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ABSTRACT 

The room-temperature fracture behaviour of calcia partially

stab i f ised zirconia CPSZ) was investigai·cd. Frac·t-ure energy measurements 

were rnad::i using the stan dard stres s intensity cal ibratio;i and ';Jork to 

fracture techniques. The detail ed nature of t he PSZ microstructure vws 

stud i cd using scanning e I octron microscopy, qua Ii tai'l ve X--ray analys i s 

and T.E.M, surface rf)plication, The grain structure was detenninod to 

be bimodal with smal I grains of pure z i rconia dispersed along the bour.daries 

of l arge:· gr ains. These large grains consist of a bin.:it-1 pure-z!rcor.i<:J 

c;tab i I i sed z i rcon i a mixtu re. fm attempt was made to re Iate tho frudu re 

properties 'to the nature of the inherent fla1-<1s present in the mataria!, 

The strength of calci a part ially-stabilised zircon ia was 

obse rvo d to depend on the si ze an d distribut ion of the grain boundary 

precipitat e of pure zirconia. It is postulated that thls grain boundary 

prncipita·i·e causes decohesion and weakening of some of the grain boundar ies 

due to the large internal strec-ses associated with its martens i tic phase 

transformat ion. This phenome a of grain boundary decohes ion leads to 

elastic non-)inearity and hysteres is, Crack propagation was always 

observed to procee d in a slow control led fashion in this material. A 

model is proposed to explain these observations based on the formation of 

a mlcrocrack zone at the tip of a propagating crack. The occurrence of 

continued stable crack propagation is bet i eved associated with increas ing 

microcrack zone size with increasing crack length. Evidence supporting 

this model is presented. 
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CHAPTER I 


LITERATUR~ REVIE\·/ AND THEORY 

1.1 Introduction 

In order fo:- ceramics to be used in siructura I or engineering 

applicat ions: they must co:npere in terms of rtfJchanical properties and 

cost. The rnos't seriou"' drawback of ceramics is their proneness to 

catastrophic failure, particularly und8r conditions of m3chanical and 

ihe1rnai si1od,. Tnis ini-1tliGr1i" brii-i"ieness has ied to ihe use of cernrr.ics 

In app! !cations where their spec ial properties of hardness, chemical 

inertness, l o~ therm31 and electr ica l conductivities and temperature 

stability are important. 

Recent· deve !opments have shown that ceramics of strengths 

approaching 100,000 psi can be fabricated, These advances have occurred 

largely by the empirical observation that increased strength can be 

brot.;ght about by the e Ii rr. i nat ion of pores and the ref i nerr:ent of grain 

s ize [1-3], In these developm::ints, very I ittl e use has been made of a 

bas ic understanding of the fracture process and its microstructural 

depencence, 

Fortunately, tech niques [4 , 5] are now ava il able to measure the 

re lative resistance to crack propagation and it should be possible fo 

ob·tain a detailed insight into the mechanisms of crack propagation 



2 

and its correlation io struc·tu1e. 

Recent studies [6] on ca!cia partially-stabilised zirconia 

have shown this material to have good thermal shock resistance . Ii" was 

ther·efore dec ided to determine if this thermal shocl< resistance lmpl ied 

a degree of fracture ioughness and a study o f c ra ck propagat ion in the 

mater i a l w~s undertaken. 

I .2 Fracture of Or1tt1e Materials 

Ceramics are inorganict non-metal I ic glasses or crystal 11ne 

sol lds , ~~·oquently 1dth non-equi I i brium microstructures. The tendency 

to fail by cleavage rather than shear is an inherent feature of their 

structure. 

Cen:imic rrn:deria l s are bound by strongly polariscdt ionic bonds, 

covalent bonds, or sow intermediate covalent-ion i c bonds. The direc

t i onal i ty of th i s type of bonding gives ceramics high Young ' s rrodu l i 

and l ow den::;ities . The crystals , t herefore , t end to have p ! anes of low 

surface energ·1 , hi gh me l t i ng points , l ow coeff i c i ents of therma l expan

s i on and l ow e l ectr i ca l and thermal conductivi ti es • 

• . I n ·theoret i cal cons iderat i ons on the natu re o f c r yst a ls one 

n-w;;t consider the ro I e of the de feds present and in t he stud y o f 

strnngth ·ihe role of d i s l ocat i ons and crucks arc rrx:is t i mpor~tant. 
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The ducti I ity of po:ycrystal I ine ceramics tends to be very 

I imited at ambient temperatur-es since tt1e stress level to rove mobile 

dis l ocations is high and there are general l y insufficient slip systems 

[7,8] to al low a homogeneous strain to occur by slip. 

The occurrence of Ii rni ted s Ii p can be very harmfu I i o the siTengih 

o f ceram i cs since stress concentrat i ons at blocked slip bands and twin 

i nteractions, near a crack or simply at elas-t-ic inhomogeneities, cannot be 

re I i eved, This i nab i I i ty to re I ax such stress concentrations makes these 

materials sensitive to damag'.3. I t is most irnporiant, therefore, to 

carefu I I y examine and prepare externa I su1-faces be tor-e ceramics arc 

n"t'Jchanical ly tested. In studies of semi-·brittle sol ids, such as rock 

sa l t and magnesia, the problc-;m of anisotropic plastic flow and its acco;n

rrodation problems appear to p!ay an imporranr ro:e r n The 1n1T 1aTion, 

growth and propag~tion of cracks [9], 

The effect of plastic deformation wi 11, ha1\levor, be assumed to 

be neg I lgible except on a riiicroscopic scale in the rest of this d i s

cu ssion. l·k~chanical fai l ure wi 11 be explained by the .presence and 

propagation of pre-existing flaws. This neglect of plastic deformation 

I i mlts t he d i scuss i on to the relevance of the thesis topic and observations 

bu t. in genera l, even the I i rnii'ed plastic i ty at amb i ent temperatures can 

infl uence the br i ttle fracture of ceramics . 

Cracks may be formed interna ll y i f sur f ace e nergy r e l at i ons h ips 

•
do not f avour cohes i on and methods o f fabri cat ion, such as si nter ing, 

can l ead to de l eter i ous porosity or interna l stress producli on. For 

instance, when ceramic bodies are cooled to room temperature fo l l owing 

f i ring , i n·rerna l stresses 1nc1y deve l op due t o phase i'ra nsformat i ons o r 
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anisoiropic ·therma l coniractions. Crad< nucleation due to an i sotrop i c 

thermci I contract! on has been treated by Cla rke [IO] and has bee n derron

strcit(-1d by Dav idge and Tapp in [t IJ on polycrysial I ine b0ryl I ia, I t i s 

important to note , however, that interna l stresses have bean purposely 

genr~r-ated to strengthen rroter-ials . This generally consists of surf<.1ce 

compressive stresses i ntroduced by g l az ing [1 2], chemical [13] or then;-,a l 

[141 treaimen"f"s. These i nternal stresses are particu larly important in 

two-phase ceramics,wheroin dif ferences in thern1a l expansion coefficien·:·s 

or elastic constants of the two phases can lead to stress concentrations 

and·the possible formation of cracks or weak interfaces. The stresses 

due -to therrr:ai expans i on differences have been treated by Selsing [15] 

and by Hasse l man and fulr·ath [16], who considered e l astic constant dif·· 

forences. Other factors which in f I uen:::e the s"i rength of h:o-phase 

systems a re the size and volume f r-act ion of the second phase [16,17]. 

In general, fractu1·e is initi ated in i·hese materials by the 

extension of inherent f I aws or by ! oca I an i soi"rop i c deforrnat ion. The 

ge:iera l trend 1-tith temperaJU!-e and the i mportance of these two rrechanisms 

i s shown ln Figure I. At very high ternpe1·atures secondary slip may occu r 

at suff i c i ently low stresses to prevent cra c k inii·iation or propagation 

at the fiow stress. Grnss pl astic deformat i on of the materia l wi l l then 

precede fracture . The extent of these reg i ons of different f racture 

behaviou r wi 11 vary considerably from one britt l e mater i a l t o the next 

and these variat i ons i n CHramic behaviour have been d i scussed by Davidge 

ar.d Evans [ i 8] . 

The above d i scussion does not i mply that the toughness of ceramics 

cannot be i mproved. I f secordary sl i p can be ind uced by second-phase 
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particles, the ductility of the material could be extended , This, 

however, has not been observed yet in t\~o-phase ceramics. The other 

route is to avoid plast ic flow altogether and generate resistance to 

cr-ack propagation by the "deflection" of moving cracks in two-phase or 

fibrous microstructures. 

!n two-phase , precipitation-strengthened ceramics, crack-particle 

interactions constitute the ma i n resistance to crack propagation. These 

interactions can take several forms ; that is, the elastic interaction of 

the precipitate with the matrix may lead to perturbation of stress fields 

in the vicinity of the particle and so deflect the propagat1ng crack. 

Fal lure of the mutr·ix-particle interface under tho influence of the strnss

field of the crack has been discussed by Cook and Gordon [19] for ~ha case 

of tensile failure of intertcices perpcrnd1cu1ar To Tne p1ane or Tne c.:r-aci\ 

and by l<el ly [20] for the case of interfacial shear. Both these 1roch

anisms would lcvd to effective crack blunting and an increase, therefore. 

i n the resistance to crack propagat ion. Precipitate part icles , which fail 

by duct i I e r upture rather ·rhan c I eavage cou Id a I so absorb some of the crack 

energy and thereby enhance the toughness of such two-phase mater ials. 

There have been severa I recent advances i n the precip i tat ion-strengthening 

of ceram ics and these have been revimted by Groves [21 ]. More recent ly , 

Ch yung et a I • [22 ] reported i ncreased toughness l n g I ass-ceramics, i n 

wh ich rn I ca was i nforna I I y nuc I eC!ted and crysta I I i sed as a prec i pitate 

in the gl ass . Fibre-re in forced cerami cs could a l so produce simil ar 

~.::ha ni srns of toughness. though advances here have been ma in ly res t r icted 

to ceramic f i bre-rnc1al or ceramic fibre-polymer compos ite t echnology . 
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I .2.2 Flaw Theory of Fracture 

At an atomistic level, t he fracture strength of a material depends 

on the phys i ca I and cherni ca I forces ho Id i ng it together. The cohesive 

strength of a material provides a means of comparing the potential 

strengths of different materials and gives the rreximum strength th;:it ca.·1 

be expected for a given mate r ial. 

There are various methods to calculate th .is theoretical strength 

[23] 7 depending on ho\'{ the potential is chosen to descr ibe the separatir.:n 

force between ·h-10 planes of atoms. Al I those approaches yi e ld appro>~irn::itely 

the same answer with the theoretical tensile stress being E/10 where 

Eis the Youngrs modulus of the material [23]. These theoretical s--rengths 

have been obsGrved in some !.; i ng Ie crysta I fibres and whiskers but tor m::>sT 

eng i neering materials, the theoretical strength ls two orders of magnitude 

too I ar·ge . The reason for 'this discrepa ncy in br i tt I e materials is c..luc 

to the presence of flaws. 

The f !aw theory of fracture or i ginated with a crack propagation 

concept c:dvar.ced by Griffith [24 ,25] who pointed out that an 

existing crack wil I propagate, if the avai !able elastic strain 

energy rel ease rate exceeds the i ncrease in system surface energy accornpany ing 

the crack grovrt h. That is, instead of separation of two p I anes of atoms 

as model led for the theoretica l strength, fracture wi l I occur by " gradua l " 

separat i on of atoms as an i nherent crack increases i n size . This theory 

y i elds the correct f unctional relationship between stress at f racture and 

fl a1~ size as ev idenced by many results on brittle materials [26,27]. 
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It a l so predicts a iheorotical cohesive strength of the correct order c1 

ma gni tude as verified by single crys ta l whis~'ers [28]. 

Grif fith suggested that the strength in tens ion of a brittle 

materi a I is great I y affected by the presence of srna 1 1 cracks and other 

discontinuiti es within it. These cracks may be present before any load i s 

appf i ed or may be formed during application of the load. Fracture results 

from the high fons i Ie stress concentrations i nduced at or near the crack 

tip as the mafor ial ls loaded . 

Griffi ·t h approached the problem i n two ways wh ich typify tho modern 

approach of continuum fracfore m3chanics . He f i rst i nvestigated the elastic 

stress distribution using the stress analys i s of lngl is [29], who shm·1ec.l 

t hat the tensi !e siress at the tip of a crack (length 2a) was: 

CJ ~ 2a ~ C I • i ) 
yy 

where a is the concentrated stress, a the appli ed stress, and p the 
yy 

radius of the crack tip. The d i fficulty in eval ua ting the crack tip 

radius makes this approach difficult to resolve. 

The second approach was based on a mechanica l energy balance to 

dete rmine the condit i on for material fracture. Griffith calculated the 

decrease in the e l astic str·a ln ener~gy (U), in a plate of unit thickness, 

when a flat el I iptic crack of length 2a is formed by an appl led tens I le 

stress CJ~ to be: 

2 2 
U = ira o (I •2) 

E 
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The tota I energy (\1) of the new I y formed crack surface wi 11 be: 

W = 4ay (I .3)
0 

where y is the iherrri0dynamic surface energy. Crack propagation wil I occur 
0 

when the release of strain energy is at least equal to the rate of increase 

in free surface energy due to the format ion of ne\v surface area, i.e., 

au a1·1 (I •4) 

When 1hls relationship is substituted into equations (I .2) and Cl ,3) the 

fract~re stress is qiven by: 

C I • 5) 

Th is r-elationship in the form crF la'== constant, has been shown -t-o hold 

for many brittle and semi-brittle materials. Both these approaches are 

consistent and a I though the energy approach seems I i mi ted to h10-d i mens i ona I 

cracks and ignores the cohesive forces which must be acting at the crack 

tip , it has been shown to apply in bas lca l l y the same form to different 

th ree-d i rmns ional crack geome·rries [ 30] . Griffith recognised the fact that 

forces must act at i·he crack t i p but avoided their d i scuss ion by assuming 

a finite r adius of curvature at the tip. This theory may seem an unnec

essary overs imp I ification of a ser ies of complicated phenomena, yet this 

simplicity has been responsible for the recent progress i n design agai~st 

br itt le fai lure . Cont i nuum fracture mechanics tends to emphasise enginaering 
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usefulness rather than scient i fic and philosophical accuracy , while 

mater ia l sc ience attempts to fil I this conceptua l void. 

The rela·tive mer its of these two approaches have been di s-

cussed [31]. The stress concentration method assumes that a mxirnum 

stress must be surpassed for frncture to occur whilst the energy balanco 

rrethod assumes fracture occurs after creation of a maximum amount of 

stored energy. The tv10 approaches are equivalent for cracks with a 

radius of curvature of the order ot a few atomi c spacings. For cracks 

with larger radii of curvature the stress concentrat ion approach is rrori:-; 

fundam3ntal since i t al\-1ays presents a criteria for fracture in t e rms of 

ths maximum cohesive strength. This funcl a rne nial approach is not vP-ry 

11 51=>fo I c; i nr:P. thP. r.r-rir.k 1·oot radius cannot be eas i Iv eva I uated and stress 

concentration calibrai ion tends to be carried out for the case of sharp 

crac ks where the two approaches are equivalent. In contrast, the energy 

app roach establishes a criterion which reflects the i rreversible processes 

at the crack tip, irrespective of its radius. 

A generalised Griffith equation for an y crack geometry can 

now be \ff i tten : 

( I .6)CJ f = 
y -a 

where Y is a geometric factor associated vdth the test and specimen 

geomet ry and Yr is the "effective" surface energy. The effect ive surface 

energy wi 11 therefore inc ludo ter-ms other than the thermodynamic surf ace 

energy which is needed to create a pl anar fracture surface. These othe r 

terms consist of the effect of t he other irreversibl e e nergy processes 
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which occur in crack propagat i on, such as p!as·ric defor1TStion or secondary 

crack forrr.at ion. 

The statement thai fracture occurs when the stress condition in 

a sufficiently l arge volume exceeds a critical value may be readily 

converted to a matherretical rrodel. The m:)st general form for tho stre:.:.s 

distribution at the crack tip was given by I rwin [32,33], who noted that 

the s1ress field at any point near the crack tip, shown schematically !n 

Fi gure 2, is related to the distance r from the crack tip, the angle of 

inclination e and a constant Kcal led the stress intensity factor. The 

rad i a I dependence is a I ways inverse I y proport i ona I to the squ<i re root 

of the distance from the cr~ck tip, reg6rdless of type of loading, crack 

geornetry or mogn i tude of the Ioad. 

Stress fields near a crack tip can be related to the three 

basic 1nodes of deformation (Figure 3). Since ceramics gener31ly fall 

i n tcrnslon, mode I i s of greatest i mportance, but superposition of these 

th n::2 modes is sufficient fo describe the most gens:ra I type of crack 

tip defo1~mat i on in a genern l stress field. The stress field equat ions 

for rrode I I oad i ng are I i sted be I ov1 for the case of p I ane-stra in 

deformation [30]: 

::axx [K1/C2rrr >
112J cos e/ 2 [I-sin e/2 sin 39 /2] (( ,7} 

a = [K /<2rr1~ ) 112J cos 6/2 [l+sin 0/ 2 sin 38 / 2] ( I • 8)yy 1 
[V /('? )f/ 2]a = s i n e/ 2 cos 8/2 cos 38/2 < I • 9)''I "-nrxy 

a :: \) (a + a ) 0 = CJ - 0 <.i.10)zz xx YY ' xz yz 

http:forrr.at


y 
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whcr0 KI is the stress i ntens i i"y tor m~xle I Ioad i r;g. The mathematics 

of these solutions involves the use of the complex variable to sol ve the 

bi-harmonic , equi lib r iu m and e!astlcity equations and a simplified approach 

has been outlined by Eshelby [34]. Crack problems have now been solved 

for many test geometries [4,35] and al I have the form : 

K=Ycr(a)l/2 Cl.II) 

v1here Y is a constant, which depends on the test geometry. \~hen a 

cr i t ica l stress level i s reached, denoted by KC, fracture wi 11 occur. 

The concept of a cr i tical stress iniensity is the basis of the fracture 

toughness approach for evaluating mate:-iais. 

In thn stress intensitv aoproach. no use has been made of an 

energy balance and mathematics cannot solve the difficulty since it 

must s t il I be shown that the e lastic stress distr ibution, with a singu

la r ity at the crack tip, describes the actua l stress f iel d with reason~ b le 

accuracy. Induct ile mater ia ls, thi s Ci3n be a probl em but adjustment 

of the specimen geometry or correction procedures can usually account 

for piastic zone effects. In the testing of ceramics at room tempera 

tun:,, there wi 11 gene ra lly be I ittl e plastic relaxation and this method 

can therefore be adeq uate ly applied. There exists, however, in 

cer~mlcs the possi bility of a microcrack zone at crack tips, which can 

act in a s imilar way to a plastic zone . 

As mentioned prev iously the stress and energy approaches are 

equivalent and arc eas ily related, In rrost ceramic literature the 

.energy values of frac tu rn toughness· tend to be quoted, since it is 

hoped that the surface energy can be related to the energy absorbing 
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rrechanisrns ai· the crack tip . In metals this approach is difficult since 

the effective surface energy is affected by environment and plast icity 

in a comp I icated fash ion. 

In order to reta in the usefu I ness of sharp crack fracture mech 

an i cs, the critical stress intensity must be def ined i n terms of the 

load and crack length at which the first significant crack growth 

takes pl.ace . Ind i v idual microscopic fractures must be expected due to 

the inhomoge neous nature o f mater i als but a higher crit ical stress 

intensity may be more r eal ist ic and economical. 

A most important aspect of fracture is the predict i on of the 

geometric size effect . For brittle inhomogeneous ma t er i als there may 

be a statistical size effect which i s superimposed on the georootric 

effect, The strength of brittle rr.ateria l s increa ses as the spec i mGn 

size decreases wh ile, for a given size, the strength measured i n bending 

i s greater than that measured in uniaxial tension. St atistical rrodels 

of strength [36-38 ] are genera I I y used to account for these effects and 

Weiss and Shae ffer [ 39 ] have shown that for i nhorrogeneous mater l a Is 

sharp crack fracture mechanics may not be ab I e to account for the 

stat i stica l s i ze effect. As the volume sub j ected to the critical 

stress increases so does the chance of fi nding a severe inhonx:igene ity. 

The appl icab i I ity of this idea is most i mportant in ceramics and although 

it is not wel I clarified, exper i rrental scatter may we l I indicate whether 

such a pr oblem may deve l op. 

As env i s ioned by Griffith, the work assoc i ated with the creation 

of new surfaces should be the thermodynamic surface energy . In most 

cases, howeve r, the energy associated with a fracture i s much greater 
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than the surface free energy . Irwin [ 40 ] and Orowan [26,3 1] first noted 

that the surface energy should be mod i fied by a plastic work term, which 

in metals \'/ould be of prime i mportance • . Even in ceramics , the "e ffect i ve 

surface energy y I" i s an order of magn i tude greater than the therrro<lynarr;ic 

surface energy and cons i sts of a number of additional terms, reflecting 

the i rreversible energy proces ses at t he crack tip. 

A general relationship betwee n the effective sur f ace energy 

and experimental parameters can be derived using a roochanical ener·g>' bal a nce 

[40,27 ], Consider a crack in a sol i d, subjected to a constant load P 

as shown in Figure 4. As the crack extends, the work dW , performed on the 

so I id by the externci I l oad rr.us t equa I the change of i nterna I strain 

energy, dV , plus the change of surface energy , dS : 

d'll = dV + dS Cl.l2) 

The work done by the external load is Pdu, du being the d if ferentia l 

displacement of the load as the crack extends a srnal I amount. The total 

elastic strain energy of the bod y is: 

V =JPdu (I , J3 ) 

For a linear elastic body , the displ acerrent is proportiona l to the 

app ! i cd I oad: 

u = >.P ( f • 14) 

where >. i s cal fed the compliance of the system. f t therefore fo l lows 

that the tota I e f us-t"i c ener·gy i s : 
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V = u 
2/2A. - Pu/2 (I • 15) 

and at constant load: 

dV = 1/2 Pdu - 1/2 dW ( I • 16 > 

The change in effective surface energy Is 2y 1dA where 2dA Is 

the amount of surface formed as the crack propagates a smal I arrount . 

Substituting the expressions for dW, dV and dS into the energy ba lance, 

the fol lowing is obtained : 

(I .17> 

wh ich provides an expertmenTat means of mea~ur·i11y Yr · 
Irwi n ori g i na I I y expressed his resu Its in terms of a strain 

energy re lease ate G which is just equa l to twice the effective surface 

energy. In a sim il ar way to the stress intensity factors, GIC ' GIIC 

and GIIIC represent t.he critica l stra in energy release rates for crack 

rroti on for modes I, II and II I, respect ively . The above der ivat ion is 

also val id for consta nt strain as we t I as fi xed- load condit ions . For 

comb i ned mode fa i I u re : 

which constitutes a genera! lsed Griffith condit ion fo r crack propagati on. 

The re lationsh ip between the effective surface energy and 

stress in·rons lty app rouches to fracture can be easily proven [?.7,32,40] 
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and as a result these two fracfore viewpoints can be used interchangeably. 

The relai·ionship for plane strain vlith mode I loading is: 

( I • 18) 

or 

C I • 19) 

2
· Originally a term (f-v ) vJas al so included but it has been recomrrendod 

recently ['1] that this ter111 should be neglected since it is not fui ly 

understood and i ts omission only leads to a sma l I, conser'Vative rrodif ic3

tion to the fracture criteria. 

-'-~~~':.~~-_T~_c_a_i_ic._1____ ·- ~_ ',...._.:;;;;;..~:-'i 1 ,::::. ;v_:.~-~,Go--i_1_c._~_-:-·_·;--_c_S_~_·:-_f_::_s_~_~_~c-

Si nee the f ! a11 theory vms orig i na I I y dev i sod for homogeneous, 

isotropic solids, it should be modified whenever· these conditions are not 

sat i sfied, The fact that so l ids are complex aggregates of grains, grain 

bound~r i es, incl us ions and other inhomogeneiti~s, fracture mechanics 

should be applied with caution . 

I n crystall i ne mate rials, the effective surface energy even i n 

co i ngte crystals wi I I depend on the or i entat i on of the crack to the crys

ta i lograph i c axes of tho so l i d [41] . Th i s effect , however , tends -·o be 

a<'eraged out in po l ycrysta l I i ne mater i a l s unless there is some mater i al 

texfore . 

In many ceramics, gra i n boundar i es tend to be 1-1eak because of 

·~he covalent nature of these so l ids . Fracture often occurs along grain 

boundar i es and has bf~en analysed tloroughl y by Gi lman C23 , 42]. Jn higher 
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strength ceramics, hov;ever , cleavage fracture seems to predominate. In 

ihis case, the avai l able elastic energy i s probably enough to overcorie 

any energy barrier to this cleavage fracture which creates the l east 

cimount of surface area [ 43], 

If crack propagation is hindered by obstacles such as grain 

boundar i es and then re-initiates in a new direct i on an increase in the 

effective surface energy wi l l be produced [44]. This apparent increase 

wil I depend on the angle of ti l t or tw i st of the direction change. For 

intergranular failure, tilt propagat i on is most i mportant and if it is 

assumed thatthe polycrystal I ine rn'iterial is an aggregat~e of truncated 

octahedra, the ang!o of tilt wil I be 60° [45]. In real materials, the 

anqle of ti It wii I scatter around this vaiue, with angles in the range 

60° to 90° being most important in the fracture process. Tilt angles in 

th i s range wi 11 increase the surface energy by a factor of I ,8 - 4 .O 

~ 1[40 ...J • Crack branching r;henornena are a l so associated with high speed 

c rack propagation \'lhich causes re-distribution of the e l ast i c stresses 

r- •.._47 J 

Probably the rnost complicating factor· i n fracture rechanics is 

the effect of plast i c deformat i on. Since the a i m o f fracture tmchanics i s 

genera l ly to predict the britt l e strength o f a mater i al , it is necessai~y 

that errors introduced by p l astic deformati on be ncg l i gib l e o r adequa1el y 

cor r ected for. The size of the p l asti c zone wll l be a f fected by such 

factors as the specimen geometry and the state of str ess at the crack 

t i p . I n ceramics at amb i ent temperatu res, p l asti c deformati on tends to be 

almost neg! igible but i nc lusion of a p l astic l'lork term i s sti 11 impor·rant 

in 11nst casos , 



17 


Other inhomogeneities such as pores, inclusions and micro-

cracks wi I I also cause local variations in the stress field at the crack 
. 

t i p and wi II therefore affect crack propagation. The production of micro-

cracks, tor instance, is of special interest in rock and concrete fracture 

mechanics [48,49], where such a zone can drastically alter the fracture 

characteristics of the material. The effects of microcracks on the mechanical 

prnperties of rocks has been thoroughly treated by Cook and Jaeger [49]. 

The influence of voids, in the form of cracks, very flat open cracks, and 

c losed cracks, on the el astic properties of a body is most easily s tudied 

with ~he aid of the reciprocal theorem. This theorem states that for a 

body acted upon separately by two sets of applied stresses, the work done 

by the first set acting over the displacements produced by the second set 

equals the work done by the second set acting over the displacements 

produced by the first set. For example, it can be shown that [50] the 

effecTive Young's modulus of a body containing a large number of randomly 

orienf'ed closed cracks of average length L per unit volume is: 

2 4+ 3µ + 2µ= E I { I+ 2irl [ 2 - 2µ] } (1.20)
0 15 Cl + µ2)2/3 

where ~ is the coefficient of sliding friction between crack surfaces. 

This can be used to show that the in i tial Young's modulus for unloading a 

body containing a closed crack is equal to the intrinsic Young's modulus 

of the material, E . 
0 

It is interesting to study the distribution and dissipation of 

energy in a body containing a closed crack dur ing compressive loading and 
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unloading. The si-r-ess-strain cur·ve for this case is shown in Figure 5(a) . 

The loading part i s I inear with an effective Young ' s modulus which is 

lower than the Intrinsic modulus of the mater i a l due to the presence of 

the closed cracks. As the material is unloaded, the slope of the cur-ve 

changes to tho intrinsic modulus of the material, E • At a lower unloading 
. 0 

stress reverse sliding of the crack surfaces commences and the unloading 

modu lus decreases to a value even lower than the original effect ive Young's 

modulus. The area between the loading and unloading I ines represent~ 

the work done against friction between the crack surfaces. Figure 5(b) 

shows the stress-str-ain curve for brittle materials coniaining voids, 

open cracks and closed cracks of different and often random orientations.· 

The initial slope of the stress-strain curve on unloadin!'.1 provides a 

measure of the intrinsic Young's modu lu s of the material unless open 

voids are sti I I present. Furthermore, the strain at zero load provides 

an i ndication of the amount of inherent corr.pressive stress across cracl< 

surfaces in the material. Thus the form of the stress-strain curve for 

b\ ittle maie;·ials, the observed hysteresis and the difference between 

static and dynamic modul I can be explained in terms of phenomena associated 

with the existence of cracks and cav i ties . 

Another in teresting effect of microcracks is t heir i nf luence 

on the stabi I ity of crack propagation. The effective Young's modulus 

fo r a materia l containing a Gr i ffith crack is g iven by [51] : 

2
E f' = E I <I + 2nLa > ( I . 21 >e T 0 

which, when subst itu7cd in the Griffith equation (1. 5) gives the locus 
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of stabi I ity of this crack as: 

2 3
e: = a /E + 8Ly E /no (l.22) 

g g 0 0 0 g 

where o and e: are the stress and strain conditions at instabi I ity.
g g 

This concept was first formu Iated by Berry [51 ] and the Iocus is ?hown 

in Figure 6. For large values of stress it approaches the Hooke's law 

line, o =Ee:. Furthermore, it has a vertical tangent, .defined by de: /do = •Q, 
g g 

at the point V, which occurs at a crack length of Cc = C6Lv)-l/2 . For 

cracks greater than this length under constant strain, propagation becomes 

stable and tends to fol low the stability locus instead of extending in 

H catastrophic manner. That is, for materials that decrease their modulus 

crack propagation. 

A fracture-mechanical approach to effect of mlcrocracks on 

crack propagation under thermal shock conditions has been put forward 

by Hasselman [52]. He proposed that there can be an alternat ive approach 

fo a maximum stress criteria for design against thermal shock. 11hen the 

avai lability of strain energy for crack propagation is I lmited by the 

severity of the shock, the conve rsion of strain energy Into effective 

surface energy mc:iy be complete before structural integrity is lost. This 

approach is therefore based on the reduction of elastic energy stored at 

the instant of fracture, which can be brought about by the product ion of 

microcracks by mlcrostructural inhomogeneit ies . . Fur-thermore, since 

therma l shock Is analogous to the fixed-grip condition of cr-ack propagation, 

"longn cracks can give rise to quasi-stat ic crack propagation after the 

work of 8erTy [5 1]. This effect could limit the amount of crack propagation 
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and rosutt· in G more gradual loss in streng·f-1"1 for brittle materic:I 

subjected to thc~rma I shock. This approach io therma I shock 11 damage" 

r es istance has also been discussed by Cl arke et al. [53 ], who find 

that the ratio of effect ive surface energy to elastic energy correlates 

1vet I with thenm~! shock i-esistance. 

Evans [54] has suggested that for stab Ie crac·k propagat ic·n 

t he effeci· ivo surface energy can be shown as a combination of terms: 

(1.23) 

whore ij; is the geometric factor representing the roughness of the fracture 

surf ac:e, ·r !he thcnnodynar,1ic surface ener ·gy, y is a plast ic viork te1m,
0 p 

step fo1nmtion [55] and yb is an empirica l term which applies to materials 

vlith biunt cracks [18] . Evans also demonstr·ated that the pla stic term 

is of prime importance in the fracture of magnesia. For different br itt le 

mater i a Is, hov.iever, the importance of these different terms shou Id be 

ca refu lly assessed. For examp le , in a mater ial which contains mlcrocracks, 

whi ch may extend into secondary cracks, the increased fracture surface 

could bo ihe main contr-lbutor to the effective surface energy. The 

Interaction of the crack w}th second phase particles or voids has been 

treated by Lange [56], v1ho showed that the effective surface energy should 

increase as the distance between the obstacles is decreased. 

The id eal case for fracture mechanics would be the definition 

of effective su rf ace energy as a materia l parameter. The influence of 

any plastic zone and the dependance of effective surface energy on grain 
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size --57.58], purity [59,60], temperature [:>7,59-61], environment [62-·64], 

porosity [60,61 ,65] and possibly strain~rate [66] 1-ender this concept 

inva li d except perhaps in the case of a microstructure which is perfectly 

reproducible and wel I-defined experimental conditions are avai fable. 

The effect of crack length on the effective surface energy is 

important sf nce it is generally determined for large artificial flaws 

and app! led to evaluate the stress to extend i nherent flaws. A change in 

fi-ac-ture mode from transgranular to intergranular or a change in the size 

of the plnstic zone cou!d affect this ex1rapolation. Direct observation 

of inherent flaws is also important since their recognition may help in 

their elimination and the consequent improvement of the material. Further

more . comparison of the observed inherent flaw size and the flaw slze 

calcu1a-1-ed wt1en ;-he unno·tched tracTure sTress is subs·iii·uieci inio ii1e 

Griffith equatio~ can aid tho decision whether fracture occurs fol lowin~ 

the r:xtens ion of i nherent f I aws or by some pf ast i c deformation process. 

In polycrystal I ine ceramics the inherent flaw size can usually be related 

i"o the porosity, grain size , or intergranular cracks. The processes 

of crack nucleation discussed in Section 1.2.1 could then also be related 

to the mechanism of format ion of the critical cracks. 

In most situations, the effective surface energy relates only 

to the ini t ia l motion of the crack. Therefore, if there is any difficulty 

in creating the critical crack, -the effect ive surface energy wi I I reflect 

this problem. The energy balance is only defined fo r cracks with very 

smal ! radii of curvature . For ins tance, in metals, it has been shown 

that cracks ot f i nite radius can alter the stress field in the vicinity 

of the crac}< tip [67]. In metals ·the use of fatigue-cr-acked specimens 
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ho lpt to solve this problem. In ceram ics . notches tend to have an 

array of microcracks at the ir tip and it is important to prove that 

these microcracks do not hinder crack initi ati on; that is, they must 

act as one "sharp" crack, othenJise the exper imenta l technique of notching 

the samples rnust be changed [18] . It has been proposed that hi gh values 

of effectiva surface energy i n glass cou ld be due to multiple crack 

initi at ion and tongue formation at the initial crack tip [59]. Sub

sequent mo1 ion of the crack ls undef ined for rapid crac k propagation but 

fo r stable crack p1·opagation and crack arrest the fracture toughness 

parameters can stll I be measured. 

1. 2 .4 E>~perimcmtal Tec~-~iqu_es for Measur i ng the Effective Surface ~nr.rqy 

As implied in the previ ous section, continu um fracture mechanics 

al lows two exper imenta l app roches for the determination ot effective 

surface energy. A third mei·hod, which has fo und extensive use in ceramic 

science, is known as the "work to fracture" techn ique. 

The stress intens ity approach makes use of the various 

mathematica l e lastic stress solutions for the d ifferent test i ng geometries. 

The stress i ntens ity cal ibratlon for four-point bend specimens (f igure 7), 

is expressed as a func t ion of appl ied load , crack size and samp le dimensions. 

The bend test finds extensive use in ceram ic testing, s i nce i t obv iates 

the need for uniaxial tens il e tests wit h the attendant gr i pping and 

ai igmnent problems. At fa i lure, therefore , the cri t ica l stress intens ity 

can be calcul ated from the specimen d ime ns ions , crack size and c r itica l 

load at fa i lur e . The boundary col location Kca l i brat ion for pure 
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ANALYTIC AL SPECIMEN FOR FOUR-POINT 
BEND ST RESS INTEr\IS ITY CALIBRATION 

L4'f- --- ---~ 

Figu:-e 7. Strnss !ntensi-ty Cc::librai"ion for Four-Poin t Bend Test: Specimen. 
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bending [68 ] can be applied to four-point bend i ng 1f the ratio of the 

mi nor span to spec imen depth is not less than two and is represented 

by a fourth-degree polynomial accurate to within 0.2 percent for al I 

values of a / \•l up to 0.6 [4]. The geometr-ic calibration i s : 

2
Y = KIB.\',12/6',l:. I 12 = I J 2 • 47 (a /'·1

) + 12 • 97 (a /1')'i1~ • gq - Ii 

(I. 24 ) 

3 4 
- 23.17 (a/W) + 24.80 Ca/W )

and i s graphica l !y s hown In Figure 8. The ratio of the major support 

spanSto specimen depth \•I shou ld be greate r than 4, otherwise it is 

diff icu l t to ovoid substantial errors from specimen i ndentnl-ion and 

+-:-+:-~ _ ...... +h- _,, .... "" __ +,.. C,,,....~ 1.•:+h .-~+: ,-..,- ~.(.. C:/\JJ ;~ t"',.,O,..._ +h~n .f/""\tlr" i+ 
lfl l l Vf t~I 1 1 1v ~"'t-'f-"V 'I ....>• _ _. _ ,, '' '' '1 • -·•- o.J - · ...,., ,, • -·~"-'' ·•·-•• •-- · 11 

i s necessary io take precautions to minimi ze such errors [4]. 

The second metl1od, know n as the comp I i ance method, is based 

on equat ion Cl.17). A ser ies of specimens are prepared with a range of 

crack size a nd as the spec ime ns are loaded the relat ive displacements of 

the loading points are measured as a function of the load for each crack 

Iength. Si nee it is the derivative of co:np I i a nee tha t is determined 

i n the calculation of the effective surface energ y, the displacements and 

loads should be measured to a h igh degree of accuracy [4]. The main 

I imitation of the method is general ly the disp lacement measurements 3nd 

sensit ive stra i n gauges must be used . The error-magnif icatlon effect 

of differenti at ion should be less the larger the number of comp I iance 

measurements involved for a given range of accurate ly determined crack 

length s. The method is someti mes modified t·o use the reciprocal of 
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o f ccmpliance, i. e. , the stiffness [59], Using a simi tar approach to 

the comp I i ance analysis: 

P = ko c1. 2s> 

\'Jhere o is ihe deflection of the sample and P is i"he load. The effective 

surface energy : 

(I ,26) 

At the po int of fracture we know : 

U = koF
2 

/2 (I ,2 7 ) 

and tt1eretore: 

2
<aU/3k) = 0 /2 (I ,28)

F 

Thus: 

2
YI - - OF / 2 (ak/aA) ( 1.29) 

whe r e oF is the deflection of fracture and <ak/aA} i s obtained from 

t he exper i mental curve ot k aga inst A, 

Early attempts to measure fracture toughness involved the use 

o f Charpy and l zod i mpact mach ines, The energy absorbed per unit area 

d r i ng such a t es t can be calculated and tC3ken as a measure of the materi a l 1s 

toughne ss . Su ch tests are somew hat qua I itat ive due to kinetic energy 

I osses, energy i ntegr-at ion across the f rac.ture su rfi:ice and the inf I uence 

of testing gt3ometry . A more accurate technique, known as the " work to 

fracture " has been i ntroducod [69] and c:i ti ca II y as sessed [5] and nm'I 
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finds application in ceramic testing . 

The Griffith energy balance for crack growth can be wr ii·ten : 

- au/ aa = Yr CI •30) 

When this criterion is fulf i I led , it is energeticul ly possible for the 

crack to grow. Its subsequent behav iour, however·, vd 11 depend on the 

val ue of (- a 2u/aa2 ). If ca 2u/aa 2 ) i s positive the crack wi 11 acce lerate 

because the energy rel eased is more than enough to create the new surface 

involved. If, however, this derivative Is negative and if <-aU/8a) 

becomes Iess than the ef feet i ve surface energy, externa I 1·10. k must be 

done to keep ihe crack moving. In this latter cas~ growth of the crack 

may be control led and the amount of energv required for orooaaation can 

be measured . This situation can be realised in pract ice for brittle 

materials of low strength or by I imit ing the amount of elastic stored 

energv in s trong , brittle specimens and the testing mach ine at the 

moment of fracture ini t iat ion. This reduction in stored energy is general ly 

achieved using a hard testing machine and a spec ially s~aped notch in 

the specimen, such as shown in Figure 9. This art i f ici al type of notch, 

which leaves a tr iangu lar area of material, al lows fracture to start at 

low s tresses whi le as the c rac k propagates, the increasing surface area 

encountered encou rages crack stab i I i ty. it is argued that a 11 the wor k 

done during fracture is repres~nted by the area under the load-def lect ion 

curve and is used in the growth of the crack and any related damage. 

The tota l work done is s imply divided by the cross-sect iona l area of 

the fractured s pec imen to give the work to fracture values (yF); no 

account is taken of fine sca le surface irregularities in the a rea 
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Figure 9. Sample for \~ork to Fracture Tests. After Nakayama [69] . 
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estimat ion. Considerations of the work to fracture are of signiticance 

only in loading conditions that give I im i ted strain ~1here a I imited 

amount of energy is ava il ab le for crack growth. Such is the case tor 

mechanical and thermal shock loading conditions. Paradoxically, a low 

fracture stress may lead to less damage and therefore reduce the poss Ibi! it; 

of complete tai lure. The effect of crack velocity, type of loading and 

specimen size is sh01·m to affect work to fracture values [5] '>'Jhir:::h is 

to be expected in 1·imi ted strain situations. 

Finally, it i s useful to discuss the phi losophica! difference 

between work to fracture values and the effective surface energy. 

Provided there is .no resistance to the forrnation of the "sharpn crack 

wi II reflect the resistance to initial motion of a stationary crack. 

In fractur~ toughness testing of meta ls and ceramics the critical point 

is gGneral ly taken as the point of rapid crack propagation. If, 

however, the crack propagation proceeds in a s!ow, con

tro l led manner, such as i n the v1ork to fracture technique, both the 

work to fracture and effective surface energy can be re Iated to the sub

sequent motion of the crack and the microstructural aspects of the fracture 

surface. The work to fracture i s determined by an averaging procedure 

over the entire fracture cross section. In comp Iete Iy br itt I e ceramics 

no d ifference between the work to fracture 1alue and the effective 

surface energy wou ld be expected s ince initiation and propagation are 

indistingu i shable . It has been proposed l59] that any di f-ference between 

these two parameters must be related to phys!cal processes occu rr ing in 

crack prop agat ion. It l s suggested that the effective surface energy 
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reflects initial crack motion and the work. t o fracture value , its 

subsequent mot ion. For i nstance, the large va lues 6 f yF compared to 

Yr for graphite were expla i ned [59] by the presence of many microcrack 

sources and the consequent difficulty of crack propagation. Typical 

values for Yr and Yr for ceramic materials are shown in Tables I and 2. 

The occurrence of stable crack propagat ion i s an i nt~resting 

phenomena in br i t i· I e mater i a Is and i s genera l I y i nf I uenced by three 

factors [70]: CI ) stab I I ity due to i ncreasing rate of energy demand 

such as the formation of a microcrack or plastic zone, (2) stability 

due to energy release being independent of crack length, or (3) stabj lity 

when the energy release decreases ~ith increasing crack length. These 

last two factors are generally a function of the testing geometry and the 

extens ion of a "longn Gr iffith crack In the case of constant str-ain 

load i ng can lead to crack stab i lity •. 

1.3 Calc ia Partia l ly-Stab i I i sed Zirconia 

I . 3 . I Z i rcon i a 

Pure z irconia i s a hi gh ly refract ory ox ide wit h a me lt ing 

po i nt of 269o
0 

c . The combi ned propert ies ot chem i ca I inertness , 

refract or i ness and unusua l el ectr ica l properties , both of zircon ia and 

some of its binary ox i de systems , make it a materi a l of ma jor interest , 

As pointed out by Garvie recently [71], research in zircon ia has 

been chara~~er i zed by coritroversy and much clar ifi cation i s needed 
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Fracture Energies of Polycrysi·al I ine Ceramics 
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TABLE 2 

Work to Fracture Values for Various Materials 

- -
Material Ref. Work to Fracture 2(erg/cin ) 

Dural [ 5] I .4 x 108 

Copper [ 5] 5 x 107 

Key Steel [ 5] 5 x 107 

Brass [ 5] 3 x 107 

Teak \food [ 5] 6 6 ~x 10 
Toughened Pol ysi·yrene [ 5] 4 x 10

6 IDeal \food [ 5] 2 6 x 10 
Ce i I u lose r 5J 2 x 106 

•,.. 
Pol ys·ryrene [ 5] 10'"' 

Reader Graph l te [ 5] 105 

Firebr ick [ 5] 2-7 ~ 104 

Alum ina [59] 3 .0 x I o4 

Mi ca Glass Ceram ics [22] 3 .0 x 104 

· &lry 11 i a [ 5] 2 x 104 

~ 1 agnes i a [ 5] 104 

Glass [59] 7 x 103 
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before the 	 properties are understood and can be applied pr-actically. 

Zirconia exists in three polymorphs, narnely, monoclinic, 

0
tetragona l and cubic. The monoclin ic phase is stable up to about 1000 C 

and then trunsforms over approx irnate I y a Ioo0 c temperature range to the. 

tetragona l phase. Finally, at approximately 2370°C, the tetrago na l 

phase adopts the cubic fluorite structure. It is quit e surpris .ing t hat 

zirconia crystal I ises in the fl uor ite structu re or derivat ives of this 

structure from considerations of the radius ratio of the ions. The radius 

ratio of zirconia is 0.57 and should be well within the rutile field [i2]. 

It has bean 	suggested D3 J that there must be appreciable covalent bonding 

in zirconia 	to account for t his par·adox . 

• • I C J 1ne 1a1 r1ct~ 	 pdr·cJ111e1t::lr ~ iur lllC)flU\..11111\.. L11'-V1110 ll O Vt:: UvC"ll u1;:

termined by Adams and Rogers [74] and are as fol lows: 

0 

a= 5.1454 	+ 0.005 A 
0 

b = 5.2075 	+ 0.0005 A 
0 

c == 5. 31 07 	+ 0. 0005 A 

8 = 99. 14' + 0.05 1 

Space group = P21/c 

The zirconium ions are in seven-fold co-ordination and are sandwiched on 

one side by oxygen ions in tetragonal co-ordination and on the other by 

oxygens ' in triangular co-ordination [75]. An idealised arrangement is 

shown in Figure 10. The structure was refined by Smith and Newkirk 

[76] but i s practically the same as the idealised structure except for a 

slight di stortion in bond angles and lengths. 
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Tetragonal z ircon ia is stable at normal pressures above I 100°c 

and cannot be. reta i ned on quenching. A metasta ble f orm , however , has 

been ooserved at room temperature when zirconia is produced by certain 

techniques. For instance, i f zirconia i s prepared by calcining a chloride 

at low temperatures, the tetragonal form can be produced. Garvie [71] 

explained thi s phenomena on the basis of a crysta l I ite s i ze effoct since 

the surface energy assoc iated with fin e ly-di vid ed powders could lead to 

this metastabi I ity. There has been recent confirmation [77] that th is 

mechanism is reasonable. 

The crystal structure of tetragonal z i rconia was determined 

by Teufer [78], who obtained the fol lowing results at 1250°C: 

() 

a = b = :>.oti A 
0 

c = 5.27 A 

Space group = P42/nmc 

The proper-I" ies of the tetragona I and monoc I in i c phases have been we I I 

reviewed by Garvie DI ] . 

The first evidence of the existence of cubic zirconia was 

reported by Sm i th and Cline [79] . The inversion \'las placed at 2285°c 

but this has been corrected to 237o0 c in a pr ivate communication to 

Vi echnlcki and Stubica n by Smith [Bo]. The cub ic phase cannot be r etained 

on quenching. The very existence of this phase i n pure sto ichiometr ic 

z i rconia has been disputed by Weber [81] s i nce the zircon ia cou l d lose 

oxygen or be contam inated by metal impuriti es at these temperatures. The 

work of Ruh and Garrett [82] , however , on the phase diagram of zirconium 

and oxygen , i s consistent with the ex i stence of the c ub ic fo rm of pure 
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stoichiomoiric zirconia. The lattice parame1er of cubic zlrconia at 
0 

2300°C has been shovm to be 5.273 A [79]. 

1.3.2 The Monoclinic-Tetragonal Phase Transformation 

The first significant research on this phase transformation was 

contributed by Wolten [83], in which he clearly described its non-quenc hable, 

diffusionless reversible, athermal nature. The transformation occurs with 

considerable temperature hysteresis and Is shown in Figure I I. These 

characteristics are similar to the martens Itic phase transformations 

observed In metals in which the growth of the product crystal takes 

place by the systematic co-ordinated movement of atoms in the parent 

- ·- _ . J . t • 1 I • 

'-1 y.-:>101 Ill ::>U<-11 a way O'.:> IU ~1:;;11\:::IOlt;: lilt: j..HUUU'-I :0.l!U(..;IUft:. lltt::: c11U: il '.:> 

in such a transformation move a fraction of one lattice spacing and any 

atom tends to have the same neighbours in ihe product as in the parent 

phase. Wo!ten described the transformation as "brittle-martensitic 11 

since zirconia is too brittle to sustain any plastic defo1-mation and 

t ends to crack i nstead. Bai !ey [84], however, notes that in the monoclinic 

to tetragonal transformation the accommodat ion strains are relieved 

entirely by slip, whereas the reverse transiiion from tetragonal to 

monocl i nic involves intergranular cracking. Furthermore, Bailey notes 

that In th 1s reverse transformation constrained monoc I in i c grains tend 

to twin on the ( 100) or {I 10} planes. This final observation has been 

confirmed by Heuer [85 ] and both Ba il ey and Heuer observe that approxi

mately 50% of the monoclinic is twinned. 
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Figure II. Monoclinic-Tetragonal Trans f()·n;atlo;-; ir. Zirconia. After Wo lten [83]. 
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The transformation involves a large shape and volu me 

change C9% increase in vol ume tetragonal to monoclinic) as 

expected due to its martensitic nature. The shape deformation in 

a martensitic transformation may be regarded as a simple shear para I lel 

to the plane of the martensite platelet plus a contraction or expansion 

nonnal to the plane of the platelet. The shape deformation involves 

considerable elastic distortion which constrains growing crystals to 

for.n a platelet-a~icular microstructure. Such a microstructure has been 

observed in zirconia heated to 1300°C and then cooled under observation 

by Fehrenbacher and Jacobson [86 ]. From their metal lographic observations 

of the transformation they concluded that the transformation is of the 

Fe-Ni type which also has a large associated temperature hysteresis. 

Bailey [84], however, on his electron microscope work on thin films, 

noted i"naT the inTerfacP. r:oul<1 movP. in rnriny clirAr.Tirmc: hwt rnnrl11rli:>rl 

tha~ this may be an artifact of the foi I since the volume change is 

quite large and must involve considerable strain. Bailey also noticed 

t he absence of f i ne scale twinning, which is generally observed in Fe-Ni 

type transformations. Heuer [ 85] fol lowed the transformation by 

prepa ring fol Is from the bulk material using an ion-bombardment technique. 

He also noticed the absence of fine-scale twinning and found twins of 

width 0.05 µ to 0.2 µ. Heuer concludes that the transformation tetragonal 

to monoclinic is more likely to be of the In-Tl type which gives rise to 

si ngle sets of para I lel twins. More recently, however, Bansal and Heuer 

[87] have shown that the invariant shear occurs by slip in the tetra

gona l phase and not by twinning in the monoclinic phase. The twinning 

observed in the rnonocl inlc phase is thus bet ieved to be deformation 

twi nning which arises because of the accommodation stresses generated in 
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the transformation. In this wed' Bansal and Heuer determined the habit 

plane to be (010) (referred to the monoclinic phase) and now believe the 

transformation to be of the Fe-Ni type. 

The observations of the lattice invariant deformations of 

st ip and twinning by Bai fey are not surprising since in genera! the ho'llo

geneous strain observed in martensltic reactions when appl led to the parent 

lattice does not generate the product lattice. Additional, minor deforma

tions of slip and twinning combined with the homogeneous lattice defo:--rna

tion, however, can account for the final position of the ato'11s. 

Since the atomic movements in tho transformation are co-ordinated 

there is always an orientation relationship between the two phases. The 

orientation relationships observed in zlrconia are [76,84]: 

C 00 I >m I I COO I \ 

C I 00)m I I C I I O >t 

though for the work of Bailey [84], it is necessary to correct for his 

use of the large face-centred eel I rather than the conventional eel I. 

The relationship between the monoclinic and tetragonal phase is compi icated 

and requires the severing of some bonds. The large hysteresis observed 

i n the transformation is indicative of the semi-reconstruct.ive nature of 

the atomic re-adjustments . Smith and Newkirk [76] proposed that the 

whole transformation takes place by the rotation of the triangular gro•Jp 

of oxygen ions in the CIOO) planes plus some minor atomic movements into 

the more syrrmetrical positions as shown in Figure 12. 
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Grain and Garvie [88 ] have proposed a mech~nism for the 

transformat ion based on Ubbe lohde's the0ry of continuous transfor

mation [89 ]. This invo lves the formation of tetragonal domains in 

the rnonocl inic crysta ls. These domains are oriented to satisfy crystal

lographic relationships, vlith the associated strain energy giving rise 

to the hysteresis and the athermal nature of the transformation. Heuer 

[85 ] dispu tes this and has shown the transformation to be an ortho

dox martensi t ic transition. 

Since martensite transformat ions involve a change of shape in 

a finite volume of matter, applied stresses can influence the reaction. 

The acting stress system should be resol re d into components para I lol 

to 1he shear and di lationai d ispl acements of the transformat ion , both 

of which wi II affect the transformation temperature. The mechan ical 

work done on or by the transforming reg ion, as the resolved components 

of the acti ng stress are carried through the corresponding transformation 

st rains , is added algebraically to the chemica l free energy of the reaction 

i n order to cunpute the alteration in temperature at which the critica l 

val ue of t he driving fo rce to start the transformat ion is attained [90 ] . 

The transformation "temperature is either raised or lowered depending on 

whether the mechanica l work aids or opposes the chemical driv ing force. 

For hydrostatic pressure, there are generally no shear-stress 

components to influence the reaction and the pressure interacts only 

with the di I at i ona I strain. In monoc I in ic systems , h01vever, some of 

the shear components in the hydrostatic stress tensor are non-zero 
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[91 ]. Therefore since the monoclinic to tetragonal transformation 

involves a volume decrease, pressure can aid both the shear and di

lational displacements; and the transformation should be noticeably 

pressure-sensitive. 

Dow Whitney [92 ] studied this pressure sensiti~ity. Using 

thermodynamics he determined that: 

- !JG( I IT) = !JV CP,T> dP 	 (1.34) 

where 6G(l,T) is the free energy change at a pressure of one bar and 

temperature T, 6V is the molal volume change for the transformation 

and P is the pressure. When the foregoing expression is solved for 

pressure at a given temperature, the point on the P-T diagram at which 

monccl inic and tetragonal zirconia are in equilibrium is found. Thus 

t he pressure-temperature phase diagram can be calculated with a knowledge 

of the molal volumes of the phases and 6G(l,T>. An expression for 6G(l,T) 

can be found fran the Gibbs-Helmholtz equation: 

Cl6G<t IT> /T 6H Cl IT)--"---- >p = ( I • 35) 
aT 12 

where 6H is the molal enthalpy difference for the two phases. 

Dow 	 Whitney calculated the slope of the equilibrium I ine to 
-2 . 

be -3,02 x 10 degrees/bar as sho\'m in Figure 13. He went on to verify 

his calculations by electrical resistance measurements up to 15 kbars [93 ]. 

Furt her ver!f ication was presented by Kulcinski [94 ], who found the 

tetragona l phase could be formed directly at room temperature with a 
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pressure of 37 kbars •. This figure agrees with an extrapolation of Dow 

Whitney's calculation. Kulcinski also noted that the transformation 

is completely reversible, cannot be quenched to ambient pressures and 

impurities have I ittle effect on it at room temperature. 

The refractory usage of pure zirconla is limited by this 

phase transformation, which leads to deleterious residual stress or 

the formai·ion of intergranular cracks on slow cooling and complete 

disintegration on shock coo I i ng. It has been found, however-, that 

certain oxides such as calcia, magnesia and yttria can "stabi I ise" 

zirconia in a de fect fluorite structure, so eliminating the catastrophic 

transformation. 

i .3.i Ga1c1a Siabi ii sea 11rcon1a-'-----

Tho phase diagram for the calcia-zirconia system is sti l I 

much in doubt and regions of it are unexplored. Several attempts have 

been made to construct this diagram and these can be divided into 

two groups. In the first group [ 95-97 ] no compound was reported in 

the cubic fi eld and the assoc iated diagrams are shown in Figure 14. 

The pairs of h tched I Ines Indicate the extent of the cubic field 

and outside these I ines are the two-phase reg ions. Garvie [98 ] 

criticises these three attempts since they tend to use the disappearing 

phase technique or they are clouded by the metastable existence of 

the cubic phuse. 

In the other group of research on the cubic field [99-100 ] 

the existence of a compound CaZr4o9 hes been reported at 20 mole percent 
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CaO and tl,e cub ic tie Id 1'ias therefore proposed to consist of so I id 

solution of zirconia in CaZr4o (Figure 15>. The existence of such a9 

compound is thought to be consistent with the fact that calcia-stabil i sed 

z irconi a is far more stable than the magnesia-stabilised material, in which 

no compound i s formed, Both workers used reagents Caco and Zro with
3 2 

Barbariol [99·] using the disappear ing phase technique and Garvie [ 98] 

again criticised both these attempts. It Is diff icu it to envisage, 

however, either molecular group existing in the other as host, in vi ew of 

the large size of each molecule . 

Since no group of workers agreed, Garvie [98 ] attempted a new 

s tudy using an accurate lattice parameter technique and wel I-crysta l I ised 

pure oxide reagents. Garvie found tur·ther proof of the existence of a 

compound at 20 mole percent calcia and also showed that t he use of CaC03 

can I ead ·to an en I argement of the cubic fie Id so forming a metastab I e cubic 

phase. The existence of the compound is further supported by Pyatenko 

[IOI], who deduced that a compound should exist at 20 mole percent by a 

theore t-i ca I crysta I chemistry argument and by De I amarre ar.d Perez y Yorba 

[1 02] who .reported the compound CaHf409 in the analogous calcia-hafnia 

system. Garvie al so noticed the possibii ity of a phase change in the 

compound at 1700°c since there was a discontinuity in the lattice parameter . 

The work of Garvie is summarised in Figure 16 and though the cubic field 

seems wel I defined the behaviour at lower temperatures Is sti II open to 

some speculation especia lly since the cubic material can exist indefinitely 

at room temperature. 

The decomposition of the cub ic phase is ve r y important in stabl I ised 

zirconia since this can drastically affect the properties of the materia l. 
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ror example , magnesia-stabi I ised zirconia has been shown to decompose 

readily on thermal cycling [BO]. In calc ia-stabi! ised zlrconia destabl-

I isation can be considered as precipitation of zirconia from the sol id 

solution or decomposition of the cubic phase depending on the interpreta

tion of the phase diagram. The precipitation of zirconia wil I be a 

function of the degree of supersaturation and this concept is suppor·:ed 

by Sukharevski [103], and his co-workers. Their data is surrmarised in 

Figure 17. The decomposit ion of the cubic phase occurs at temperatures 

0 .
below 1200 C and wi I I therefore be a slow process. Roy and his col leagues 

[ 97] observed this reaction using water as a cata Iyst. 

From these observations it would appear that only minor decomposition 

of calcla-stabi I ised zirconia occurs and this renders this material the 

preferred system for zircon i a ceramics. The phys i ca I proper1· i es ot ca 1c1 a

·stab i I i sed zircon i a have been rev ie\1ed by Garvie [7 t ] but it shou Id be 

mentioned that its low iherma l conductivity, high thermal expans ion 

va lues make this material sens itive to thermal shock . 

I .3 . 4 Ca lei a Partially-Stabilised Zirconia 

. Vast ly improved therma l shock res istance has been noted [ 104-106] 

for compos it ions containing in sufficient stabi l is i ng ox ide to produce 100% 

cu bic phase. These compositions give products known. as parl· i a 11 y-stab i I i sod 

zirconias CPSZ) and are two-phase containing the monocl inic or tetragonal 
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and cubic phases, The importance of the earlier section on the crystal . 

structures and phase transformation of pure zirconia is now apparent since 

PSZ contains amounts of free zirconia. 

PSZ ls generally fabricated by firing carefully mixed ingredi~nts 

into the single cubic so l id-solution field and then al lowing precipitation 

of pure zirconia in the cubic matrix as the system is cooled and becomes 

supersaturated with zircon ia. The mechanism and morphology of the precipi

tat ion has not been sfod i ed in data i I for ca I c i a PSZ. There lrns, however, 

been sorne observations in magnesia PSZ. King and Yavorsky [106] observed 

petrographical ly that the monoclinic phase disappeared at 2.8 wt.% MgO, 

but the mater i a I st i I I contained 68% monoc I in ic at this point based on 

X-ray measu r~ements. They cone I uded the monoc I in le mater i a I must be present 

as fine precipitates and that this intimate two-phase mixture acted in a 

grossly mechanical sense as single crystal. This supposition they 

based on the evident observations of I Ines in these two phase grains. 

More receni·ly Jaeger and Nickel I [107] observed tvm types of precipi~ 

tatiorl. 1n 2,8 wt.% magnes ia PSZ. Optically, they observed 20 - 25% 

of discontinuous smal I grained monoclinic phase dispersed in the large-

grained cubic matrix. The remaining monoclinic phase, they noted, exists 

as a submicroscopic precipit~te or "domain" within the cubic phase with 
0 

an average diameter of 2000 to 5000 A as shown in Figure 18. 

The martensitic transformation should play an important role in 

the thermo··mechan i ca I properties of PSZ s i nee it prod uces a very Iarge 

increase in vo !ume of t·he precipitate as the ceramic is coo I ed. I\ i ng and 

Yavorsky [ 106] estimated the stress sustained by the cubic matrix to be 

400,000 psi. Further~ore, 'they observed evidence of stress relief in the 
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Figure 18. Electron Micrographs of As-Fired Replica Illust rat ing M~ l ti 
phase Microstructure. After Jaeger and Nickel I [107] . 
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form of sf ip around monoclinic inc lu sions and stress concentrations a1ound 

pores in both magnesia and calcia PSZ [!OB]. In the case of magnesia PSZ 

King and Y~vorsky [106] also measured the nicrohardness (Figure 19) . 

The hardest materials were very brittle and tended to fracture during 

testing giv ing the lowest values at the highest magnesia contents. The 

hardness values measured in the centre of grains inc rease above ~ 3% 

magnesia. They also observed a different ial hardness between gr-ain boundaries 

and cent-res indicating some solute segregation at the grain boundaries . 

The pressure sensitivity of the transformation is also thought to 

play a role in the thermal shock resistance of calc ia PSZ. Garvie and 

Ni cho I son [6] a I so observed the fine prec 1pi tat ion ot the rnonoc I in ic 

phase. On thermal eye! ing, even below the transformntion temperature 

they observed cracks around these submicroscopic precipitates. Garvie 

and Nicholson proposed that the transformation can be triggered at these 

temperaTures by the thermal stress, resulting In the formation of a high 

dens ity of microcracks around the precipitate particles. This cou ld then 

account for the observed thermal shock resistance of ca lc ia PSZ. 

There seems to be very little data on the physical and chemical 

properties of calci<J PSZ , though some lnforrriatlon can be gleaned on the 

mechanical properties from papers that di scuss the variation of stabi ii sing 

agent in stabi I i sed zirconia [ 109- 111]. 

\'ihittemore and Ault U12] have measured the therma l expansion of 

PSZ (Fi gure 20 ) . The comp I ex shape of the curve i s due to the combined 

effects of the cubic and the transforming rnonocl ini c phase. The expans ion 

curve is about midway between pure z i rconia and the ful ly-stab i f ised 

mater ia l. Sim i far observations have been made by Jaege r and Nickel I [107] 
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and their results are shown in Figure 21. An interesting aspect of these 

thermal expans ion curves i s that in both cases the phase transfor mation 

appears to start around 800°c instead of the expected 1050°C . Jaeger and 

Nickel I [107] concluded thnt the finely dispersed monoclinic phase may wei I 

be left in a stressed condition within the cubic matrix and it could be 

this internal stress which depresses the martensitic transformation 

temperature. 

The destabilisation of cubic calcia-stabi I ised zirconia was 

mentioned previously to be small. This has been substantiated for ca lcia 

PSZ by Smoot and \•/hi tterrore [I 13], who found I i tt I e or no destab i I i sot ion 

in PSZ made from pure oxides. Buckley and Wilson [114] did find subst anti a l 

destabilisation in commercial calcia PSZ on thermal cycling but this could 

be due to the level of impurity in the commercial material. 

These observations together with its reported high strengths [I 15] 

and the possibi I ity of a stress-induced transformation could indicate the 

possible existence of a degree of toughness in this mater ial. A study of 

the .fracture pr-ocess and the inf I uence of i"he two-phase mi crostructure 

was therefore undertaken . 
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CHAPTER II 

EXPERIMENTAL PROCEDURE 

2,1 Materials and Fabrication 

Five different batches of calcia PSZ were received from Corning 

Glass \.forks and from Zircoa Limited.· The first two batches from Corning 

Glass contained the same amount of calcia (3,4 wt.%) but were subjected 

t o different heat treatments during fabrication. These two batches 

are designated ba1 hes I and 2. The other three batches from Zircoa were 

fabr icafod by slmi lar techn iq:Jes but with differeni levels of stabiliser 

(~ c; ~ Q .,,,.,,.i Ac; •.,+ <1. ('-,(\\ :::....,,1 ,,,,..,, rloC"inn =>+o rl h::.+rhe>c: A R :::onrl r. Ac:. 
" - • - , - • - - •• v •• - • • ' • '. ..... -· - • - •• - ..... • .... - - - • ,":J -· - • 

batches A, Band 2 prnved to all intents and purposes to be identical, 

r esults of tests on batches I, 2 and C on I y, wi I I be reported. 

The fabrication procedure consisted of cold-pressing the carefully 

mi xed oxides into bars, using an organic binder. These bars \'/ere fired to 

1750°c for several hours. T:i.:: bars were thE;n furnace-cooled to room 

temperature. The cliffer-ent hGat treatments of batches I and 2 involved 

the 1-21te of cooling after the firing stage. Batch I was slowly cooled 

to room temperature and batch 2 \~as fast-cooled. 

The rnater-ial received from Corning was in the form of 2 7/8 

x 3/8 x 3/4 inch barst and that from Z i rcoa was in the form of 2 1/2 x 3/8 

x 7/1 6 inch bars. 

Some of the batch 2 materi a I was re-'f ired to I 700°c for five hours 

an d then slow-cooled to room temperature at approximately 150°C/hour. This 

41 
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materi a l i s des ignated #2 (a nne a led). 

2.2 Pre I iminary Tests 

The as-received materials were tested to determ ine soma of t heir 

basic properties. 

2 .2 . I Density 

The apparent densities of the five batches of ca lc ia PSZ were 

determined by a water displacement technique. 

Tt - -- - - f.- ··--- -··--- .... -1-.....l -- - L--t---- -.. .... ...l , _,,..., :-f....-rt -rh- r-. .......... 1
1 110 :::>01~1~ ' "-:;; "''a:> .=>u.:.>r..1 ~.. 11u·..... u v11 u ..,,(,,.,; , u11_,,_. u••u ,, ...... , ~ ,, ..j' .... . , ·1- ..Ju•11t"',...., 

wa s then placed in a beaker of disti I led water and boiled for a few minutes 

to remove any entrapped a ir and to al low the water to pe netrate as fa r as 

poss ibl e into the sample. The we ight of ·the bar Vias then determined suEpended 

in the water and from the weight ot the sample and the volume of water 

d i sp I aced, the appare nt density v1as determined. 

The theoretica l density o t bai·ch 2 materia l was determ ined by a 

pycnometric t echn ique . The materia l was f irst ground and passed through 

a -3L5 mesh sieve (44 microns) to remove at least the intergranu lar porosity. 

The theoretica l density was then determined using a cl ean, drv pycnometer 

(specif ic gravity bottle ). 

2 .2 .2 Un notched liend Strengths 

The unnotched bend strengths v1er·e de-fenni ned in four-point bending 
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using the apparatus shown schematically in Figure 22, The apparatus con

sisted of two, 2 1/2 inch diameter, recrystal I ised alumina rods attached to 

the load eel I and crosshead of an lnstron universal testing machine (Model 

TT-C>. The knife edges were made of 1/4 11 diameter, high density alumina 

(Lucalox), set into grooves in the ends of the heavy alumina rods~ The i nner 

and outer spans of the knife edges were one and two inches respectively. 

The load eel I was a standard tension-compression cell with a maximum range 

of 1000 lbs, The samples to be tested were polished on their upper and 

l ower faces, to reduce the friction effects bet\'1een the sample and the 

Lucalox knife edges. Friction due to the alignment pins was found to be
• 

neg I i g i b I e by f-o I I O\-li ng the movement of the cross-head with no samp I e 

present and no fr iction load was observed. 

Six samples from each batch of material were fractured at a cross-

head speed of 0.002 in/min, The sample size v1as 2 1/2 x 7/16 x 1/10 inches 

and they were machined from the as-rece ived bars using a Mic::romatic precision 

l/ !6 11wafering machine with a diamond cut-ting \'/heel. The outer fibre 

st ress (cr) and strain (e:) can be calculated using the elastic flexlire 

fonnuiae (Appendix I): 

3PM 
a = <2. I ) 

sw2 

and 
3\~o 

£ = ---- (2,2) 
3ML-4M2 
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\•1here 	 p = the applied load 

M = the moment arm 

B = specimen thickness 

w = specimen depth 

cS = deflect ion at the inner knife edges. 

The fracture stress was determ ined from the maximum load values 

obtained. These test s wou Id correspond to an outer fibre strain rate of 

approximately 0.14% per min, depending on the exact size of the sample. 

2 .2,3 X-Ray Diffraction 

the d1tterenT ba1·cnes ot ca1cia i-::iL were grounci ;o d Tint: µow~..... 

(-325 mesh ) and set onto microscopic slides using nai I po i ish. These 

samples v1ere placed in a Norelco X-ray d i ffractometer and \'l'e re irradiated 

by CuK rad iation using a graphite crysta l monochromator. The samples were a 

scanned i n the range 2e = 25 to 35° , at a scanning rate of 1/2° 29/min. The 

monoc l inic and cubic z i rconia peaks were identi t ied . 

The integrated intensit ies were est imated, us i ng a planimeter 

to measure the area under the di ff ract ion peak.s. The we i gh t percentage of 

monoc li nic z i rcon ia was then est imated us i ng the ca lib rat ion of Garv ie 

and Ni cho lson [ 129]: 

I (Ill)+ I Cll f ) 
wt.% monoc li nic = m m (2 .3 ) 

I <111 )+1 <ll l>+ I (Ill>
m rn c 
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v1here I <I I I ) = i ntegrated intensity of monoclinic {I 11 } 
m 

-
I ( I I I ) = integrated intensity of monoclinic (! 11 ) 
m 


IC ( I I I ) = i n-tegrated intensity of cub i c {I I I } 


2.2.4 Chemical Analysis 

Chem i cal analysis was carried out on the received batches of 

ca lci a PSZ to determine the amount of calcia present. 

The samples were ground to a fine pov1dcr and fused with lithium 

metaborate, LiB0
2

, at !000°c. The mi xture 11as then quenched in disti I led 

\'later and dissolved using concentrated hydrochloric acid HC I. This solution 

v1as then analysed for calcium using the aiomic absorption spectrophotometric 

technique (Perkin Elmer Model 303). 

2 . 3 Fracturn Energy Measurements 

The effect i ve surface energy and work to f racture data was obta i ned 

from the l oad-def l ection characteristics of notched samples of batches 

2 and C. The apparatus was i dent i ca l to the four-point bend apparatus 

used t o measure the unnotched bend strengths. Si mi far steps v1e r e taken to 

r educe t he fr i ct i on effects between the samp l e and t he load ing po ints . 

2.3.1 Specimen Dimensions and Test Geometry 

There are severa I conside r ations to observe when choos i ng the 

samp I e for a p I ane --~; t ra in f 1~actu re toughness test . 



The accuracy with which the critical stress in1Bnsity KIC 

descr i bes the fracfore behaviour , wi 11 depend on how wel I the stress inten

s i t y factor represents the stress and strain wi th i n the fracture rrocess 

zone. This wi I I only truly occur in the limit of zero plastic strain. 

For practical purposes a suHicient degree of accuracy can be obfo!ned 

if the crack front plastic zone is smal I in compar i son wi th the vicinity 

around the crack, i n which the KI values yield a satisfactory approxi

mation of the exa ct elast i c str-ss distribution. Brown and Srawloy [4] 

have out! ined a procedure to rnake sure that crack length, specimen 

th!ckness and ligament size do not producB unsatisfactory error-sin this 

respect . 

In generul for ceramics, the deviation from elastic I i neariiy 

i s neg I igibfe at ambient temperature:.; and the plastic zone effects arc not 

i mportant. Howeve r , i t wi I I be shown that for batch 2 such a dev i ation 

exists and is caused by a mlcrocrack zone. There i s no set p r ocedure for· 

correct ing for such an effect but s i nee the deviat i on was on I y sma I I at 

t he crack l engths used, the effoct was disregarded. There are , however, 

other considerations to be observed i n a four-point bend test. 

four-point bend i ng produces pu r e bend i ng inside the mi nor span 

and the ca Ii brat ion for st ress i ntens i ty need t hereforn t ake no accoun·t of 

shear stresses, prov i ded t he rat i o of the mi nor span to spec i men depth ( W) 

is not l ess than two . Th is i s based on the fact t hat part of t he stra i n 

ene r gy f ield t hat i s apprec i ab l y affected by t he crack l ength , extends a 

d i si·ance IV on e i i"her s i de of t he c r ack [ 35]. Fu d hermore , t o avoid specimen 

i ndentat i on and friction at the supports, the ma j or support span should ba 

at l east tou, "i"" i mos greate r than t he specimen depth [35] . 
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For the above reasons, a samp le size of 2 1/2 x 7/16 x 1/10 

inches was chosen,with major and minor spans of two and one inches respectively. 


The samp I e s i ze and load ing arrangerr.ents a 11 owed a 11 three techniques for 


the evaluation of the fracture su rface energy to be taken from each set of 


data. 


2.3.2 Notch Production 

The notches v:e r·e introduced into the samples by an ultrason ic 

t echnique, using a boron carbide slurry and a vibratinq mi Id steel tool to 

grind a fine notch im'-o the specimens , Thr.; depth of the notch was measured 

with a travel I ing microscope but since the notching technique produces an 

..J.. ..LI ~ ... _ .J.. - L. .Lt.. ...... - : ...... _ : ...... h,...,..-o"'+di t:CI U T u a111ayt::0 Cl li lt:: tlVl\,.;lt I I IV ..;>I"""" .····-·· -· · . 
was added to this value, 

This met hod allowed no·tches with tip radii of 0.005 inches to 

be produced, an example of which i s shown in Figure 23. It is hoped that 

this technique al lol'ls production of an array of independent microcracks 

at the crack tip, consistent with sharp-crack fracture mechan ics. Dye 

penetration tests were used in an effort to define the notch depth using 

Dub l . Che k. DP-50 dye penetrant (Sherwin Inc.) , Th is approach, however, 

proved unsuccessful for the batch 2 material s ince the mater ia l readily 

absorbed the dye, with or without notches. 



Figure 23. Ultrasonically dri I led notch. 
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2.3.3 Stress Intensity Ca~ 

2.3 .3 ,I Stress Ana lysis 

The stress intens ity ca li bration was carried out by Gross and 

Srawley [68] for pure bending and has been extended to cover larger notch 

de pths by Sraw ley and Brown [4], This calibrati on can be applied to four-

point bending since pure bending ex ists vdth in the minor span. 

The po int of in stabi I ity for the tests on calcia PSZ was taken 

as the max imum load va lue and the c rack length at this point was taken as 

the initiaf notch depth . The critical stress intensity can then be cal

cul ated us ing: 

1/2 
= aF Y. a (2 .4} 

where the fracture stress, aF, is g i ven by (2, 1) and the geomei-r ic factor i s 

ca lculated us i ng (I ,24). The e ffective surface energy ca n then be 

determ ined from : 

(2. 5) 


The computer program for the effect ive surface energy calculat ion 

is included as Append ix 2. The calibrat ion was carried out for a series 

of notch depth s at a cross - head speed of 0.002 inches/min and a ser ies 

of strain rates at a constant notch depth t o specimen depth CW) of 0. 2. 

Si x samp les were fractured at each notch depth and strain rate. In theory, 
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the observation of stable cracking in the batch 2 material would al low 

the fracture resistance to be determined as a function of crack length 

within a given test. The difficulty of measuring the dynamic crack length, 

however, made this approach ver·y difficult. Stable crack propagation was 

uti I ised io observe the load-deflection characteristics for samples which 

had been unloaded after partial crack propagat ion. 

Similarly, load -un load tests were also carried out using a 1/2 

inch lnstron strain gauge ex-fensometer (Model G57-I I) attached to symmetrical 

grips on either side of the notch. The extensometer attachment on a ba1· ls 

shown in Figure 24. 

2,3.3,2 Compliance Analysis 

The comp ! iance technique was also applied to the load-deflection 

data from the samples fractured from different initial notch depths. 

From a knowledge of the sample stiffness as a function of initial crack 

area and the def lectl on of the samp le at fracture, the effective surface 

energy cun be calculated using (l.28). The accuracy of this determina

t ion was not very good since deflections were smal I and based only on the 

cross-head movement. It was hoped, however , that this procedure cou Id 

serve as a check on the previous stress analysis cai ibration. 



Figure 24. Extensometer Attachment to Sample. 
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2. 3. 4 ifork to Fracture 

Thi s technique requi res the use of a stif f load i ng system and the 

production of stable cracking. Stable crack propagation was readily 

ava i lab!e in batch 2 but was never observed in batch C and these latter resGlts 

should therefore be viewed with caution, 

The tota l work done in the fracture process CV) is associated 

wi th the area under the load-deflection curve and this was measured using 

a plani meter . The work to fracture (yF) can then be calculated since: 

y = v (2. 6)
F 2BW 

The vmrk to fracture \'las calculated for different notch depths 

an d strain-rates ; si x samples were fractured for each value. Since this 

tech nique i s known i-o be sensitive to the loading arrangement, tests \vere 

a lso carried out at notch depth to specimen width of 0.2 using a harder 

load ee l I. This load eel I v1as again a standard lnstron tension/compress ion 

ee l I with a maximum range of 10,000 lbs. 

The use of a special notch to in duce stable f ract ure was not 

employed since the batch 2 mater ia l exh ibited slow, stable crack growth. 

The results for al I these fracture energy measurements are 

quoted with errors that are the standard deviations associated with the 

resu lt distribution. The exper imental errors are estimated in Append ix 3, 

where lt i s shown that they ·are much smaller than those associated with the 

random nature of the fracture process . 
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2.3.5 You~ t-1oduius Determinations 

Since It is necessary to use the value of Young's modulus when 

converting stress intensity to an effective surface energy, it was 

de termined by three different techniques. 

The value of Young ' s modulus (E) can be determined from the speed 

of stress waves in a mater ial. The long itudina l wave ve locity <c1) i n 

an infini te , isot ropic body i s g iven by [121]: 

(2. 7) 

the material , The elastic constants can both bo re lated to Young's modulus 

i f Poisson's ratio is known . 

Samples of batches 2 and C were pol i shed t o promote contact 

with the transm itter . The transmitter/receivers were 1/4 inc h S.C.J. 

t ype crystals vlith frequencies of 2 1/4 and 10 MHz. The transmitted and 

ref lected pulses were mon i tored on a Sperry UM775 Reflectoscope , which had 

been ca li brated with a Tektonic 549 osci I loscope. 

The Young's modu lu s can also be determined f rom the bend t ests 

using the e last ic flexure formula (Appendix I): 

E ·- (2.8) 

1·:here P = app l ied load , L =major su pport span, 6 =def lect ion at in ner
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supports, 8 = specimen thickness, and W =specimen depth, 

These elastic formulae are based on ideal ised elastic beam theo1-y 

and the load and deflections shou ld be accurately determined, 

Fina lly, compression tests were performed on 7/16 x 1/4 x 1/4 

inch rectangular samples using the lnstron universal testing machine 

(Model TT-C> with a standard compression load eel I (maximum range of 

10,000 lbs). The strain was measured using an lnstron strain gauge exten

someter (Model G57-I i) and the experimental set-up is shown in Figure 25. 

The modulus can then be easily determined from the slope of the stress

strain curves. 

This experimental design also al lowed the compr6SSion load

un!oad characteristics to be studied, and these tests were a lso performed 

on both the batch 2 and C materials . 

2.4 Electron Microscopy 

2,4,! Scanning Electron Microscope (S,E,M,) 

Fracture surfaces of the different batches of calcia PSZ were 

studied in the scanning electron microscope, 

Sections of the fracture surface were cut from the notched bend 

specimens with a diamond cutter and mounted on aluminum studs with conducting 

paint, The' fracture surfaces were then coated with a thin evaporated fi Im 

of aluminum and examined in a Cambridge Stereoscan scanning electron microscope. 



Figure 25. Experimental Arrangement for Compression Tests. 
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The morpho logy of the cracks was a lso studied , us i ng samp les which 

had been partially- broken and then vacuum-set in hard epoxy resin. These 

samp les were poli shed on a ser ies of emery papers to remove the surface 

re s in and then on 6 and I micron diamond paste polishing wheels to produce 

a smooth surface. The apparatus for the vacuum impregnation of epoxy 

is shown in Figure 26 . The sections containing the crack were cut from 

the specimen using a di amond cutte r, attached to the alum in um studs l'lith 

conducting pa int and coated with a thin fi Im of a lum in um. These samples 

were also studied wit h the S.E.M. 

2,4.2 X-Ray Analysis 

A Nuc lear Diodes Edax X-ray anaiyser was used in conjunct ion 

with the scanning e lectron microscope to obta in qualitative in format ion on 

the composition of the phases observed at the fracture surfaces. 

2. 4.3 Transm ission Electron Microscope CT. E.M.) 

Two-stage , T.E.M. replicas were studied using a Phi I ips EM300 

t ran sm iss ion electron microscope . These replicas 1\le re t ake n from areas 

near the ma in crack to observe any secondary cracking processes . 

The plastic soluti on was al lowed to set on the po l ished specimen 

surface and was then carefu l iy peeled off . The pl astic stage was coate d 

wi th carbon and the plastic di ssolved awa y using an organic solvent. The 

carbon stage was then care fully placed on an electron microscope grid and 

studied in the transmiss ion electron microscope. 



r.=:==========_,.i~ 

7 

5 

L f6--_ 

=====~~ ·~-er=(;:=::::::=:::;:: vacuum .______ t pump 

4 

---,~-"7 ..-"----~ 
\ 

Figu re 26. 'rhe impregnation assembly, 

1. D~s icator 
2. Separatin~ funnel with a l on~ end 
3, On e-way stoocock to let in e~oxy resin with hardener 
4. One-way stopcock to connect or isol ate the vacuum pump
5, Paper container 
6. Sampl~s 
7. Ru bber stopper wi th 2 ho l es 
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2.5 Thermal Expans ion Tests 

The thermal expansion of batches I, 2 and C were measured to 

determ!ne the temperature at which the mari"ensitic transformation starts 

in these mater i als . The increase of specime~ le ngth was measured 

as a function of temperature using the standard British Ceramic Society 

specified di latometer CF. Malk in and Co. Ltd.). The increase in length 

was measured using a dial guage and a Pt-13% Pt/Rh thermocouple was used 

to measure the temperature. 

2.6 Quench Tests 

In order to obtain some information on the thermal shock resi sta nce 

of calci a PS~quench tests were performed on bat ches C and 2 (anneal ed). 

Sampl es were cut from the fractured bars used in the fracture 

t oughness test~ of dimensions I 1/8 x 1/10 x 3/16 inch. 

The specimens were placed in a furnace at temperatures up to I 150°c 

and were ai lowed to soak at least two hours, The samples were then 

quenched to room temperature into a large beaker of water, After quenching, 

the samples were dried overnight in a furnace at I00°c and then slowly 

cooled back to room temperature. 

The strengths of the bars were then determined from three-point 

bend tests using the apparatus shown in Figure 22, but with the outer knife 

e dges removed and replaced by one central knife edge Clucalox). Six 

sampl8s were fractured for each quenching temperature. 



CHAPTER III 

RESULTS AND DISCUSS I ON 

3.1 Development of the Microstructure 

f3efore attempting to discuss the fracture proper·:·i es of ca !ci a 

PSZ, j·r is ir1iportant t-o define the microst ucture, in order to und3rsi·dnci 

their i nterdependence. This discussion wi 11 be I imited, in qGnct?.1, to 

observations of the fracture surfaces in the S.E.M., for l-i" i s 

possible to gain a valuable insight by this meihod. 

The preliminary definition of the five different batche~:> of 

waterial is summarised in Tabl e 3. The theoretical densities of calcla 

PSZ depend on the arnount of calci a present. The decrease in density with 

i ncr-eas i ng additions of ca I c i a, is caused by the rep I acement of zirconium 

ions by lowe r atomic weight calcium lons, the increased vacancy concen

trai"ion requisite to preserve electrical neutrality and the lower density 

of the stabi I isF.:d cubic phase. Apparent d1:;:nsity values cffe further com-

pl icated by the porosiiy left after fabrication. 

The fracture stresses determined by four-point bend -rests are 

also I isted in Table 3. These strenaths and the fonn of the stress. __, 

strai n response (Fi gure 27) exh ibi t extreme ly varied behaviour. The fast-

coo l ed batch 2 1nateria l shows low si ength and stab l e crack propagation, 

'\'ihi le the high-ca lcia composition, batch C, shows high strength and unstable, 

5::;
·' 



TABLE 3 

Pre I iminary Tests on the Var ious Batches of Calcia PSZ 

r--

Fracture ~'It.%· Cao Wt.% MonoclinicNature of CrackDensityBatch StressPropagation (ks i) 
·-

(5.0) "* 40%.3.4semi-stable5.49#I 

27%3.42.3stable5.76t/2 

30%3.54.4A (Zi 1-coa) semi-stable5.46 

3.8 12%4.8semi -stab I eB (Zi rcoa) 5.52 

<7%4.517.8unstab Iec (Zircoa) 5.44 

27%3.45 .0semi-stable112 (annea led) 5.75 
I I 

~-o_w_d_e_r_H_2~~...__-5_._79~-·~~~~~~~~~~~~~~-3-·-4~....._~_2_7_%~~~ 


* estimated 
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catastroph i c crack propagation. 

The fracture surfaces of the different materi a Is investigated 

are shown in Figures 28 - 33. The fractographs of batches I and 2 

( Figure 28) show the structure to be bimodal i n both cases, i.e., the 

st ructure consists of two regimes of grain size, with the smaller · gra ins 

located on the grain boundaries of the larger grains. Fracture of batch 

shows a mi xed mode with the large grains falling transgranularly and the 

smal I grains intergranularly. Batches A, B and 2, however, exhibited 

completely intergranular fracture and the bimodal structure is clearly 

revea Ied. The high strength batch C materi a I, a f ractograph of wh ich is shown in 

Fi gure 30, fail ed transgranulai-ly and very I ittle grain boundary ph :>1se 

i s evident. Composite fractographs of batches I and 2 were made to shov-1 

the fracture surfaces of these materials i n greater detai I and are included 

as Figures 31 and 32. The difference in f racfore behaviour of these 

different batches is thought to be caused by the nature of the grain 

boundary phase, which \'J i ll be discussed later in this section. The 

material des i gnated #2 (annealed) was the fast-cooled ~atch 2 material, 

re-f i red t o 1700°c and slowly cooled. Fo l low i ng this treatment, the 

strength was more than doubled and was comparab l e to that of batch I . 

The fracture surface of thi-s annea l ed materia l , Figure 33 , is also 

s i mi lar to that o f batch I . The grain s i zes o f the di fferent batches of 

mater i a l were determined and are included i n Table 4 . 

As out l ined previous ly i n the experimenta l procedure , the 

fabrication of the materia l consisted of firing the careful !y mixed oxides 

i nto the single-phase cubic region of the phase diagram, Figure 16. On 



FRACTOGRAPHS SHOWING DIFFERENCE IN 
FRACTURE MODE BETWEEN BATCHES 

1 and 2. 
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BATCH TWO 


10 µM 
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Figure 28. 
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FRACTOGRAPHS OF BATCH C 

(HIGH STRE GTH P.S.Z.) 

60).JM
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20µM 
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Figure 30. 



COMPOSITE OF FRACTURE SU FACE: FIRST 

BATCH OF MATE IAL. 

30µM 

Fi gure 31 • 
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Figure 32 
Batch #2 . 
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TABLE 4 

Grain Size of the Batches of Calcia PSZ Taken 

From the Fractographs 

Batch large Smal ! 

A 60 µm* 8 µm 

B 60 µm* 7 µm 

c 50 pm 

80 µm* 20 µm 

I 
2 80 JLµmn 10 µm 

.....I

* 	 Some diffi cu lty in estimation of these g1-ain sizes because of the 
i ntergranu Iar fracture featur-es. 
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cooling, the cubic phase becomes super-saturated with pure zirconia, which 

should therefore precipitate oJt. Thi s preci pitation must involve either 

the d i ffusion of the calcium ions fro.'TI the regions of pure zirconia, since 

the solid solubility limit of .:-alcium ions in pure zirconia is very limited, 

or the diffus i on of zirconium ions. The lattice self-diffusion coefficients 

f or the cations in calcia stabilised zirconia have been determined by 

Rhodes and Carter [122] to be: 

2
0 = C.444 exp { i 00 ,200/RT) cm /sec
ca 


Dz_r = 0.035 exp - ( 92,500/RT> an 
2
/sec 


They also showed that these self-diffusion coefficients are not influenced 

by the oxygen vacancy conc:entratlon . These results should, therefore, hold 

for calcia PSZ. The precipitation of zirconia could be produced by the 

movement of calcium ions , which are the faster moving cation species. 

The oxygen diffusion c-oeHicient i n the material is·relatively high. The 

6rat i o of 10 bet\:eon the anion and cation diffusion coefficients is larger 

than observed in al I other oxides except u i-an i um dioxide. The cat ionic 

mobility is responsible for the slow rate of fonnation of cubic zircon i a 

and for i ts lov,r s i n'l-ering rates. The high an ion mobi I ity gives i t an 

electr ical conductivity at I000°c which is greater than the conductivities 

at the melting point of 13 of the 15 halides tabulated by Jost [123]. 

If, in p1-ecipi'fcit i on of z ircon i a, only the ca lci um ions need to 

di ffuse, then presumably they could either be precipitated as calcia or 

si mply l ead to an increase in the level of stobi lisation of the rema ini ng 
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cubic phase. It is thought that the latter process is most likely [ 124]. 

Rhodes and Carter [122] also noted that at temperatures around 1800°C the gra i n 

5
boundary diffusion coefficient of calcium ions is approximately 10 times the 

lattice self-diffusion coefficient. Therefore, at the grain boundaries 

where nucleation is relat i vely easy and vJhere the d i ffusion coeffic i ent of 

calcium is high, the pure zircon i a should be precipitated first. This idea 

would suggest that the smaller grained material present at the grain 

boundar i es could be pure monoclinic zircon i a . 

X-ray analysis for calcium Ka. peaks was carried out on the S.E.M. 

and the resu l ts are shown in Fi gure 34. The resu l ts show that the amount 

of calcium present in the smal I grains is negligible compared vlith "the 

l arge gra i ns. Since the monocl i nic zirconia has almost zero solid solution 

l imit for calcia, the grain boundary phase is assumed to be pure mono

clinic zirconia . There i s a sl i ght peak in evidence for the sma l I grains 

bu t th i s could be caused by the calcium which may be presen+ around the 

gra i n boundaries of the sma 11 grains. The accuracy of X-ray ana I ys i s on 

t he S .E .M, i s not yet fu l ly understood but i nitial experiments have shown 

t he e I ectron spot s i ze i s not grea·~er than 5 microns and i t v1ou I d seem 

r easonab l e to assume the X-ray i nformation has just been produced from 

wi thin these small gra i ns. Concurrent X-ray analys i s vJas also carri ed 

out on pure monoclinic z ir~con i a powder and the results ar e also inc l uded 

in Fi gure 34. The presence of pure zircon i a on the gra in boundar i es is 

a l so supported by the tact that the amount o f t he gra i n boundary phase 

decreases wi th increasing additions of calcia , i.e. , as the l evel of 

supersaturat i on decreases. Attempts to produce a d i ffract i on pattern for 
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the grain boundary phase were unsuccessful since the production of thin or 

polished sections invariably resul-t-ed in a loss of this phase during the 

abrasion processes invol ved. 

There i s evidence that the monoc li nic phase is also present on 

a finer scale wi thin the larger cubic gra i ns. The e l ectron micrograph 

of a two-stage rep I i ca, Figure 35, shows what may be a fine dispers ion 

of a second phase within the l arge cubic grains. This idea is supported 

by the work of Garvie and Nicholson [6] and it would seem reasonable that 

at the lowe r cooling temperatures, where the lattice self-d i ffusion 

-15 2 0 
coefficient of calc i um i s low (approximate ly 10 an /sec at 1200 C), 

that prec ipi taiion should occur on a much finer sca l e . This interpre

tation is also supported by the electron micrographs shown in Figure 36. 

These shov1 the structure to be two-phase, wi th one phase heav il y t\1inned. 

The observation of twinning Jn monoclinic zirconia [84,85] indicates that 

the twinned phase in the rnicrographs is probabl y the monoclinic phase. 

These observations are very sim ilar to the microstructures of magnes i a 

PSZ discussed in the I i teratu re review. The structure o f this mater i a I , 

especl::i l ly withi n the l arge gra ins, is very comp l e>( and has not been 

wel I -de fined. Ho\·teve r, for fracture in an intergranular mode , the internal 

structure o f the la rge gra i ns may only play a minor role. In mater i als such 

as batch I and the high strength batch C, where the gra ins do fail by 

cleavage, the finely d ispersed phase should play a more important role. 

The internal strucfo1-e of such a cleavage fracture is shown in Figure 37 

and the existence of an Interna l grain structure is evident. It is thought, 

however , that the size and distribution of pure z irconia on the grain 



Figure 35. Two-Stage Replica, Calcia PSZ (24,000 X). 
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Figure 36. Electron Micrographs, Calcla PSZ. 
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boundaries is the major factor in the detennination of tho strength and 

f racture properties of the batches of calcia PSZ investigated. 

The pure zirconia, precipi tated on the grain boundaries, should 

be present in itially as the tetragonal polymorph. At the later stages 

of cooling, the phase transfonnation to monoct inlc wi I I occur and this 

involves a 9 percent volume expansion. The transformation should give 

rise to large internal stresses within the body. The stress within the 

zirconia precipitate particles can be calculated approximately, using 

Selsing's equation [15]: 

C7> I ) 

where R = radi us of the inclusion 

D.R = mi sf it 

E1 and E2 are the Young's modulus of the host and the .incl usion, and 

v1 and v2 are the Poisson's ratios of the host and the inclusion. 

Assuming v1 = = 1/4 and using the modulus values at I000°c fromv2 

the work of Wachtman and Lam, and Smith and Cranda l I [125,126], lt is 

found that the i nterna I str-ess P =. i 00 ,000 psi and the strain in the 

particle should be about 0.67%. 

Ki_ng and Yavorsky [106] proposed that slip would accommodate 

part of these stresses but the inability of the monoclinic phase to slip 

and the brittleness of the cubic phase make this mechanism seem doubtful 

except on a I imited scale. It is proposed, therefo re, that this strain is 
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more likely to be partially accommodated by twinning of the monoclinic 

phase and the formation of cracks, 1"1h i Ie the rest of the strain wi I I 

remain as an elastic residual stress in the mater ial. 

The phase transformation, as just indicated, should produce an 

internal stress within the material. The stress in the precipitate 

particle was calculated but obviousl y the particles wi I I also cause 

internal stresses within the matrix. The theory of elasticity shows that 

the shear strain at a distance r,trom a particle of radius H with misfit 

Et should be: 

( r < R) (3.2) 

Therefore changes in the state of dispersion without change in 

misfit alters only the "wavelength" of the stresses and not their "ampli

tu de". "(he phase transformation shou Id tho re fore produce some average 

i nterna I stress in the materi a I • If this i nterna I si·ress, a, can be 

taken as a simple average of the arithmetic magnitude of the stress 

(a f ter Mott and Nabarro [127]): 

<1 = 2µ €ff C3.3) 

\'/hereµ is the modulus of rigidity and f is the volume fraction of pre

cipitate. then subst1tutingthe values obtained for the modulus of rigidity 

[128], the misfit strain calculated earlier and the volume fraction 

calculated from the X-ray diffraction scan using the calibration of 

Garvie and Nicholson [129], the average internal stress due to phase trans



62 


formation was calculated to be approximately 48,000 and 30 ,000 psi for 

batches I and 2 respectively. A typical X-ray diffraction scan is shown 

in Figure 38 an d the \'/eight percentage of monoc linic zirconia in the various 

batches of calcia PSZ are I isted in Table 3. 

The difference between batch I and 2 was the rate of cooling 

after sintering at 1750°c. The slow cool of batch I could al low the micro-

structure to approach equi I ibrium with respect to the amount of monoclinic 

zircon ia. This i s predicted to be 60% from the phase diagram. For batch 2 

however, the fast cooling could restrict the amount of precipitation of 

pure zirconia and should accentuate any strain accommodation problems 

which arise from the phase transformation, particularly in the form of 

cracks. This idea is supported by the fact that when batch 2 was annealed 

at 17000 C and slow-cooled, i·he strength was more than doubled and the 

fracture surface appeared to be similar to that of the slow-cooled batch 

I material. This could indicate the occurrence of a crack-hea ling 

phenomena, where the higher density of cracks formed by the fast 

cooling are healed and the structure of the slow-cooled material 

is then reproduced. This idea is of practical importance since i t shows 

that sometimes i·he thermal shock cracks produced in ceramics can be 

healed. 

The ev idence for the presence of mi crocracks in batch 2 is 

substantial. Dye penetration into the material was rapid and dee~ as 

shown in Figure 39 and the smal I monoc li nic grains tended to etch out 

when the material v.ias polished. Furthermore, the sma l I monocl inic grains 

fa 11 out as debr i s froM tr:icture surfaces. Figure 40 shows the fracture 
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edge of a bar from batch 2, which has been set in hard epoxy resin after 

partial crack propagation . The loose monoclin i c grains and the formation 

of cracks along the grain boundaries near the fracture surface are evi

dent. The Young's modulus of batch 2 was detennined by various -'rechniqL:es 

to be discussed in the next section . The va I ues of the e I asi· i c modu I us 

will be shown to be extremely low and this is consistent with the presence 

of microcracks in the batch 2 material. It is important to note, however, 

t hat "the density of this material is very high, even with the presence o f 

t hese cracks. Moreover , the material has been shown to be impermeab le 

to oxygen gas since it can be used as an ionic conductor of oxygen ions. 

It \\'as therefore deduced that the cracks must be extremely fine and are 

'- -···-.J- _! _ _ - - f ! -- .J...• 
UU\..lllU4..-ll tV...J Vt I 111\;; I f•V

di r:1ens i ona I mi crocracks. 

It is proposed that these decohesed grain boundaries are formed 

by th.;; i nterna I stresses deve I oped during the transformation. The expansion 

in tho phase transformation wi II lead to compressive stressos within the 

monoclinic materi a I , a tens i I e stress in the surround l ng grains and 

i3 comp Iex system of shear stresses across their interfaces. ! f the 

f onnati on of the mi crocracks does not exhaust the interna l stress , it 

wil I sti II tend to close the cracks and such a mechanism might account 

tor their sma 11 vo ! ume. The ease of crack hea I i ng in the fa st-coo I ed 

batch 2 material i s also consistent with the idea of weak or dec:ohesed 

grain boundaries. The mechanism of the decohesion is not clear but it 

i s possible that the shear stresses involved in the martensitic phase 

transformat ion, acting at the surface of the monoclinic phase, may 
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produce the decohesion. Differences in the expansion coefficients of 

the two phases and the strain energy v1hich is involved in the precipita

tion, may a I so p Iay a ro Ie in the decohes i ve process but at temperatures 

above the phase transformation the tetragonal phase is quite ducti le and 

these factors wi 11 probably not be important. It is thought, therefore, 

that it is the phase trnnsfonnation \~ hich causes the decohesion. In contrast, 

the slow-cooled batch would be expectod to have less decohesion and a 

I arger residua I stress at room temperaturet s i nee it contains a I arger 

volume fraction of the monoclin ic phase. 

The work of Dow \~hi foey [92] indicates that the phase transfonna-· 

t ion is pressure sensh'-ive. It fol lows therefore, that any inte rna l 

si-ress on "the monoci inic !1hnc;P. c;h0u1a DP. ev1aencea by a cnange ir1 

the temperature at vihich the phase transfonnation starts. Di latometric 

experiments were undertaken on the material I, 2 and C under constant 

r ate of heating conditions. The resultant traces are shown in Figures 

4 1, 42 and 43. 

The form of the thermal expansion curves for batches I and 2 

are comp 11 cated by the fact that wh i I e the cubic phase is expanding, 

the monoc li r.ic phase is contracting due to the phase transformation. 

For batch I, the transformation start is quite clear and th i s is probably 

due to the greater volume fraction of monocl inic present in this mater i al. 

The start of transformation is harder to define in batch 2 and it was 

assumed to start where the thermal expansion curve changes slope. For 

both batches I and 2 the transformation is seen to start at a lower 

temp&l'ature than expected ("' 1000°c>. This behaviour rnay be expected 
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