are ysed, md1ti-pranched crécks’are developed
and, furthermore, 1ater;1 vents start to apbear as shown 1in

Figure 44, The energy used to create these extra cracks is not
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taken into account during the measurement of the median crack
lengths and so the values of fracture toughness are
overestimated. The large data scatter is due to the
di?ficulty in differentiating, in many cases, between the end
of the median crack and the beginning of the lateral vent,.

P
Therefore, 2 kg was chosen as the optimium load for the

3

measurements of Kj..

FRACTURE TUUGHNESS=\F\ (INDENTER LOADD

HY [MPq]
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Figure 43: Vvariation of fracture tovghness with indenter 1load
for a 1% zirconia calcium phosphate glass.
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Figure 44: Typical crack geometry for indenter loads >= 3 kg.

5.3.1.2 Eracture Toughness Measurements

The fracture toughness (Kj¢) ‘was determined twice on the
same set of samples: a) pure calcium phosphate g1as; {Ca0 /
Pp0g = 1), b) glass uith/addition of* 1% of zirconia and c)
glass with-addition of 2% of alumina. In Table XVII, the
fesults mea&ufed on the as-polished s&hples are given and the
measurements pérformed on the same samples afigr a subsequent
annealing hedt treatment'are‘Iisted in Table XVIII: Each

fracture toughness value is the average of the measurements

from four indentations, i.e. 16 crack lengths.

Comparison between Table XVI and XVII indicates that the
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surface stresses induced by the polishing have a significant
c_ effect on the fracture toughness values since, on annealing,

" they were reduced by 13%:'48% and 34% for the pure glass, the

1% Ir0, containing glass and the 2% Al,03 containing oglass
" samples respectively, The explanation for this is that

polishing induces surface compression which tend to prevent
4 .
\/crack propagation. Since the fracture toughness 1is inversely

’

< * .
proportional to the crack length, surface compression leads to

“

.-.an overestimate of K;.. The fracture toughness determined

Table XVII: Fracture Toughness Determined by Vickers Indenta-
tion TecBnique on As-Polished Glass Samples (load

2 kg).
- -
Specimen Fracture Toughness g Hardness
) [MPa ml/2] [GPa] .
Glass 4.56 + 0.23 3.47 + 0.07
1% Ir0p 7.20 + 1.54 3.71 + 0.15
2% ALy05 5.35 + 0.65 . 3.33 + 0.3
s
\ ~
Table XVI4I: Fracture Toughness "‘Determined by Vickers Indenta-
tion Technique on Annealed Glass Samples (load
2 kg).
’ Specimen Fracture Toughness Hardness
. [MPa ml/2] [GPa]
61ass ' 3.96 + 0.23 ©3.41 +0.06
¢ S U 1) 3.69 + 0.22 3.56 + 0.09
2% A 03 _3.54 % 0.35 3.27 +0.49




by the Vickers indentation tgchnique is a local fracture
toughness, e.g. in this case, the typical hal f-peqny radius
varied from 0.1 'to 0.2 mm, Therefore, the condition of the
surface should be representive of the bulk materidl if the‘
Vickers indentation technidue is to be used with any dggree of
confidence. On the other hand, the hardness readings were not °

significantly affected by the surface compression.\

AN

The effect that the addition of alumina to calcium
phosphate glass has on the fracture toughness was investi-
gated. Samples with 1, 2,3, 4, and 5 % alunina were tested.

@

Results for the as polished samples are given in Figure 45,

Aaditions of alumina increases the fracture toughnesé and
the\ﬁa}dness of calcium phosphate glass, i.e. from 4.56 to
7.75 MPAml/2 and from 3.41 to 4.07 GPa respectively. for an
addit'ion of '5 wt % A1,03. Although these values were measured
on as-polished samples, and thus\not abso1lute values,-they are
still representative of the trend. }t is very unlikely that
this fracture toughness increase is due onyy,to'incréasing
surface compression since this increase would not be so
constant. An ?11us;ration of the effect of poor polishing on
the fracture toughness is the value obtained fér 1% aluhina
(see Figure 45).. Here, the high vaﬁue'heasured, i.e. kld =
8.01 MPa ml/2, is certainly only due to>the surface
c&hpression induced by péor polishing; ;

voo
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Figure 45: Effect of additions of alumina to calcium phosphate
glass on the fractire toughnes% and the hardness.

e ’
‘_The fracture topughness measuréd for the different ca1pjum

phosphate blasses are reiativgly high, e.g. Kic = 3.96 MPa.

ml/2 fop glass haViég aratio Ca0 / Py0g =1, since normal

Ky values for silicate glasses lie between 0.6 and 1 MPa

m1/2, However, since there are some uncertainties as to the

validity of the fracture toughness determination by the

PN Vickers indentation technique because of crack geometry and
: )

surface compression, the values obtained wére double-checked

by a more conventional method as discussed beTow."
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5.3.2 Single Edge Notched Beam ‘Technique .

‘ﬁotched beam and the Vickers 1ndentatton techniques lead to

1

Fracture toughness determinatiohs usﬁng‘the single edge
notched beam tefhni;me were carrie& out‘on pure calciuh
phosphate specimens. Since it was not possible to prechaek the
spec1mens, t he notch was made as sharp as’ p0551b1e us1ng a
razor b]ade. However, this generated small cracks in the glass
samples which, eVentual]y, grew through the complete section
by slow, subcritical erack,growth. Only one‘gless sample and
three glag;;ceremic sampl.es werentesteq (Table XIX).
Table XIX:\Sinm1e Eege Notched Beam FracturenToughness hoﬁ

Pure Calcium Phosphate Materials.

-

Material Ky [MPa ml/2]
“Glass Sl . a3

Glass Ceram1c 16,7 +7.8.

& )
- . vox
]

'Aithoﬁgh a fracture toughness Velue defekmiqed from only
one sampie\does not ‘allow fﬂ{‘any statistical variation, the\
value for the glass given in Table ¥IX'1S cdhsidered reliable.
However the Lée ef a sharp razor blade did not generaie a
un1fdrm cra;k-along fhe complete w}dhh of . the specimen.

Therefore, the fracture t&udhnesshis overestimated singe the

‘energy,‘and hence the load, uéed'fo initiate A crack is-higher

than that used to .propagate the crack. However. both the’

v ea

-
[}

t
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similar ré1ues for the glass, i.e. 4.3 Mba m”.2 and 4 MPa m”2
respectively. Therefore, it is possible to conclude that the
Vickers indentation techn1que for the glass spec1mens is a
satisfactory technique ;since it is very easy to perform ‘and

gives reasonably accurate results.

Figure 46: Fracture surface of a calcium phosphate g}ass-
) ceramic notched beam.

~

"For the.gﬁassfceramic specimens, the‘ﬁse of:a shorp.razor'
'..b1ade’1ed'to othe problems, The crack did not always initiate
only.at the botTom of the groove, but also at the side of the
~notch. This is due to the fjbrous structure of’theforystals,

'shown in Figure 46, since it is easier for a ¢rack to

Y

.1n1t1ate at K fibre joint than in the m1dd1e of a f1bre.

-y
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Therefore,’if the bottom of the notch is in a fibre, the track

Vyyjl] initiate on the side of the-notch at the closest fibre

joint., The very large data scatter, i.e. + 47 %, is also due

-

to, this crack initiation problem. However, the high fracture

toughness measured seems to be,p;omising although it has to be

viewed with caution, since precracking was not successful’ and

-~

only three specimens were tested,

5.4 Tribological Study

The wear behavior of three material combinations was
assessed: UHMWPE-Vitallium, UHMWPE-Alumina and UHMNPE-célcium
phosphate glass.'Every combination was tgsted once for up to
7 x 105 cycles with thé stress on the UHMWPE pin being ¢ MPa;

results are ploted in Figure 47,

This preliminary wear behavior study indicated. that the
Vitallium combination exhiblts a- steady increase in wear
debris. This is consistent with clinical experience where it
was noted that the wear rate keps ipcreising a?igr only a few
months in ser¢ice [3]. This characteristic is obviously not
favorable because of a) the possible adverse bio]ogicé]

response and b) the ear]yf"wearing out" of the polyethylene

. rd

Both the alum1na and the calcium phosphate glqss

4

combinations exhibit similar wear behaviors. After a very

short “run-1n" period,,the wear rate becomes negligible and

+
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"remains so for the duration of the test. The UHMWPE-calcium
phosphate test was stoppéd earlier than that involving
Vitallium because the'fluidﬂ1e;e1 dropped below the conterface
1evg1. However, it was still concluded that the wear rate of
the A’UHMNPE-c'alciumh.phosphste combination was much more
satié%actory than that ofd;he conventiona1'UHMNPE-Vitalljum

combination.

- a YitoMium
' = Calcium Phosphate Glass -

S ' ¢ Aluming

“Wear- Product (ng]

. —— | e s — ]

9 100 00 300 400 SO
: Number of Cycles x. 1000

R ]

600 700 80

Figure 47: Wear behdvior of UHMWPE pins tested .on Vitallium,
alumina and calcium phosphate gtass under a 9 MPa
stress and in saline solution. .
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The wear behavior of calciyﬁ phosghate glass =~
polyethylene combihation is considered to be\exce11ent since
the'wear of the polyethylene piﬁ (the softer material) was
very sma]l} However, this result has to be considered with.
caution .for two reasons: a) phly one sample was tested and b)
the experiment was not carriedﬂout in biologicaly active
solytion. ance calcium phosphaté glass,1s a bioactive
material, the natural’ lubricating fluid in joints (the
synovial f1uid) ﬁay‘aff;ct the glass by physio-chemical
}éactiqn with the surface. This may lead to the degradation
of the highly polished*sugface and hence, drasticaly increase

tthe wear rate.
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Chapter 6

CONCLUSION
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6.1 Calcium Phosphate Glass-Ceramics

0

‘1. The poor strengfh 6f calcium phosphateﬂs\ass-ceraqic
samples, i.e. MOR = 70’MPa, irysta]Iiied_at temperatures
close to Tg (570 °C) arises from the crystallization mode.
Since nucleation takes place only at the surface of the
material, the crystals grow in a fibrous form perpendicular
to the surface. The bonds between the fibers are weak and
planes of weakness where cracks can easily propagate are
generated. At higher crystallization temperatures (550 o),
the large differén}e in density between the glass and the
crystal, as~we11 as the low glass viscosity, promotes pore
formation, further decreasing the strength of the glass-

, ceramic, i.e. MOR = 35 MPa, However, with a value of 16

erf*ﬁi\ MPa ml/2 | the fracture toughness is satisfactory.

2. According to the literature, unidirectional, crystallization

substantially fncreases the gJaég-ceramic strength,™ i.e.
A ' ' MOR = 640 MPa. However, the sensitivity of this process to
experimental conditions made it impossible to grow crystals

longer than-40 mm, i.e. suitable for strength measurements,

3. The addition of zirconium oxide to calcium phosphate glass

promotes bulk nucleation. However, the strength of the.
2 ‘ glass-ceramic crys;gllized at temperatures close to Tg (570

0c) is not improved siggificantly, i.e. MOR = 73 MPa.

Furthermore, higher crystallization temperatures (650 o¢)

-0' result in very uneven structures further lowering theﬁ

v
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glass-ceramic strength, i.e. MOR = 18 MPa.

Alumina modifies the structur& of calcium phosphate glass-
ceramics by promoting the formation of strong Al,03-Py05
bonds. This tends to decrease the fibrous nature of the
crystals, However, the expected increase in strength is
counteracted once more by fﬁe porosity, thus leading to

low bulk strength values, i.e. MOR = 43 MPa.

Therefore, calcium phosphate glass-teramics, in the form
presented in this study, do not appear to be particularly
promising candidates as biomaterials for applications in

the highly stressed- environment of the locomotor system of

the human body. \

w

6.2 Calcium Phosphate Glasses

1.

\

The strength of calcium phosphate glass (Cal0 / P05 ; 1) is
affected by the cooling rate after casting. Anneaied
calcium phosphate glass has a flexural strength of 125 MPa.
However, increasing the cooling rate generates_ surface

compréssion, and significantly 1improves the flexural

©

strength, i.e."MOR = 213 MPa.

]

The strength of the glass is not changed by the additionof
Zirconium oxide. but the scatter of the data is decreased
significantly, i.e. the Weibul1l modulus is increased from

3.8, for calcium phosphate glass, to 7.2 for the 1%

e T

zirconia containing g{ass. ’ )

{
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. Despite the fact that alumina additions do not have a

pronounced effect on the glass strength, they do modify its
fracture behavior, i.e. additions of 5 wt % of Al1,03

increase the fracture toughness of the glass by 70%.

The preltiminary study of wear behavior indicates that yltra
high molecular weight polyethylene used in conjunction with
calcium phosphate glass resu]té in a) much lower wear rates
than that of the conventional biomaterial éombigation,
UWENPE-Vital]ium and b) similar wear rates to that quoted

for the UHMWPE-alumina combination.

Since calcium phosphate glasses have satisfactory bend
strength, good fracture "toughness, good tribological
properties and excellent biocompatibility, it is concluded
that they are very promising biomaterials, However, before

tﬁey could be used in a clinical environment, their long

term in vitro and in vivo behavior should be assessed (see |

Chapter 7).
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Chapter 7

SUGGESTIONS FOR FURTHER STUDY
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1. The fracture toughness values reborted*fn this thesis were

measured using the Vickers indentation and the single edge
notched beam techniques. There are st/ill a number.of
uncertainties related to the indentation technique and it
was not possible to precrack the SENB samples. Therefore, a

more rigorous fracture toughness determination should be

carried out with samples that are easier to precrack, e.gf '

by double torsion or compact specimen testing.

Dramatic slow subcritical 'crack growth was noticed in one
of the glass‘SENB specimens. A scientific evalaation of
this proglem is paramount for the determjnation of the
suitabi]iiy of these mdterials for highly stressed medical
app1icat3£ns. Subcritical crack growth is reiated to the

static fatigue behavior of the material,

The effects of the addition of higher percentages of
zircania to calcium phosphate glasses and glass-ceramics
could be promising., This would involve the use of a

zirconium based powder that can be dissolved 1in larger

quantities and at lower temperatures than zirconia.

A technique that would allow for very fast cooling rates
after the casting of the glas,s but maint%iﬁ smooth
surfaces, should be developed. This would toughen the glass

and might 1imit the slow crack growth problem,

14

The characterisation of the mechanical properties, f{.e.
strength, fracture toughness, slow subcritical crack growth

and fatigue, of the glass under in vitro conditions wauld
\ o
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A
be essential to determine its suitability for long term use f

in vivo applications.

o)

Although the glass has satisfactory mechanical properties,
it is doubtful whether it could be used as a prosthesis
material on its own.- The study of its joining to metallic

alloys and to Ether ceramics would be a first step towards

developing a composite prosthesis.

o

o
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S APPENDIX 1 -

Slow Crack Growth Coefficient

LS

Assum1ng that the crack velocity, v, is related to the’\

\
.

stress 1ntens1ty factor, K, by the re1at1on,(Al) _

vo=aAKM ‘ ' 3y (A1)

. ¢ . . B
where A 1s a constant depending on the crack geometry and on

the mater1a1 tested, it is poss1ble to estimate the slow crack
growth exponent, n, from the'strain rate dependence of the .
strength [45], usingvgquation (Aé):‘ “ '
“
1n .MOR é'(.ll(n+1)) In V + const; o (A29
with: ﬁOR, the modulus of rupture at a certain cross head’
speed, .V, of the testing machine.
M J ’ ‘

By. m;asuring the modulus of ruptire at different crqss

.headspeeds,theva]ueofr1maybeca1cu1ated LowvaIuesof n

. correspond to high subcritica] crack growth
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