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ABSTRACT -

™~

The ’strength of ceramics 1is related to their
fracture toughness and the fracturelinitiating defects. The
present thesis reports inzestigatﬁons of the strength/defect
relationships that . increase Qnderstanding of strength-
improvement pedagogies and strength prediction methodo1ogies
for ceramics. ‘

The strength improvement of a 4.5 wt% yttria-
partially-stabilized zirconia (Y-PSZ) via defect elimination

V4
is demonstrated. Defect types were identified-and'eliminated

via several novel techniques. Thes;‘procedures‘were combined
with a conventional sintering route. A crack model is
developed and used to examine the d1scovered f1aw/strength ,//
ralationships. Four-point-bend - f]exura] sprengths were
systematicé11y improved "from 880 to 1380 MPa, a value

comparable to hot-isostatica]1y—préssed or slip-cast

materials. . ' .

The flaw/strength relationships for various fracture
ortgin types were examined, 1;9. fiber inclusions,
agglomerates, iron inclusions, pores and alumina 1nc1us1ons.
An order of flaw-type sever1ty was discovered and defect
types of the same "size" were found %to act in a dissimilar
fashion in fracture initiation. The "sqverity“-is fe1ated to

local residual stresses around defects due to thermal

(iii)”
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mismatch or differential sintering. The relative defegt-

seQerity was quantitatiye]y ranked-v7a the apparent fracture
toughness and a ,m?elative defect ~— severity parameter”
. developed. .

The temperature dependence of this parameter for the
lvarious defect types was investigated and the behavior
explained via residual stress relief. Combined high-
température four-poinp—bend and cbevron:notched-bar fracture
toughnéss‘(Krc? tests were conducted. It was found that the
residual stress associated with alumina ‘defects in
tetragonal zirconia"»was temperature-dependent, - that
associated with égg]omqrates, ‘tamperature-independent and
cou]d.be anneajeé. No residual stress was associated with
pores. The residua1f§tress relaxation tempergtuqe (fg) was
determined for tetraéonal zirconia. ¢

" The size equivalence of inclsiion defects and the
resulting flaws was investigated. The fracture behaviof of
alumina inclusions’ was investigated via an A]zoa—ZrO2
'combosite layer sintered onto the tensile éurface of PSZ

four-point-bend bars. It was found that inclusion fracture

exclusively occurred and the fracture was associated with

. weak interfaces between the grains of the aluminﬁ.inc1uhion‘

or between the inclusions and matrix. : ‘:'
r , '
Crack initiation in the fractyre-toughness chevron-

notched-bend bar was studied. Ideal testing conditions for

valid ch values strongly depend on specimen preparation and

{(iv)



material. An in-test precracking technique was developed for
ch .testing at room‘ and elevated temperatures. A Y-PSZ
ceramic was tested and ideal testing conditions proven.
Defect-initiated fracture models for ceramics were
degf]ODéd. Fracture initiation at a typical inclusion with‘a
thermal expansion coefficient and fracture toughnesg lower
than the matrix'and a Young's modulus higher than the matrix
was analyzed and modeled for a spherical inclusion using a
we?éht function method to comﬁute the residual stress
intensity factor ang-a part-throuah e1iiptica1 Erack model .
to, follow the crack extension. The model was. used to predict
th:lstrength of PSZ contajning a-A1203 tnclusions. It was
also used to compute the Tg for tetragonal zirconia. The
predictions were 1in good agreement with the experimenta}
data. For agglomerate-initiated fracture, an agglomerate-
sintering/residual-stress-retention mode] is proposed and
used to estimate th~fracture stress for ag§1omerate—matrix
decohesion., The residual stress levels after elastic "and
thermal recovery were estimated and, agreed with.experimentpl

data.
L\
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CHAPTER 1

INTRODUCTION

Ceramics are brittle at ambient temperaturés.
Fracture initiation and strength are correlatable with the
charactarisgics of the defects at fracture origins, i.e. Fhe
flaw dimensions and distance from stressed surfaces. Various
explicit flaw/strength re1ationsh1pﬁ have beep suggested and
_the strength of ceramics can be improved by eliminating the

FactureJ;nitiatingvﬁefects. One effective means of defect
elimination from ceramic powders is colloidal processing,
Defects of differengquze and density from the powders can
be settled following di;bersion in appropriate liguids. The
tecHniques have not been systematic§11y studied.

Previous experimental investigations of flaw/

strength re1atioqsh1ps for ceramics'reveaTed that different

N\

defect types initiate fracture differently and the ceramic
strength is modified by specific fracture-initiating
- defects. This "relative severity" of defect types has not

_been precisely characterized. . ’ . L3

1)
-

T?sidua1'sﬁresses resulting from thermal contraction
. ~ u -~ - .

mismatch be_tween'the“ﬁdefect ‘and its \matrix are believed
responsible for these strength modifications. This issue has’

been difficult to .analyze as elastic mismatches in loading

1 : -

o



~
and stress-field perturbation upen crack extension
complicate the system. Previous theoretical treatments were
non-rigorous and results did not —agree with experimental
data. Dirgct evidence for the existence of residual stresses’
associated with fracture-initiating defects has not been
reported. To. understand the defect-initiated fracture-and
strength qf ceréﬁiﬁs these 1s§yes must be clarifijgd. !

In the present work, - experimental ‘iﬁdies were
coﬁducted on a yttria—partia]]y-stabi1ized‘zirconia (Y-PSZ)
ceramic. This material was ubed as a model to demonstrate
the strerigth improvement via various processing routes, to
characterize the relative sgver1t9 of the défect types and
to explore the existence of residual stresses associated
with ' the defects. Inclusion-initiated and agglomerate-
initiated fracture were modelled and éhe results - were
compared with experimental dapa. Fracture téughness (Kl )

]

measurements weré,made using chevron-notched bend bars. This

'

led to the development of an improved technigue involving

in-test subcritical precracking.
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CHAPTER 2

! LITERATURE REVIEW

2.1 Defect-Controlled Fracture in Brittle Solids

»

Fracture behavior of brittle elastic solids 1like
a

zirconia ceramics, is described by linear elastic fracture
f

mechanics (LEFM) [Knott, 1973a). The fracture stress under
- v

plane strain conditions can be exp]ic};]y correlated with

the fracture 'toughness of LBhel matrix (K, ) “and the
‘?law—related defect geometry at the fracture :origin
[Broek, 1978a). Since K, is -a material proper%& [Knott,
1973b}, matrix fracture 1is controlled by the fracture-
initiating defects,

v

2.Y.1 Flaw/Strength Relationships and Models of Crack
r

e’ Extension From Defects ‘ a -

¥

An explicit expression for the flaw/strength

«
»

relationship ‘\13 essential for ‘-understanding defect-
controlled fracture in brittle solids. Various models have
Epen:developed-pertaining to crack extension from defects
[Bansal, 1976; Baratta, 1978; Broek, 1978b; Evans, 1972;
Irwin, 1962]. These\have been derived from LEFM and feature
particular crack geometries and d?agked-body boundari.i. In

the simplest two-dimensional model [Broek, 197éb], the

e



4

plane-strain stress intensity factor for Mode I fracture
(KI) from a through-the-thickness embedded crack of length
2a subjected to a bi-axial or uniaxial stress.f}é1d, g, in

an infinite plate is ;
. . / -

K. =0y 1 a . “(2.1)

A

If the plate is of finite 'size, this equation is modifiedﬂto

the general form ;

K :cha“

1

where Y is the "geometrical factor“ and is a function of the
crack length and plate size. The _fracture stress;_dr{,is

thus related to tha. fracture toughness (Klo) aﬁd -fhe;.

P

critical flaw size (a ) by ;

A3

R oL .
L0, 2K, ——— (2.3)
. Ic y— i

‘l\. \ Y .ac .

-

Thxs fiaw/strength re1atdonsh1p is the simplest for the rea1

l

.s1tuat1on.

e111ptica1 and paFt-through-the—thickne [Broek, 1978c] A

Real crack shépes and déf;ct liz:métrjes are ”often g
more realistic’ 9111pt1ca1 crack modeT was deve1oped by ?rw1n
“1962] for which the re1eyant;crack and plate confjgurat1ons'
are shown ih‘Eig.‘2.1; The Kr va]de,a1ong the periphefy_of_'

L

Y
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v

an elliptical crack in the interior of a finite ptate (or a
semi-elliptical crack at 1its surface) subjeceed to a uniform
tensile stress perpendicular te one of the e11ﬁptica1 axes

is given by {See Appendix A} ;/

v2a?(1 - v%) , a 2 2 2 . 2. 1/2
5 [ ..] (a°cos”@ + c“sin’0) (2.4)
c

where - G 1is* the Strain-Energy-Release-Rate, E and » 'theik

Young's modulus and Poisson’'s ratio respectively, ¢ the
'app11ed stress and a, c, and 6 are semi-minor, semi-major

axes and ané]e defined in Fig. 2.1. Y "is the "geometrice]

parameter”. For:a subsurface elliptical crack, Y = t1.77 and R

fer -a .surface  eem1—e1]1pt1ca1 crack, Y = 1.94. (Similar
. o : .
.numerical values were obtained in a recent study [SESA,

1980], where, for smaT1 crack—depth to-p1ate thwckness ratio
{

< 0.05, Y converges to be_ independent. of, 6 and a/c) ¢~1s‘a

"shape parameter” and is an.elliptical 1ntegra1 wh1ch varies

with a/c as ;

4 & .
4 -
. ...,“ . —_ . ) -
.o - ol @
. sz , I . 1e v o )
’ ¢ -'J [1 4‘f$~<\;——) sinze] de . ,foi-a s ¢ (2.5a}
a<c 2 [ - .
. ‘ C .
. - 0] . .
n/2 » 2 1/2

. a’ ’ c . 2,1 L -
¢a>c? [_E_) [1 - (1 - "EJ sin eJ dé ,for a'z c - {(2.5b)

$ _can also  be approximated by the polynomial
. . " . \_,ﬂ' ~

»

-



[1 + 1.464(a/c) 1Y% within 2% .error [SESA, 1980]. The
8

maximum K occurs at 6 = m/2 for a < c and at 6 = 0 for
a>c, The Critical Stress Intensity Factor (fracture

toughness), ch, can be obtained from Eq. (2.4) as ;

Y/ 1t ~ o'
KI = o v a ,for a s ¢ (2.6a)
c Y f
acc

YY1 -2 .
Kl = o ¥ ¢ ,for a z ¢ (2.6b)
c Y f :

a<c ’

It is shown that the smaller dimension of the e11iptica1

crack controls the frdcture. If “a" is desifnated as the

smaller crack dimension, Eq. (2.6) can be expressed in a

flaw/strength relationship as’;
\ F)
K ]

Ic

f /‘1-92 YY a

(2.7)

Q
1]

-

Bansal [1976] modified .Irwin's result by apprdximating the

shape parameter (&) as the crack area, A, i.e. :

5

~"f’: ~ : (2.8)




g

Other crack models, such as Evans and Tappin_ [1972],
/ncorporate the effect1ve surface energy for fracture

initiation, 71 i.e.
. ]

1/2

2, 28y, ‘ S
o = — ( J | (2.8)
Y c

- where c 1s.the flaw size, E‘the Young’s modu]us'and Z and Y

are the ¢ and Y of Irwin’s model with fixed numerical values
pertaining to specific crack geometries. Baratta [1978]
derived a three-dimensional ma?e] for estimatipg K, for a
solid body containing a spherical void or a hemisbherd\c.}

surface pit as ;

. - t
K]c='af(n L)’Iz[c - k(tan'id)m] { [(4"503
2(7-50)

/ 3 1 3 ' "
e

where L is the width of the circumferential crack, Vv the

Pqisson's‘ratio, R the radijus of the void, « ='L/R and ¢, m-
and k are constants. ' 5

Irwin's model was considered adequate for the
presenf work since ‘most real fracture or1gins ohserved
herein were approximately el11pt1ca1 The two—d1mens1ona1
model was a1so - considered ufficient because fracture

surfaces were observed to conta¥n the cross-sections of the
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fracture-initiating defects, To apply Irwin's model in

flaw/strength characterization pne needs to assume that the"
fracture-initiating defect size ~is  equal to  the
correspondin&‘f1aw size. This is reasonable for some pore-

like defects if the ratio of matrix grain size to defect

size is vefy small [Rice,'1980a; Evans, 1980a]. In the case

of inclusion defects, the occurrence of interfacial cracking

or inclusion fracture (Green, 1983] Jjustifies the

application of the crack model so long as there is no

concomitant ‘crack extension into the matrix. But for radial
cracking it may not be applied, because the result¥ng flaws

are considerably larger than the correspondihg défect sizes.

‘These have been theoretically anaiyzed in previous studies

(Davidge, 1968; Evans, 1974; Green, 1981, 1'932] It s
suggested that various crack1ng cond1t1ons are best judged
via exper1menta1 observation. Interfac1a1 crack1ng and
inclusion fracture are prominent .and daﬁ _be easi1y,
recognized. Radial crack;hg 1nvo1ves stable crack growth and
crack arrest [Green, 1983a], which exh1b1ts ‘a more tortuous
fracture serface region in contrast with the subsequent fast
fracture reg1on EW1ederhorn. 1974]. . }' —
App11cat1on of the‘ appropriate': crack model
correlat1ng fracture stresses and fracture or1gln s1zes is
considered an effective means of eva]uat1ng the response of
defects to various e1jm1natioq' techn1ques. It7 also.

facilitates identification of the relative severity of the
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defect types. This "severity” 1issue is important but has
attracted._ .little attention [Evans, 1977, 1980a; Lange,
1986a). Evans and co-workers [1977] predicted the relative
severity of typical defects in structural ceramics via the
equivalent sharp cracks. They further identified‘the trends
in the severity of defect types in a s111con nitride [1980&]
(F1g 2.2(a)). Lange [1986a] recently genera11zed this issue

qu described a possible order of different common flaw

populations which undermine §he potential strength of

ceramics (Fig 2.2(b)). None of these studies have addressed -

.the prob]em on an accurate and quant1tat1ve bas1s. Kirchner

and co-workers [1986] reqpmp1y attempted to correlate . the

fracture-stress/flaw-size relationship for various ceramics
‘\‘ ‘ . - ) , . .

via an empirical “equation similar to that of Irwin, with
X ) . 1
assigned values of geometrical and shape parameters for

different defect types. The limited success of their results

suggests that the relative severity of the fect types i

‘ceramics could Jpe' identified quant1tat1 ely using

" appropriate crack mode] for character1zat1on.

;:2.1;é Tybés‘of Fkaqture-lnitiating befécts in Ceramics

The major types of fracture-inﬁtiating dafects
encountered iﬁ ceramics are ﬁachin{ng flaws, agglomerates, °
inhfusions and pores. These defects consfitute fracture
origins via peripheral cracks developed during processing

[Evans, 1979a, 1982a; Reed, 1978; Rice, 1979] or in-situ
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cracks devefoped in Joading [Evans, 1980a). Understanding
these dafept types.is a prereguigsite for their 911;1nation
and predicting their behavior in sintering and fracture.
Thesé are &escribed as follows ;
(1) Machining Flaws
Machining flaws are surface penny-shaped or semi-
elliptical cracks résdféing from surface impact or
penetration by hard objects such as grinding and cutting
tools [Rice, 1979]. The formation of machining flaws are
often simu15%qd by indentation in which the residual tensile
stresses underneath the indent-due‘to non-accommodation of
the elastic/plastic fields amplify preexisting flaws and
result in local fracture [Ostojic, 1987f; Machining flaws
are detr‘iment\a] but inevitable due to necessary precision
finishing procedures for ceramic components. The influence

S . .
of machining on the strength of ceramics has long been a

topic of Jnterest [Schneider, 1972; Rice, 1379] and has
resulted i:\hmprOCedure being incorporated intoc ‘a standard
for the preparaﬁion of flexural test specimens [DOD, 1983].
£2) Agg1omerate§

Agglomerates are microstructural inhomogeneities due
to preassociation of a number of grains %n precursor powders
.[Pampuch, 1983]. Agglomerates are observed to have either
higher or 1ower. green deééity with respect to the
surrounding compacted matrix [Lange, 1983a; Kellett, 1984].

The agglomerated powder'grains are thought held by’ stronger
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bonds which result from the partial sintering during powder
synthesis [Lange, 1983a] or by weak Van der Waals bonds and
sJﬁféce .charges [Barriﬁger, 1884]. The former are termed
"hard agglomerates” and the latter “soft agg1omera£es" in
conventional terminology [Lange, 1986b]. It i3 expected that
the hard agglomerates are thoségwith higher green density
than the matrix grains while soft agglomefates have a lower
green density. During the firing of ceramics, powder
ag§1omerates of differeﬁtia] denéity will result in locally
enhanced singfring and tﬁg development of particular
microstructures [Lénge, 1983a, 1983b). These qually consist
Iof circumferential crack-11ike cavities between the
agglomerate and- its matrix. It has been considered [Evans,
1982a£*Lange, 1983a] that the 1nter€dcia1 separation between
an agglomerate and the matrix is the consequence of crack{ng
resulting froﬁ radial tension developed by differential
sintering. Since soft (lower-green-density) nglomerates
will sintp? faster thap the surrounding higher-green-density
méﬁrix and consequently deve1oe radial tensioh. thay are
often expected to be the ;ource‘of agglomerate defects in
the sintered céramics. However, soft agglomerates are a weak
structure, they may not survive powder treatments' like
sedfmentatibn an& green compaction [Graaf, 1983; Lange,

1986t]. The agglomerate defects in sintered ceramics most

probably come_ from the hard agglomerates. Thpre is -evidence

that hard agglomerates are more damaging [Hsueh, 1986] and

\

ey
s
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can also develop circumferential caviﬁies after sintering
(Lange, 1983al]. The specific sintering and cavity formation
processes associated with the hard agg]gmeratgs have not
been defined. Aggiomerates have a definite influence on the
sintering behavior [Rhodes, 1981] and the strength of the
sintered body [Lange, 1986b]. The porosities accompanying
agglomerate defects can hinder matrix densificgtion during
sintering and act as the fracture initiatoré on Jlecading.
Therefore elimination of agglomerates in precursor powders
will promote sintering éﬁd increase final component strength
by feducing the number and size of pore-like cavities
therein,
(3) Inclusions

Inclusions are embedded extraneocus particies with
physicai pfoperties and chemical composition different from
the surrounding matrix. Inclusions can be introduced into
powders during synthesis or . subsequent processing, 8.9.7"
sizing-down treatments (like milling), green compaction and
atmospheric contamination (like 1lint) etc. [Evans, 1982; -
Lange, 1986b]. From the processing viewpeint, inclusions can
be classified 1into inorganic inclusions (wﬁich survive
sintering) and organic inclusions (which do not survive
sintering). Solid inclusion defects induce residual stresses
due to thermal mismatch (upon cooling from sintering

temperatures) and/or elastic mismatch (upon loading).

+ Complicated inclusion fracture, interfacial cracking or
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.radia1 cracking may occur, depending on the eIast{c modu lus
and fracture toughness of the {hc1usions with Fespect to the
matrix [Evans, 1982a; Green, 18983a]. Organic inclusions 1in
ceramjc powders have attrécted less attention. Lange [lgéﬁbf
studied the sintering behavior of orgahic inclusions Qsing
incorporated polystyrene spheres. Pore-like defects were
left in the ceramics on burn-out. Clearly, inclusions can
bpecome fracture origins due to aasociated&éragks or bores.
(4) Pores _ | ¢

Pore defects‘are residual porosity not eliminated by
sintering. These may originate from powder density gradjents
due to non-uniform size distrigution of agglomerated powders
or inhomdgeneitiea deve1oped during green compagtion
[kingery, 1976a]. Circumfénent1a1 cavities associated with
aggiomerates after sintering constitute a considerable
componentlof the final porosity. Large pores responsible for
strength degradation may result from the ripening of
grain-boundary porosity [Kingery, 1976al,or the expansion of
exisiing voi#é by.gaseous phases generated and trapped on
the decomposiﬁion of extraneous particles [Evans, 1982&]{
Large pores will ind&ce higﬁ stress concentrations and so
may be direct1} involved in fracture. Small pores' may
interact with other defects 'in their vicinity and result in
‘fracture [Evans, 1979al.

Identif1catio;ihnd\§1assif1cation of frhcture-origin

-

‘defects. is a weTi-estab]ishéa.piscip1ine [Mecholasky, 1976;

’
e

rrrrrr
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Rica, 1974; Rich?rson, 1982). The Jlocation and geometry of
fracture origins can be accurately determined by optical-
and scanning-electron- microscopy (SEM). The chemistry of
fracture origins can be identified by electron-probe

"micro-analysis (EPMA). However EPMA resolution is limited

for low levels of foreign elements [Healey, 1984].

2.2 Defect Elimination Techniques

Defect eliminatidon or size reduction can 1lead to
improvement of ceramic strength. Severa) dqfect*é1imination
tegpniuues have been suggested and tested [Lange, 1986b;
Parish, 1984, 1985; Rhodes, 1981] but the detailed
processing steps have not been fu11y established. Some
ceramic fabrication methods [Taguchi, 1985; Tsutha, 1985a]

also serve to eliminate defects., These will now be

described.

2.2.1°Colloid Dispersion/Sedimentation
The p;egursor powders for advanced ceramibs are
usually 1 nm to 1 pm. They are termed as "colloids”
[Miller, 1985]. Extraneous defects in ceramic’ colloids are
inhomogeneities that can -be 1éo1ated if the colloids are
‘well dispersed. ‘The separation of defects in dispersed
ceigmic'col1oids b; 1iquid sedimentation 1is based on the .
different density or size of the defects relative to their

fine péwders. Differential settling velocities result and

.
~
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'-\corresponding settling time of fhe spacific undesirab.'le
defects «can be predetermined: - This .f,acilitates their
removal. Sedimentat'i/on te\chn'iques have been effectively used
to separate agglomergtes from fine powders. Rhodes [1981] /
settled 6.5 mol% Y;:a%bz powders in pH-1.2 water and
obtained agglomerate-free powders which gave 74 ¥ green
density (usual 'maximU'Fn green density is = 50 %) -and ‘.!00.'5\:
sintered density at sintering temperature 400°C below normél
(110,0'°C V.S, 1506°C). Langen[1986b] settled 2.3 mol% Y, O, -
;roé powders in pH-zgwatef, e1ihinap1ng hard agglomerates bf’:
size > = 1 pm. The.sqpernatanﬁ po;der WAS subséquently slip
cast giving a fired ceramic 350 MPa stronger than that. of
the as-received. Parish [1985] sﬁcnsssfu11y prepared Zroz
powders with a n.ar'r'ow size d;_istr‘ibutioq (0.4 to 0.6 u!n) by
repeated sedimentatjon in methanof but the sedimentation
proceduféé were not reported. The application of Stqkes’ law
to these non-ideal systems is not simple. Inclusion defects
of higher density +than the ceramic powders -are also
eliminated by sedimenta£ﬁdn,'byt this has not.been reported..
q\\Ibe sedimentat%on behaQibr of so11d ;bartic1es‘ in
‘liquids’ is often characterized by Stokes’ law [Geiger, 1973j-
which describes the terminal settling velocity, 'V, of a’

L)

single spherical solid particlie in a dilute suspension as ;

2 R%(p - p,) g

.11)
an '



18

where R is the radius of the solid particle, e, and p, are
the density of particle énd liquid respectively, g the
gravitational acceleration and n the viscositQ of 1ligquid.
According to the coriginal derivétion,.Stokeg' law strictly

'app1ies Qn]y.to a single sphérica] particle settling under
1am1nar flow Eonditipns. Corrections must be made to
accurately determine the sedimentétion time in practﬂca]
‘colloid dispersiéns aof non-infinite-dilute concentéation and
non—sﬁherica] paﬁttclesl These corrections are associated
jwith the non-sphericity, hydrodyﬁaﬁic and e1égtﬁostat1c
-éffécts'kAppendix B). The non—sphéricify of particle shape
necessitates the defmition of an “equivalent settling
velocity diameter” (D __ ). This is defined ag the diqmeter“

] of an equivajent sphere having the same terminal settling
ve1oc1ty as. the noospherical particle. For ‘most commonly
encountered partic¥ shapes, D,,, is smaller than the
convenﬁionq} optically microscopic part1c1e jgiameterf Dm.

'Eq..(zzijl indica}es that the actual settling velocity based
on D;el is sma]]er\;han the éxpected sétt11ng velocity based

‘on Pm' i.e. underthoét Fonditions, pértic]es_wi11 éett]e

! M

megg\ slowly than . predicted' be ‘Stékes’. law. The
non-infinite-dilution of '2011oid_ dispersions necess}tates
h;drodynamic and electrostatic correct}ons,-The former- arise
from the backflow genef;te& as a pérf%c1e falls threughlwmzf
f%did dragging. some . f]hid ‘Wi\h ;t: 'In_ a bounded ,ai]ute:

system where particles are far apart, the overall effect of
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9.
4

London-van der Waals attraction [woods, 1988b] or hydrogen

[¥]

. S}euking up ‘tHe powder clusters and (c)hstabi1izing

. ) 19
this backflow is to hinder particle settling resulting in a

decﬁeasad sgtt]ing ve]bcity as compared with that‘predicted‘

by Stokes' law. The electrostatic effect is associated with:

the repulsion of charge which qpmmon1y exists in

colloid dispersions and Hydrodynamic influence comes into

effect as a result of interparticle peparation.\?The

\

prediction of actual sétt]ing velocities in a practical

~

-fluid system is facilitated by incorporating a correction

factor, F, 1nto the right-hand side of Eag. (2.11) (Eaq.

(B.7))Y. The numerical. value of F may be expressed as ;

e

F/= (1.93 o )+(1 - 6.55C)+(2.32 = 1.5 p3’ - 3.75 p,') (B.8)

CA theofetica1 prediétion based on Eq. (B.8) has not been,

reported. It is suggested that experimental determination is

- best for the complicated systems.

Successful® sedimentation requires ‘good dispersion.
4

Fine ceramic powders are normally f10ccu1ateq due to weak

bonds [Pimental, 1960]. Such aggregated dbwders will settie
simultaneously with defects on sedimentation so effective

dispersion is necessary. Dispersion of fine '‘ceramic powders

consists of three stages: (a) wetting the powders, (b)

he
particles against flocculation [Parfitt, 1873]. Stage‘f

involves interaction between the particles and_dispersion

-~
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medig wherein the degfee of wetting depends on a balance of
the surface tensions of solid, liquid and vapour [Parish,
IQpé]. Liquids with high surface tension (eg. water) 1ﬁhib1t
p%oper wetting andladdition of “surfactants” decreases the

liquid surface tension and promotes wetting. Stage (b)
s

_involves mechanical agitation to expose new surfaces to

%urther wetting. This may require simple stirring or more
rigorous ultra- sonification or.miT]ing; depending on the
agglomerated state of the powder. Ultrasonification has been
shown more effective than milling for breaking up soft
agglomerates [MacKinnon, 1883]. Milling also serves to

-~

dowq;sdfé fine powders and hard agglomerates therein.
e ‘

~.~Milling can however introduce extraneous contamination from

< the mill or its media, causing subsequent prgblems [Ferrari,

.

1983]. Stage€(95 involves the development gf interparticle
repu]siqn§ Fé | couhperba1ance the London-van der Waals
Attractions_ which naturally exist between particles. The
common . repuisioé>. soﬁrces in éo]]oid syétemg .are
e]ectfostatic and = steric répu]sion [Miller, ;985j.
E1ectrostafic repulsion . interactions between colloidal
partib]es ' ;rise from the "e1ectr1ca1 doubile layers”
associapgd with adsorbed 1ons‘on'the solid and counterions

S

in the golution. For meté1'oxides the surface ngpnbed ions

-~

are often [H'] which lead to counter [OH"] 'id&s in the

diffuse layer in the solution. Adjustment of the pH away

v

from the "ZPC" (zero point of charga, the pH Qa]@e of the

-

. :
b s
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suspension that results in zero surface charge) Jleads to
effective electrostatic repulsion (Woods, 1988c]. The'
magnitude of dielectric constant of the solution is an
indication of the ability of a solution to hold charge. The
higher the die1ectric‘constant the stronger'the potential
repulsion [Périshw 1985])]. The combined effects of the:
London-van der Waals attraction and electrostatic repulsion
explain many co&]oid\?ispersion phenom;na and is the basis
of the DLVO-theory1 [Miller, 1985]. DLVYO theory predicts a
maximum in the total ‘1nteraction energy curve such that
sufficient ener@y must belprovided to surmount this barrier
to make f]occu]at{on oécur. i.e. the system 1is 1in {ts
stabilized dispersed state. This state of affairs is
i1iustrated in Fig. 2.3. Steric repulsion is the interaction
between particles due to the adsorption of large
macromolecules or polymers thereon. Part of the adsorbed .
molecule is solubie in the solution and exténds away from

the particle surface forming a sferic barrier to the

approach of other particles so promotihg def1oc;u1atiqn. No

. maximum exists in the combined energy ‘curve of London-van

y
der Waais gttraction and steric repulsion inditating that

steric stabilization may be more reliable and efficient than

electrostatic stabilization. Steric stabilization is only

4

1. Thiae theory was developed b§ Der jaguin, Ln'ﬁdlu, Verwey and
Overhbeek. ’ :

——\I
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‘Understood gqualitatively in comparison with the titative
predictivity of the DLVO theory [Miller, 1:3::i//1t .1s
considered that electrostatic stabilization 1s sufficient
for colloid-dispersion/sedimentation processes. Since this
approach- simplifies the design of experiments and
interpretation of results thereof. It is also more useful as
sedimentation may not réqhire very stable dispersions (such
as pfovided by steric interaction). Inhomogeneities in the

~
fine powders must settle in a finite time.

Selection of approqriaﬁe'media for good.diépersion
1s?va prerequisite %or successful sedimentation. Severé1
techniques exist for determining the dispersiveness of
powders in liquid media [Mizuta, 1984; Parish, 1985; Woods,
1988c]. The “sediment volume test” is the simp1eStJ and
although qualitative is sufficient]y reliable. The .procedure
used by Parish [1985] ‘to determine the dispersidh ability of
organic liquidngér various oxides is as follows : 4 voi%
powder is dispersed in 0 ml of 1iquid 1in graduated
9y11nderé. After vigorous mix{ng,. the suspensions .are
‘allowed to stand and sg;tTe. Thé final sediment volumes
theights) are used to indicate the dispersion abi]ityféf the
° media. In a flocculated system the particles wiTﬁ settie r
rapidly and a loosely packed sediment is obtained, i.e. the
more aggiomerated the powder, the "looser” the final packing
nd the 1largsr the finail se@jment volume, Conversejy, in a.

well dispersed system particles settle into a tightly packed
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bed and a smaller sediment volume results. Such tests have
not been report;d for tetragonal ZrO2 powders. 1In spite of
iys semi-quantitative nature, results of sediment volume
test are, correlatable with actual dispersive properties

[(Parish, 1985],

«2:2.2 Burnout/Re-Isostatic Pressing and Other Techﬁi ues
Organic inclusions from binders, 1int in the ﬁir or
general contamination are difficu1t1 to separate by
sedimentation due to their 1low density. Lange [1986b]
eliminated organic inclusions by prefiring the greenware to
800 °C for 15 hours and then re-isostatic pressing at room
temperature. The organic material was burnt out “and’ the
residual porosity closed b} the re-isostatic pressing. The
organic inclusions were not directly observed but the
streﬁﬁgh increased = 350 MPa which strongly supports their
existence and elimination. sudh procéssing is effective and
feasible but the prior identifitation of the organic
inclusions is. necessary if ﬁhey are to be avoided. 1In
practice, burnout is a coﬁpromi e between 'volatization of
the organics and the non-initiation of sintering.

Several other ceramic fabrication procedures
eliminate defects. Hot iéostatic preésing (HIPping) [Larker,
1985} and slfp casting [Tiller, 1986] are common processing
routes for synthesizing high-strength ceramics. Both

processes result in éintered bodies of nearly-theoretical

-
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density so eliminating pore defects as fracture origins
[Tsukuﬁa, t985a; Taguchi, 1985]. There 1is ample evidence
that HIPping eliminates 1large interior pores {Tsukuma,
1985a), and eliminates the residual defects that accompany
agg]omerétes [Tsukuma, 1985b]; S1ip casting ‘prevents the
formation of soft agglomerates [Lange, 1386b] and gives a
high green density [Taguchi, 1985] Yi.e. fgduées pores
duriﬁg green compaction). This 1is especially so if the
slip-cast ware is subéequently 1sobressed. However the exact
nature of defect elimination 1is unclear as monitoring of
defect behavior during processing is not possible.

' Ceramicé_synthesized by conventional dry-pressing/
isostatic-pressing/pressure1ess-sintering have . consistently
lower strengtﬁs than those slip-~cast or HIPped (Masaki,
1986; Matsui, 1984;  Tsukuma, 1985al. This is thought
associated.with the nonelimination of -pore and agg]omeréte
‘defécts. The prob]gmg of attaining higher sintered density
via this conventiongih foute may be solved by selecting
highly reactive starting powders ahd_ optimizing the

sintering conditions. S

From the the theory of defect-controlled féacture
and techniques for defect el\imination, it can be arguyed that
improvement of ceramic strength depends on how the defects
are- eliminated
utilized. One aim of the present work is to co@bine

conventional sintering with defect eIihiﬁéEfon techniques to

the fabriqation procedures
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facilitate the synthesis of superior-strength ceramics.

1 A 7/

2.3 Residual Stresses Associated wit Defaects and Their

Analysis
Thermal contraction and elastic mismatch2 between

defects and ceramic matrices induce resi ial stresses inside

and around the defects [Eshé1by, 1572; Lange, 1978; Selsing,
1961]. These residual straesses are believed to. play a role
in  fracture Jnitiation TEvaﬁs, 1974,‘i980a] and matrix
trength is mndifieﬂ [Davidge, 1968; Green, 1982]. However,
previous theoretical models [Evans, 1974, 1980a; Green,
1982] do hpt correlate WB]1-;ith experimental resuits. The
analytical procedure used to approach. these problems is to

superimpose the stress intensity factor associated with the

regfduay ‘stresg upon that resulting from the applied Toads:

nott, 1980]. Since the latter is often known, -it remains
to determine the residual stress intendity factor. A "weight’
function mefhod” is,particu]ar1¥ useful for 'this task [Rice,
1972]. directly tackles the residqaf stresses: acting on
crack lines, but its gpplication to ceramics haé-nat
been reportgd.‘RésﬁdUé1 strésses are a]go 1{ke1y developed

during the differentidl sintering of the agglomerates to

!

-

2. Stress induced by K elastic mismatch is actualliy 4 a transient
stress. Insomuch - as they intaract with residual strosses
from thermal miemateh, they are considered as equivelent
to .residual strese in. the present study. toe :

-

4



% 27

o

produce crack-like cavities around the agg]omerateg (Evans,
19682b, Kellett, 1984, Hsueh, 1986]. The relevant. fracture
behavior of agglomerate defects'has not been studied. In the
following section the possible sources of residual stress
associated with various defects are analyzed and the wéight-

function analytical method explained.

2.3.1 Sources of Residual Stress o v

solid inclusions of different thermal %xpansicn
coefficient with an elastic matrix develop thermal stresses
therein as the temperature changes. If these are not
accommodated by the inclusion or matrix a residual stress
develops [Evans, 1980b; Selsing, 1961]} _Such is often. the
case for ceram{cs when cooled from sintering temperatures.

Selsing [1961] analyzed the magnitude of résidual stresses

‘developed due to thermal contraction mismatch between a

"spherical inclusion and the matrix. A hydrgstatic stress,

7. exists inside the inclusion given by

g_ = ‘M.(-TQ-TP)
T

— (2.12)
(1 + v_)/zE_ + (1 - 20!)/5i

_where'the di?ference of thermal expansion coefficients Ax =

‘(a;— a.), T; is the room temperature, Tg is defined as the

temperature below which residual stresseg are no-.longer

. A
relaxed via viscous de

or lattice djffusion
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[Evans, 1980b], © is the Poisson’s ratio and E the Young's
modulus. Subscripts i and = refer to the inclusion and
matrix respectively. For @ ¢ a  the hydrostatic r®sidual
stress 1is compressive whilst for @ o it is tensile. The
value of Tg has been theoretically calculated for alumina
assuming relief by lattice diffusion ([Evans, 1580b]. The
presence of glassy phase at the grain boundaries of
po]ycfysta]]ine ceramics facilitates stress relaxation by
viscous flow [Tsai, 1982]. In this cage Tg is expected to be
Tower .than that exclusively by lattice diffusion. The
components of residual stresses._ in the radial (Ur) and

tangential (GL) direction, in the matrix a distance r from

the center of an inclusion of radius R are ;

s

@ =0 (R / r)’ ' (2.13a)

o = -1/2 0_(R / ry? (2.13b) -

In the vicinity of an inclusion, residual tangential tension
tends to develop radial microcracking whereas residual
radial tension aeve1ops circumferential microcracking
[Green, 1983al. The occurrence and degrée , of such

microcracking depends on the magnitude of ¢ the size of

T‘l

: S N
the inciusion and the size of preexisting flaws at the

interface [Davidge, 1968: Green, 1981]. A minimum critical

inclusion size'(R:l") exists below which microcracking will

not occur [Ito, 1980; Lange, 1978]. Once it does occur the
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resigdual stresses w%11 be relaxed. The extent of relaxation
is thought associated with the res{@ua1~strain—gnergy—
release-rate for crack extension [Itq. 1980; Green, 1981].
Ito [1980} particularly 1ntFoduced a » strain-enéfgy-
relaxation functioél to deal with this- situation. Several
techniques exist for measuarg residual stress in mater1a1f
[Blendel]l, 1982; Kino, 1980; Narayanaswamy, 1969]. Thégé
involve measurements on a macroscopic sca]e: Correspondfng
measurements hav? not been reported for microscggic residuéﬁ
stresses (eg. due to thermal mismatch around .small
inclusions). . , !

Agglomerates 1in aj'powder compact— are expected to
develop residual stresses during gintering 'beéause their
differential green density resuits in differential sintering
vis-a-yis the surrouhding powder [Evans, 1982b; Langé,
1983a; Hsueh, 1986]. Péwder agg1oherates with a lower green
density than thé matrix will develop radial teng%ile stresses
at the agglomerate/matrix interfaces giving circumferential
cavities [Evans, 1982b; Ke1]ett, 1984; Lange, 1983a). Lower-
éreen-density powder agglomerates a}e unlikely to survive
conventional ceramic prodessing processes. [Graaf, 1983;
Lénge,.1986b], casting some Idoubt on their Gro'lé as the
agg]omérate defeéts in sintered bodies. Lange [1983a]
observed that those near-surface agglomékates of higher

green density than the matrix could also devefép

circumferential crack-like cavities. This phenomenon was

P T o«
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LY

attributed to the asymmetric stress fields resulcing from

the compression in .the agglomerate/matrix interfaces.and the

tension on the surface. ! Real agglomerate cefects with

. hY
circumferential cavities have been observed in the interior

as well as near the surface [Reed, 1878; Rhodes, 1981;

7Feg]ay, 1985]). Hsueh and Evans [1986] derived an expression

for the viscoelastic stress developed around agglomerates
during sintering based on the resuits of Evans [1982b]._They
found that a hard agglomerate in a '1ower~green-ddnsity
m;trix might deve1op a Stnéss s;;;;al hundred times larger
than that aésociated with a soft agg1omérate.and thus moré
likely become an agglomerate defect. The defect formation

process associated with a hard agglomerate has not been

analyzed, 1If the defects come from higher—green-density

powder agglomerates, the associated cavity formation may not

occur during the intermediate or later stages of matrix

sintering, where a radial compressive stresé exists. Pampuch
[1983] suggested that higher-g?epﬁ-density agglomerates
start and finish ‘sintering ‘ear1iér than the surrbunding
matrix. Therefore a rad1a1 tensv{é stress state develops as
the higher-green -density agg]o erate sinters faster than the
matrix during the ear]x/’stages of sinter1ng. Cav1ty
formation then occurs b/fore the subsequent compressive
stress state deve]ops._

The residua]ﬂsgggssqs_that develop as agglomerates
sinter can be relaxed \E;/ Jiscous flow and formation of

?

b
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circumferential cavities [Evan%ﬂ.1982b; Lange, 1983a]. Lange
[1983a] suggested a generalized expressfoﬁ for the residual
stra$&4\5e5u1ting from the' differential hsintering of
agg10mer;fes. Th}s residual Ptrain {ac) was equated to thé

difference . of - linear sintering strain- between the

agglomerate and its matrix, i.e.;

1/3

WP (2.14)

where ei=1-(mn/pif ? is the sintering strain with respect
to greeh'depsity,(pni) and- sintered density (pi). Subscripts
m and a refeF”to'the_matndx and agglomerate respectively.

Kellett and Lange [1984) measured maximum stresses of

1 to 3 MPa to develop during the intermediate stages mof

densification. This sintering stress 1is much less than
predicted by Eq. (2.14) assuming elastic behavipra. This
suggests that the differential sintering stresses must relax

during the early stage o? sintering and v7Pscous-processes
1 3

caﬁnot be neglected. Evans [1982b] conducted a viscoelastic

analysis of residual stress formation and relaxation on

agglomerate differential sintering. Steadily increasing
transient stresses result from eiastic stress build-up and

viscous stress relaxation. Hsueh and Evans [j986]'der1ved an

*

expression for the developing viscoelastic stresses wusing .

N

3, The comparision is demonstrated in Ch. 8. v

L

R
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.cavity formation and sintering. Conditions, for cavity

32
a constitutive-law based experimental data. The hydrostatic

elastic stress developed inside a spherica1'agg1omerate is ;

L -~
Lo X
. AE .

G = £ (2.15)
1/4G + 1/3K_ '

Y ‘ ' ‘ .
where Asa is sintering strain difference between agg1omerate
&

and matrix, wh1ch i5 also defined in £q. (2.14). Grn is the

shear modulus of matrix and K the buik modulus of

agglomerate. The'time—dependent viscoelastic st}eés taking

eccount of the viscous re]axat1oﬁ“dur1ng sintering, ca‘\hji

expressed as ;
L}

t

: 12K G -—
o(t) = J _— 2 At(u) exp[—BK‘Gm(tmu)/(3K.+ 4G_)n_ldu
¢ 3K + 4G Co
.8 m (2.16)

where At (u) is the uniaxial strain-rate d1fferent1a-1 tr&

establishes the stress and M _is the viscosity of matr1x

Eq (2.18) was applied to agg1omerate sintering in Al 0 . It
was\\found that developing tensile stress for a lower-
green—dens1ty aggTomerate impedes the s1nter1ng and results
in a maximum stress of 1 to 2 MPa. But a higher-green-
density agélomerate develops a compressive stress aé,high as
300 MPa. The reTevan% eircumferential cavity formation and
its stress relaxation has not been treated. It }s also not

known whether. the residual stresses are totally relaxed by

/

(



J - 33
, .
format1on are- expected to depend on the're1at1ve s1nter1ng

rates, 1nterfaC1a1 bonduetrength and the preexiet1ng flaw |

—— e —— /

-, 7 e1ze at the agglomerate/matrix interface. Ito's study [1981]

-

. o} circumferential cracking around an 1nc1ueion‘euffer1ng

ir " thermomechanical stress ¢ "be used to analyze this
‘condition.
-/ ' Solid inclusions of di ferent Youné's modulus witn

their elastic matrix induce-glastic mismatgh stresses. on the
app1ieathn of an external'load’fcoodier, 1933; HaseeTﬁan,
1967]). Under uniaxial app]ied-teneion, stress concentrations

‘develop inside and' around the inclusion [Eshelby, 1872;

L

‘Goodier, 1933]. The stress concentration A within .the

.
*

inclusion, &, is given by [Eshelby, 1972; Evans, 1982a)
A : 1/ " .
W B L(E/E) = 1101 - 2v)

\c\“ - . E = 1 4+ - T (2.17) 7
R (B /E N1 + )] + 2(1 - 2v) )

s .

The steéss concentrat1on around the 1nc1us1on is greatest at:
the interface. The magnitude and direction of these elastic
stresses. was exemplified for a perfectly rigid iqflusion

' e

[(Goodier, 1933]. A radial tension exists at the particle

-
poles with a stress concentration, &;, of magnitude ;

E =. + . (2.18)"

r ‘ . : !

rqﬂig:ﬂz_gjo.zs. E_ = 1.96. A tangential tensien exists at the

e N -
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particle equator' with a stress concentration, E;, of

magnitude ; |
- [
N v sv
' Em: — - , (2.19)
8 : i1 + v 8 - 10v
for v = 0.25, Efi: -0.03, i.e. a compression results. The

magnitude of E: and E: for a real inclusion are expected to

be less than those for a perfectly rigid inclusion.
» v

Inclusion defects have beeg e&tensive1y studied with

respect to mibrocracking phenomena [Evans, 1980b; Ito, 1981;7

min

Green, 1983a}, R, under various condftions were explicitly
determined and stress relaxation modeled. Little analysis
exists on the influence of microcracking on strength [Evans,
1974, 1980@;.Green, 1982], Evans [1974] analyzed the case of
a radial crack extending from an inclusion under the
combined influence of ltﬁerm§1ﬂcontraction\ and elastic
mismatch (i.e. @ < a, Kcl>l'Kcn and E# E_, wﬁera K,, and
K.. are ‘the fracture toughness of inclusion and matrix
réspective1y). A methodology was d;monstrated. Evans [1980a]
further analyzed an inclusion -fracture model and fested it
for si1kbon inclusions iﬁ silicon nitride. The meésured
stréngth was underestimated. Greeﬁ [1982] analyzed a SiC
defect in a S'iaN4 matrix'assuming no elastic mismatch (i.e.
> o, K, ¢ K, and E=E ). An -inclusion failure model was

assumed "and the results were claimed ‘to+_correlate with

experimental data. B8oth techniques [Evans, 1974: Green,

L]
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A

1982i ugsed to calculate the stress intensity factor were

restricted to a through-the-thickness cracK or perturbation

‘of stress fields by ‘crack extension was neglected. A more

rigorous analysis is nicessary for the realistic situation
1
for a part-through crack experiencing residual stresses that

are partially relaxed by midrocracking.

2.3.2. Weight Function Method .

The stress fig]d i@ an elastic body is modified by
the presence of a crack and the modification is described by
its stress 1intensity factor [Knott, 1973a). In a multi-
loading condition the total stress intensity factor for a
specific fracture mode is the sum pf the individual stress
intensity factors for each loading condition of the same
mode -[Brocek, 1978c]. The problem of crack. extension under
the -combined .influence of residual and applied stress 1is
often simplified to tﬁe acquisition of a residua1'stress—
intensity-factor if the apried stress-intensity-factor'is
known. According to the principle of superpésition
[Parker, 1981a], the local stresses acting on the crack. line
can be transferred to. the remote boundaries (Fig. 2.4),
provided the stress function -éssqcia;ed ‘with the érackad
body. is known. The residual straééiinpehsity—factor can then
be écquired based oh shis "equivalent app]ied‘streés}. If
the re]evant st}egs function is not known (and usually it 1is

not) there are several analytical -methods for acquiring the

-
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residual stress-intensity-factor (Parker, t981tb]. The
"weight function method” is one of these which deserves
special attention. This method deals directly with the
residual stress acting on the crack surface and is therefore
suitable for the inclusion problem. The non-uniform
distribution of residual stress can be easily accqommodated
and the mathematical procedure involved is no more difficult
thaq‘integration. The weight'fgnciion\method has been Qsed
to characterize.’the extension of part-through elliptical
.;racks (with large depth~to-thickness ratio) in weldments
and during fatigue in metals [Besuner, 1974: Maﬁthéck,
1983a, 1983b; Wu X, 1984]. The accuracy was shown comparable
with that of the finite element method [Wu X, 1984]. This
method has not been applied to defecis in ceramics.
Following the expression derived by Rice (1972) and
referring to Fig. 2.5, if the crack opening displacement and
stress intensity factér are known for one c7ack geometry and
loading (System (1)), the stress intensity fac%or"éan bé
obtained for any ‘other symmetric loading (System (2))
applied to the same'crack geometry . The 'weight function”
(h).for a two-dimensional cfack symmetrical about the x-axis

and extending in the x-direction is ;

. | H  au(x,a)
h(x,a) ¥ .
N 2K

(1) 3a

I

where u is the crack opening disp]acement along the crack
_ ‘
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surface perpendicular to the x-axis, a the crack length,

(1)

Kl the stress 1ntensity4 factor for a known symmetric

loading (System (1)) and H = (E) (the Young's modulus) for

ne stress and = (E/(1—uz)) for plane strain. The stress

(2)

fagtor, «,° ,\ for another symmetric loading

intensity |

(System (2)) with stress, os(x), écting along the surface of
the same cqﬁak geomatry is ;
(2) @

K2 . I o (x) h(x,a) dx (2.21)
¥ 0 ®

(2)

The final expressions for Kl along the crack front of a

two-dimensional crack was shown to be [Bueckner, 1971] ;

,.\ X

H a ou(x,a) '
(2)
= 0 (x) — dx (2.22)
- .I ) K_]‘l) IO [~ ] da

}

: C(2 . .
A general expression for Kl for a three-dimensional crack

was given by Bueckner- [1977], but is difficglt to reducé to

{2)

the case of an e1liptica1L¢rack. The aver{age Kl along an

e11ﬁpﬁica] crack front has "also been detéermined [Besuner,

1974]). However, the maximum K:Z)

‘at the“67QS of the semi-
axes (EqQ. (2.6)) must be known in order to.study the crac(:
initiatYon issue. This’has not beén determined.

To a;bfy the weight function method to the problem
of an inelusion with.an e]]iptica1—sh§péd flaw subjected to

" local residual stresses. and remote uniaxial “tension, the

. NS
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parameteré for System (1) can be taken from the results of
«Irwin's modei (Ch. 2.1.1). The residual ‘stress diétribution
along the crack surface for System (2) must be known

§
‘2.4 Tetragonal Zirconia and Transformation Toughening
Tetragonal zirconia has reéen;]y eherged_ as a
structufal ceramic due to its uniqué stress—-induced phase
transformation toughening. Synthésis of tetragonal zirconia
) .
requires appropriate starting powders and optimum control of
sintering Studies of the transformation toughen1ng have
- estab11shed the linear e]ast1c nature 6?‘tetragona1 z1?con1a
and expﬂa1ned the high-temperature degradation of its
~mechanical properties. The characteristics of tetragonal
zirconia and transformation toughenihg are now described,
Zirconia has three po]ymorphé [Subbarao, 1981],

whose transformations are ;

2370°c 1170°C
cubic (c) £ tetragonal (t) s monocTinic (m)
\ 900°C

The monoclin{c phase 1is of little practiéal va]ui. Thé high=-
temperaturé‘cqbic or tetragonal phases can be stabilized by
doping w1£h conventional oxides such as Ca0, MgO and Y203 or
rare earth oxides [Garvi 1972; Porter, 1979 Tsukumd,
1986c]. Fully-stabilized cubik zirconia is used as solid
e]ectro]ytes [Baumard 19841 and convention$1 refractorieé

[Chen, 1983]. Partially-stabilized zirconia (PSZ) (c+t+m,



4
c+t, t+m, t) is used for structural applications such as
tools, extrusion dies, 1liners for cylinders etc. [But]er;
1985; Garvie, 1984]. Fine-girained 100% tetragona) Zro2

po]ycrystais- (TZP)  are synthesized by dop'ing‘"ZrO2 with
2-3 mol% Y,0; [Claussen, 1984]. These ceramics are reported
to have eXtraordinéry mechanical properties at ambient
témperatures [Masaki, 1986; Tsykuma, 1985a, 1985b, 1985d]. A
comparison with other structural ceramics [Butler, 1985;
Claussen, 1985] shows that the high strength)whigh thermal
expansion coefficient ‘and Tow thermal conductivity of
tetragonal zirconia make it a potential candidate for the
adiabatic heat engineuLKatz, 1986]. A concentrated effort
has impro%pd the - ambient-temperature strength and toughnéss
of tetragonal zircon%a. Average flexural strengths of 1500
MPa (3-point-bend for zirconia) [Masaki, 1986; Tsukuma,
1984, 1985al], and 2300 MPa (3-point-bend for zirconia
composités) [Tsukuma, 1985d] have beert_obtaine&. The high_
.ambient~temperathre strength of tét?agona] zirconia s
attributed to the unique tetragonal = monoc]iniﬁ phase
transformation. The high-temperature strength of tetragonal
zirconia is mediocrg. The aiminishing ‘potency of tne
_Lré%sformation toughening 1s'considered resdBﬁ;ib1e for this
degradation tC]aussen, 1985; Ingel, 1982; Tsukuma, 1985b].
-Retention of the maximum possible tetragonal phase ' is

essential 'in fabrication of tetragonal zirconia. This is
. P

accomplished via .proper stabilizer amount and grain size

.
»

&
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control as well as an optimized sintering schedule

[C]ausseh.“1984]. The sintering temperature must reside in

‘the tetragonal phase field as shown 1in the Yzoa—Zr‘O2 phase.

diagram (Fig. 2.6) [Claussen, 1984]. 1In th}s field, the
optimum sintering temperature and. duration is a compromise
between the prevention of excessive grain growth and fTull
densification. Fig. 2.6 outlined several fabrieation routes
and their rdsults. Only route 2 and 4 give fine-graifed 100%
TZP with goo; mechahical properties. Grain size control is-
also dependent on the precurgor‘powderf Because the éritica1
size for spont%}eous transformation to monoclinic “is = 0.3

uh [Gupta, 1978], the particle'size of the powder must be <

0.1 uh. The relative amounts of the Zroz‘ phases 1in the

' sintered body i;e\_gggbrmined by X-ray diffraction and a -

typical intensity vs., 20 diffraction plot for a‘partially-
stabilized zirconia (t+m+c) is ‘shoﬁn in Fig. 2.7 [Gupta,
1977]1. The ranée (éG = 25°‘to 40°) encompasses the strongest
]ines of the ﬁonoc]inic phase (x 2#53“ £]1T) -and = 31.7°
(111)) and the tetragonal phase (= 30.5 (111)). The cubic
phase peaks merge in most case; with those of the tetragonal
phase,fmaking cubic characterizaﬁion diffjcult (a s1ight1y.-
better distinction occurs at.the t(222) peak where 20 =~
62° to 64°), The tétragona] -+ monoclinic transformation

occurs more edsiﬁy on the surface of tetragonal-zirc;?ia

bedies [Green, 1983a; Satd, 1985). This transformation can

.be 1induced ' by grinding [Green, 1983a] or low-temperature

r

-
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aging (in the range 200 to 300 C and especially in water)
[sato, 1885]). Transformation by iow—temperature aging is
effecpive]y prevented by apbropriate stabi'izer levels and
grain size control [Tsukuma, 1984}. The grinding~-induced
.transformation leaves a residua1'compressive stress 1in the
surface thereby strengthening these materiails [Green, 1984].
This 1is not considered sz re<liable strengthéning method as
the transformed monoclinic layer can be polished away
[Lj. 19801 or fe-transformed< upon annealing (used in the _
present study). T;e machining (i.e. cutting and grinding) of'
test spec{mens can introduce surface compressive stresses.
Chemical etching fTroczynski, 19873) or ;q?ealing [Tsukuma,
1985b] &Fffectively remove these stresses. The . reTevant
) ‘
quantitative procedure has not been established.
Transforma%ion ougheninél originates from stress-
induced phase transformation of the metastable. tetragona1
ZrO2 phase to the monoclinic phase in the vicinity of
propggating cracks [Gupta, 1978]. This transformation is
martensitic and‘is accompanied by a volume increase of =~ 4%
[Evans, 1980]. From ;he mechanics .point of view [McMeeking,
1882], transformation toughening can be considered as
origihating‘from the residual stress field, or as a crack
shielding process. The g:ansformed zone ahead of the crack
- :
tip is under compressive stress folliowing the traﬂs?o ation
of tetragonal particies therein. The'untransformed ﬁatrix is
subject to a tens%]e stress. Tha resjdua] @tress developed

PR o
-

!_ Y . -
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from the resulting inhomogéneity of stre%? étates 1imits the
crack opening so providing additional hindrance to the crack
propagation. McMeekk?g [1982] moag]ed the crac7_§hielding
process and recognized ' that the transformation zone
gradually develops. to its fu]j size as the crgck extends.
The 1local fracture toughnéss increase results in R-curve
behavior (i.e. the crack extension resistance férce
1n9reases.as the crack advances), as shown in Fig. 2.8, The

asymptotic value of the increased fracture toughness for a

fully developed-zone is given by; 4 \\K

ok’ = [0.22/(1 - )1 EV, e YT (2.23)

3
'

where v is Poisson's-ratio, E Yéung's modulus, V_ the volume
fracpion of tfansformab]e tetragon&] phase, e’ the
transformation strain accompany{hg the volume increase and h
the transformation zone size, The constant tarm-bhanges from
0.22 to §0.55 whenr the critéria‘fqr transformation includes a
shear component- [Swain, 1985]). The fraﬁture toughness value
predicteh by the above theory agrees well withﬂexﬁe?imental
data. Evans [1984] demonstrated that a thermodynamic

approach yielded a similar result. Lange [1982a] considered

a fgenny-shaped crack embedded 1in a stressed composite

containing 2r0, inclusions. This ‘alternative thermodyngmic’.

approéch gave the increaséd strain energy release rate as

L e . .
2 R Vl(lbqﬂl - AU.. f) . (2.24)
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Fig. 2.8 Schematiq‘showing the R-curve and the aaéociated

transformation zone shapes in transformation

- toughening.

o o ) -

C

]



3 R T
where R 1is the size of the transformation zom;, Ql the
volume fraction of the tetragonal phase and (laG]1 - AU..f)}
the work done per unit volume by the stress field to induce
transfofﬁh;ion. Eq. (2.2?) is identical to jtﬁﬁt. of Evans
which gave Eq. (2.23). The consistency of the various
approaches indicate ZrQ, transformation-toughening is well
undarstood, Swa1n'[1986] proposed recently pthat the R-curve -
.behav%or pertaining « to transformation toughening may
1nf\uence the linear elasticity and strength degradation of
partia11y-stabfli£;-duzirconia. The , stable crack qrowth
accomﬁanying the R-curve behavior will produce pﬁonounced.
ndn]ineqr anq inelastic behavior. Thislmay‘resuTt in a final
crit{ca1_flaw size much'Iafger than the original preexisting
f]aw so Qegrading the predicted strengthn The extent of

e .
stable crack growth 1s“expé2fed/BrQEErtiona1 to the AKT in

Eq. (2.23) and hence the transformation zone size (h). Swain
] o ) . .

[1985] ‘obt ned ﬁexperimenta1 evidence that. MgO-ZrO2 and

Ceoz-Zr 2 having nonlinear inelastic loading responses also

have large h &a1ue6‘-(ﬁ 30 um). They also exﬁibit a
o o : , .

disproportional~ low . strength for .their high fracture

toughness (10 50‘15 MPa-m”z

). Similar reasoning can apply
to Yéos-PSZ. though; it has not been reported. For these
ce}amkcs, the"trénsformation zone size ig very C;ﬁ;;I
(= z.ﬁm) and o aésociated R-curve behavior is'neg1igib1a.u'
[Swain, 1986]. Predictions based® on this reasoning are

consistent with their mechanical behavior, i.e. the 1load-

| -
AT g7
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disp]acem?nt curve is linear-elastic and the strength 1is

exceptionally high with medium fracture toughness (= 6 to
9 MPaqE”z). Metastable tetragonal phase is retained at room
temperature by stabilizer addition [Claussen, 1984; Tsukuma,
1985¢c] and grain size control [Gupta, 1978]. Optimum
stabilizer contents are observed ko coincide with the
maximum retained tetragonal . phase and fracture toughness
'LTsukuma, 1984]. The maximum strength, on ﬁhe other hand,

A}

does not coincide with the m%fimum fracture toughness far
the various stabilizer levels [Masaki, isee; Tsukuma, 1984].
fhe reason for this .dffference is not well understood.
Suggesped reasons are the exjstence of cubic phase  [Tsukuma,
1984] or the occurrence"of surface 31astic diformation
induced by .the phase transformation tSwain. 1985]. This
anoﬁa]y does not violate the f]aw-strengtﬁ relationship
(Eq. (2.7)) or the transformation‘ tougheﬂﬂng thecries
(Eg. (2.23i) for fixed stabilizer tyﬁé//and~ content. The
grain size.'depenhence of tetragonal phase retention is
illustrated by the spontaneous transformation of tetragonal
grains over a critical size oﬁ cooling to room temperature
(Gupta, 1978). The existence of a critical size was thought
the consequence of thé ba]igce between the transformation °

?

strain enefgy: and the sgurface energy [Lange, 1982b]., For
- .
optimum mechanical properties it is necessary to use fine-

’grainad starting powders and prevent exaggerated grain
gfcwth during sintering. ° The gtress-indﬂced phase

» -
.
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1

transformation-is also température-dependent {Lange, 1982c].
The chemical i driving force (and thus the free enafgy
difference between the teyragonal and monoclinic phases)
diminishes as temperature 1nqreasea and vanishes above the
hhase transfo?ma£ién temperature. This is ijl1lustrated in
Fig. 2.9{a), where the fracture toughness ofI tetragonal
zirconia and its lzomposites is drastically requced with
increasing ~temperatﬁre. The corresponding strength also
decreases (Fig. 2.9(b)). Lange [1982a] explained this via
the free energy term, aG°, of Eq. (2.24). The tetragonal-
monoclinic transformation temperature of PSZ was repofted to
be 600 to BOOQCLQSTaussen, 1984]. The temperature dependence
of the transfokméﬁjon toughening Himits the usefulness of
these Zro, materiaTs at elevated 'ﬁemperatures. Claussen
.‘[1984] pointéd out ° that special high-temperature
microsfructures must therefore be deyeloped. ‘ k
2—3'm01%'V;OSfP$Z is a suitable model materjai for
the present study. It 1is 1inear e]astic‘ at ambient
’temperatures and fits into the- flaw~strength relaticnships
of LEFM. The attainable high ambient temperature strengths
are expected to giver a wide range of fracture stress
fol1owing'a series of processing modifications, thus a good
characterization of f1aw—strength re]ationsh{ps can be
obtained .using this material. There is a wet}l—_estébh'shed
data base of strength for ‘this materi§1. fabricated ‘bf
,Qarious methoﬁs. Finally, - the prominent temperature-

.
-
L
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(a) Fracturfe toughnesSs—piotted v.s. temperature

for four Zro, ceramics.(b} Flexural strength
plotted against temperature for a ZroarA1203 .

composite material.
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{ dependence of fractureetoughness in this material makes
possible the distinct charécterization of the flaw-strength
relationships at elevated temperatures.

-

2.5 Principal Experimental Techniques

Many experimenta1' techniques were wused in the
present study. Standard ﬁe hniques including SEM, XRD and
other sophistidQEEEF equipment which require routine
operation and result interpretation are not described.
Special techniques developed specifically for the presenf.
work are described in the experimental procedure sections.
Those techniques vital for data procurement and exﬂerig?nts

T
conducted, are now described.

2.5.1 Fo 1nsiBend Strength Test and Weibull Statistical
Anal of Data | |

In the présent study, strength data was acqaired by

Fhe four-point-bgnd test. The reliability of strength data

depénds on the proper preparatiop of test specimens. as well

as the accurate performance of tests. The acquired strength

data was analyzed by Weibull statistics

(13 Four-Point-Bend Strength Test
Strength is a property neededs for design and
development purposes. The tensile strength of a component is

defined as the maximum opening-mode (mode 1) fracture stress -

L
T
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in a uniform tensile stress state. It 1is -related to the
fracture-initiating flaw through the f ture toughness. The
standard tension test for metallic ﬁg::?:a1s is difficdult £o
perform- on ce}amic materials due to fixture grib ‘and
specimen preparation problems [Quinn, 1984]. The bend test
(f1exdra1 test) ig most often used to determine the tensile
strength of ceraﬁic materials. The bend- strength (flexural
strength) ie aeffned as the maximum éutéF fiber stress
developed in the fracture of a standard rectangular beam.
fhrée-point-bend or fbur;point—bend test geometries are
conventio)a]]y used [Baratta, 19821, as ghown in Fig.x%.10
(a). The /four-point-bend fest is preferred for'aésign‘aata
as a larger test vo1Qme=1s involved in the maximum tgnsi1e
stress region (Fig. é:1p(b)). This . ensures a ‘higher
probability of streséins'a critical flaw. Thé conventional

formu]a used for calculating the bend strength of 3

l'rectangufér beam, S, ih four-point-bend f]exure' 15,-[DOD.

’

g

19837 ; - ‘ R Lt
vt
3PpL_~ .
§ = ——- (2.25) "
4-bd

-whenéLP is the brqak1bg » L the outer span, b the specimen
'Qidfh .and d'the specime 'thickness. If the failure 10cat1on
of the- spec1men 1s//uts1 e the maximum fiber stress reg1on,

a cprrect1on must be made, i.e. ;

P



— X L

|
—~{

R

.

Three-point bend

(a)

Three—po1nt bend

T;_M»

" Fig. 2.10

(b)

. 4 E_
- ”FJUU}JLII ;
el PR
~

max. fmcfure stréss 1

1. © Py

Four-point bend

Four=-point bend

ﬁ@&;%%&%%%%é%&z%”%‘“%%7

53

(a) Loadiqg arrangement of three-po1nt bend and

four-po1nt bend (b) Stress states of three-po1nt
bend and four-point bend
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where x is the distance between the nearest inner bearing
cylinder anq fracture surface. tTO characterize the flaw-
strength relaticonship, the ° location of the fracture-
1n1tia£1ng defects on the fracture surface must be known and

the corresponding fiber stress (F.S.) determined as;
| ;

F.§. =8 « (2h / d) (2.27)

-

where h is the distance from the centre of fracture origin
to the tensile surface. The variation of fiber éi;;ss across
the fracture. origin can be reasonably neglected since the
natural flaw is very-smaT]lcompared witH the thickness of
specimen fobserved in the present study). The bend-test
specimen is very surface and edge sensitive and bend testing
is very error-prone. A lack of adequate care in testing is
often the major cause of the dnre1iab11ity [Quinn, 1984]. A
standard for the flexural test of ceramics at ambient
temperatures has recently been prepared by DOD [1983]. This™
standard ‘(MIL*STD-1942(MR)) is the most up-fo-date and
unified one 1in the United States. Similar standards also -
exist 'in Japan and GermanQO.[duinn, 19847, fhe American
standard was adopted 'fn the bresent study. The spéciméh .

dimensions, finishing procedures, fixture design and machine

crqss—head speed are spaecified as pér‘Tab]e 2.1. In addition
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Table 2.1 Summary of MIL-STD-1842(MR) for flexural test of
ceramics at ambient temperatures '

Size A : 1.50%£0.03mm x 2.00%0.03mm x 25mm
Size B : 3.0020.03mm x 4.0020.03mm X 45mm
Size C : 6.00£0.03mm x 8.0020.03mm x 90mm

Specimen
Dimension

Grinding Media : Water or other suitable media

@Grinding Mode : Surface, paraliel to long axis,

. - . no blanchard or rotary grinding

/} Specimen coarse stage : <0.03mm/pass and <0.06mm/face

Finishing} fine stage : with diamond wheel 200-500 grit,

<0.002mm/pass and >0.06mm)face

edge chamfer : four long edges at 45 , a dis-
‘tance of O.HSt0.0Smm, or round
with a radius 0.20x0.05mm

Fixtures | A : 20/10 mm, B : 40/20 mm, C-: 80/40 mm
(os./is.) (Accuracy +0.10mm) '

Rol) Dia.| A : 2-2.5mm, 8& : 4;5mm, C : 9.0mm
CH. Speed| A : 0.2mm/min. B : 0.5mm/min., C : 1,0mm/min.

#$ of Minimum 10 for estimating the mean Gy .
Specimens Minimqm 30 for estimating the Weibull modulus -

to conforming with the Standard’'s requireme;ﬁs, a ‘samp1e
hoider 1is <donsidered 'necessary to adjust. the relative
position of the specimen'and the fixtures. The design and

use of such a holder is part of the presenti study. No

parallel standard for the high-temperature f1exura1 test

- exists at present. DOD [1983] suggests that MIL-STD-1942(MR)

be used as a basis and the fixture materials ve converted to

hot—hressed silicon carbide. They(a]so recommend 'use of a
| )
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loading rate-so fast as to cause fractyre in a few gsaeconds
' o

thus Q@nimizing time-dependent phenpgflena such as creep and
slow crack growth. The FJapéﬁese standard (JIS, 1981)
recommends either silicon /p?tride, silicon carbide or
alumina be used for the fixture construction.

-

]

(2) Weibull Statistical Analysis of Data
The strength data of ceramic materials ekhibit a
distribution of Yf1ue;‘wh1ch are adequately described by a
Weibull distribution function [Weibull, 1951; Weil, 1964].
Use of the Weibull distribution funcpibn characterizes a set
of strength d* with respect to its variability
(represented as the Weibull modulus) and its mean fracture
stfength. Oon such a basis, different sets of strength data.
can be compa}ad. The two-dgraﬁéfer Weibull distribution

functiqn can be_general]y expfessed as [Weil, 1964];

. o .
P=1- exp [-[ ‘J K-(V,S)] (2.28)
0

ﬁhera P is the probability of failure, o, the fractura

stress, g, the scale factor (also the characteristic
strength) and m the shape factor (also the Weibull moduius).
K is a term, related tQ loading configuration (i.e. tensile,
3-point or 4-point loading) and flaw location (surface flaw

or volume flaw). (Vv,S8) is the corraesponding stressed volume

(V) or surface ¥rea (S). In the four-pointsbend test,

v
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K=1/ 2(m+ 1)2'for_a vofume flaw and K = {[1 / (m+1)] +
(b/ad)} / 2[t + (b/d)] for a surface flaw {q?ya£11aka, 1979].
The various meﬁhods of dealing 'with E&i (2.28) lead to
dift:;}nt values of m and‘b; {Batdorf, - 1978; “Jeryan, 1978].
The position estimator, P = (j - 0.5) / N (where j and N are
the corresponding sequential and total number 6f speqimens).
shows the least bias {Bargman, 1986]. Curve fiﬁting by the
least: squares method is the simplest way to analyze the data
and gives high accuracy [Je-yan, 1978]. Eq.‘(2.28) can be
reérranged in a linear form ;

o .
[
LY

1
In in (f————:] =m Ino  + [ In K (v,8) - In o (2.29) >~

{ - 0

-

A plot of In In[1/(1-P)l\:.sl In of\wiiﬁgcurve-fitting by
' least squares method gives a straight line of slope m (the
Weibull modulus) an;' the intercept [7n K(V,S) - m‘In 9,3.
The Weibull modulus is an indication o% strength variability
and a high value ;s desighble. The mean fracture stress,‘on,
‘can be obtained by inserting the specific K term and,the
stressed volume or surface area of the specimen into the "
jntercepE equation. This _giveé o

o’ and the following

r§1ationship [Stanley, 19731

=1/m

\ | '
o = o, r[ . (%) ] [-K (v,8) ]  (2.30)

where I .is a gamma function. The calculatiion of is



/{
58

tedious and not often done [Jayatilaka, 1979]. In most cases
the arithmetic mean, a, (at P = 0.5), is substituted for
a. This results in an error ¢ = 5% {[Bergman, 198§] and is
considered acceptable within the variability of the data.
The accuracy&Bf m and U {and hence o and On) strongly
depend on the number of test specimens [Jeryan, 1978]. The
MIL-STD—}942(MR)-standard specifies at least 10 samples are
required to obtain a values and at least 30.samp1es for m.
Even so a 2 to 4% error of average fracture stress and a 25%

error of ﬂeibu11 modulus, within a 90% confidence interval,

may 'result. - - 1

2.5.2 Fracture Toughness Tégfing‘Using Chevron;N%}ched Bend
Bar

In the presentfstudy the fracture toughness of the
material is acquired by the chevron-notched-bend-bar
technique. Thfg geometry has the merit of easy specimen
preparation without precracking and data prqcurement without
knowledge of the crack length. This tecnniqug is therefore
particularly suitable for ceramics. Subcritical crack grSGEhN

W7
problems and crack initiation difficulties can be associated

Y
with this type of specimen and 1t 1in -invalid
measurements. The present technique is refore improved as
part of the work reported herein.

Fracture toughness determiriations for ceramic

4 materials have utilized the double-cantilever beam (DCB) or

A}
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the double torsion (DT) technigque {Freiman, 1988]. The
precracking procedures with. these geometries are often
tedious and crack- IengthlLea urements have to be 1nvo]ved
‘Revised chevron-notched bar ; eometries have racently been

developed, which eliminate the necessity of precracking and

lead to easy computation of the fracture toughness value -

directly from the maximum 1oad_witb no prior'kn6w19dge of
the crack 1engtﬁ [Barker, 1977; Shih, 1979]. Among‘severai
specimen types ‘reviewed by Newman [1984]';the beﬁd—bar
' specimen is best for high-temperature’déterminqtjbnslgnd was
adopted in the present study. The:1bad1né arrangeﬁent'and
the geometry of the four-point—bend cHevron—notChed bar are

shown n Fﬁg. 2.11 [Munz, 1981]. A chevron-shaped notch 1s

cut into one side ofm\he specimen and, upon 1oad1ng, a cracRT*\\

with initial length a, Propagates from the chevron' apéx. Thé
.crack width, b, continuously increases from zerpftO'the full
specimen thickness 8, corresponding to a crack of length a,.

Due to the special geometry of the chevron-notched bar, the

stress intensity féctor per unig load, KI/P, decreases as

the crack initially advances [Shih, 1981]. An increasing
lcad 1is required to maintain crack exteﬁgqgk and this

results in stable crack growth. K,/P passes through a

minimum corresponding to the maximum 16ad, thereafter K{

increases as the crack advané%s. Unstable crack gﬁowthﬂthen

follows. The K /P v.s. crack-extension curve and the

corresponding load-displacement curve_'&re schématica11y_

-y

s
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Fig. 2.11 .Loading arrangement and speci‘men geometry foﬁ

chevron-notched four—pm‘nt' bend bar .
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shown in Fig. 2.12. Munz (1981] used an energy balance
analysis to deriye a streaa-intensity-factoJ expression for

the chevron-notched bend bar in “he stable crack growth

regime. A compliance function, Yf, is " involved 1in his

expression. This has the same characteristics as K /P. The

< fracture toughnesgs 1is evaluated at the onset of unstable

fracture where the maximum load (Pm_x) and the minimum Y*
_(Y:) occurs i.e, ;

.

K - max x

‘ ' —_—_— Y ' . (2.31)
e B YW " (’“*

The complianceA function (Y*) is derived either from a

,straight-through~crack assumption [Munz, 1981] or a slice

model -{Bluhm, 19757. Y: is obtained by curve-fitting , i.e.;
\ -

" RIS S,8,; 112“1— %o :
Ym=(3.08+5.0000+q.3360)“—————[J+0.007[ > ]] ] (2.32)
' W . . W 1 - ao.

where all the parameters are as specified in Fig. 2.11. To
apply. Eq. (2.31) with validity, stable crack growth must
precede the final unstable crack growth. This condition
appea}s‘Bn a load-displacemert ‘curve as a noélinear region
| between the v initial elastic  region and final fracture
[‘Munz.;'1983].‘ The influence of notch geometry on K, = has
also 'bééﬁ extensi§q1y gﬁudiéd (Munz, 1980, 1981; Salem,

1987; Shannon, 1984]. It is gggera11y agreed that in thé

’
»
-
.
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range of @ = 0.2 to 0.6 and «, = 0.8 to 1.0 the measured ch

value 1is independent of geometry. The 1influence of the
displacement rate on Kl; has not been ascertained. A low
machine cross-head speed (> 0.05 mm/min) was conventionally
used 1in previous studies. This speed is about ten-times )
lower- than that used for the flexural testing of ceramics
(DOD, 1983]. The latter was chosen to avoid the subcritical
crack groglh. It is known that ceramics are susceptible to
subcritical crack growth in oorrosive environments at the
stress intensity factors well below the critical value
[Wiederhorn, 1974]. Similar behavior has also been found at

high t Sratures [Evans, 1986]. In both cases, the crack

velocity (V) is related to the ress intensity factor (Kr)

" giving\a three-region Klfv 9drvé. lower 1imit "threshoild”

K, exists below which crack will not grow. At high stress
levels, the curve asymptotes to K;.+ Between the threshold
K, and K _, Hbecritical crack growth follows a power law
relation and the'cfack.grows-at a relatively constant speed
over a considerable 'range of _Kl._ Recently Troczynski and
ﬂ}éﬁolson {1937b] studied the theoretical effect of
subcritical crack growth on K theterm1nat1ons via chevron-
notched spec1mens. Th;y foond the common]y emp1oyed Tow -

d1sp1acement speed could promote subcritical orack‘growth/

dur1ng stab]e crack extension and might invalidate the'KI

-

determination  using the P value (Eq. (2.31)). -

Experimental evidence was not 'given. To obtain -valid KI
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values via chevron-notched bend bar testing, displacement
rates free of subcritical cragk growth must be used.

The merit of elimination qf precracking in the
chevron~notched'specimen may be overestimated, particularly
for the ceramic samples. Recent studies of Troczynski and
Nicholson [1985, 1987b] have demonstrated that overload is
necessary for crack initiation due to non-ideally machined
chevron-notched tips in an 8 wt% Y-PSZ ceramic. This non-
ideal -condition was analyzed and modeled ([Troczynski,
1987b]. Sim11§k analyses-*are also found in éar]ier'studies
[Bluhm, 1978; Wu S.,.1984]. A modified chevron-notched
sam§1e specially for ceramﬁc ‘materials was recently
developed [Himgott, 1987]. Knoop ‘indentation was used to
introduce a sharp.sta ter crack at the chevron t%p and tests
were performed on several éi]icén nitride and silicon
carbide meterials. However, the success rate of va]id .teésts
was only 30%. In a more recent series of tests performed by
Sung and Nicholson [1988], extreme care was taken to prepare
quc1mens of 4.5 wt¥% Y-PSZ to ensure sharp chevion tips ‘but
still the test data did'not producé valid resultd. It %s‘

™~

thought . that transformat1on-1nduced /compress1ve residual
stresses resu1t1ng from the machining of the material
[Green, 1983b] may degctivate surface micg_gracks as crack
1ni£iators; "Clearly crack "initiation at 19Wer 1oads 1in
ceramic chevron-notched bar specimens is not "guaranteed

either because of improper specimen preparation.or.due to

L 4
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intrinsic ‘material properties: The reguired overload may
*easﬁ1y exceed the maximum Joad resi:lting 1in 1immediate
catastrophic fracture with no stable cragk growth. An
improved precracking technique is needed. It is suggeé&ed
that crack initiation 1in chevron-ndtched ceramic specimen
will never be as easy as expected. The conventionally
employed low displacement’ spged is very likely to promote
subcritical crack growth and so facilitates the c¢rack
initiation at a lower threshold kl. (i.e. lower 1oad5.
However it 1is argued that stable crack extension under
subcritical conditions will not be related to K o quu1ting
in Ainya11d fracture toughness determination. Only ﬁf _the
displacement speed 1$ dhanged‘after subcritical precracking
to that for fast fracture will the test.be valid. This

rationale has become'part f the present gtudyi

2.5.3 Fracture Toughnes Tésting Using Microindeﬁtation

. ' Hard‘ indent contact with the surface of brittie
‘maﬁeria1s produces 1ffever§1b19 damgge containing ﬁhe 1ndep£
impresdion and varjous cracks propagatjng ‘away ffoh thé
1nden£‘ [Evans, 1976a$ Lawn, 1979]. The extent of {ndent
impression and craékipg is (eTated‘to the é1qst1c/p1éstic
stress .fie1q }beneaph' the inqentqch Thﬁs in tan is

determined by the applied TOads anﬂ;thé material prbpefties

-~ . LA ' . . . L
[Lawn, 1980; Marshall, 1979]. Microindentation has long beéen

used to measure the hardness of hateria1s.‘Recent1y the use

_,
T
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of microindentation to measure the fracture toughness of
brittle materials has been extensiveﬂy studied [Evans,
1976b, 1979b; Marion, 1979; Niihara, 1982]. The most—gften
| cited formu]ation was_originaﬁ]y developed by Evans [1956?}

and later modified by Niihara [1982]. Evans® 15355]
conducted a dimensiona) analysis of the 1ndentatioquiacture
of a Vickérs indenter and determined the relation- between

tHe fracture toughness (Kr) and the test parameters i.e. ;.
: N

K® / HY a=0.48 (c/a)?'? (2.33)

where ¢ 1is ‘the p]éstic constraint factor ' (» 3), H the

hardness, é the impression radius and c the half median
crack length. Eq. (2.33) can be used when the Yodng’s
modulus of a material is unkﬁovn ﬁutnmay result in = 30%
error, Such an eguation 1is too 1nac§ura£e for application.
Niiﬁara {1982] ‘modified the approach by dincorporating the
bbse}ved Palmgvist cracks at lower loads in addition to the
no?ma1 median cracks '(ng. 2.13). The 'Paimqvyist cracks
accounted for thg discrebancy in Evans’' results {(Eq. 2.33).
The' finail expreasjdns for K[c were optained by curve-fitting

the experimental data, i.e..:

for Palmgvist cracks (0.25 <~1/a < 2.5)

(K, ® /7 H 2% (/e e =0.035 (1/a)™Y% - (2.34a)

-

h‘\s_
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Fig. 2.13 Top and crdss-sectional views of median, lateral
1, :
and radial (Palmqvist) cracks, mc, l¢, rc,
respectively around Vickers indenfation.

r\

. N\



68
for median cracks (c/a 2 2.5) ‘ -
4 . - .
(K, ® /' H 2’ (H/E 0 = 0.129 (c/a) 2 (2.34b) .

The microindentation techhique is convenient for
determination of fracture toughness at ambient temperatures.
It is used to complement Bther‘techniques in .the present
study.

d

2.6. Summafy of the Literature Issues and Statefent of the
Thesis Prob1ems'
S ' . .
The major +issues which led to the present studies
are as follows ; . BN
(1) the necessity for a systematic investigation of the

strength improvement of a model ceramic via a colloid

d:spersion/éedfmentation/burnout| and the bon@entionq]

dary pressing/isopressing/pressure1933'sintering route.

the chéracterization of theﬂ?1aw—strength relationship

~

- via an appropriate crack extension model and exploration

"of the relative severity gf\xthe fracture-initiating
: | S '

defect types. e N

(3) the exploration of the jnf]qeﬁéa of residual stresses

around- inclusions on the Strength of- their ceramic
. Lt e . . .

matrices. The associated .thermal contraction mismatch
and elastic mismatch 1is analyzed using the waight

function methed.

,
i, , .
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(4) the verification of the existence of residual stresses

associated with the defects in ceramics.

(5) the study of an agglomerate-initiated fracture model for

ceramicsf*
{6) the deve]opment'Sf an improved precracking technique for

valid ch determination 'using a chavron-notched bend

bar.

{
¥

SOQQ minor issues addeq are ;-

(1) the use of thé sediment volume test for 4.5 Wt% Y-P$Z
powders in agueous and organic solutions. |

(2) the annealing of surface residual stresses resu?ting
from the grinding of tetragonai zjrconia..

(3) the experimengi1 and theoretical acquisifion:of Tg data

k\v for tetragonal zirconia,

(4)bjustification of the application of the éfack extension
model to fracture-initiating defects in ceramics.

(5) an inve tiratkon of the' effect of the disp]aéement gpeed
on subcritical crack growth in chevron-notchéd .bend-
bars. '

Tﬁese topics are‘orgénized into aight chapters, five
on éxperimen;aT procedures and their resu]tarh'two on

theoretical tréétments‘and tﬁd‘]ast chapter on'conc1usions.

~

an
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. CHABTER 3 \ L T ’

Strength Improvement of Yttria-Partially-Stabilized-Zirconia
by Flaw Elimination

/3.1 Introduction ‘ oS
Yzoa—part1a11y-stabiIized' zirconia . (Y-PSZ) 4has.

extraordinary mechanical propeFﬁies at ambient temperatu?em
It has been found that the flexural strength depends on the
progessﬁng route, being higher for,hot-isostaticaj1y-pressed
or slip-caét maﬁeria] and lower for materials synthesized by
conventional sintéring (Ch. 2.4). Elastic brittie materials-
fike Y-PSZ have a strength correiatable with fracture .origin
defect size so increased flexural strength can be attgined
by eliminating or reducing the size.of tﬁgse'defects (Ch,
2;1.3). Sedimentation eliminates hard agglomerates énd solid
{nc1usions. Burnout of green shapes'f011owed by re-isostatic
pressiné’(;11minat83' resfdua}. pbros{ty' associated with
orgén{E' inclusions (Ch. ?.2). It .should ‘be feasible to \$:>
synfhesize superiér-strength materials by modifying the
conventioﬁal dry pressing/1sopressiﬁg/ﬁressure?ess sintering
routes. by these défectlelimfnation techniques.

~ Flaw/strength relationships for ceramics have beahl

extensively studied. These reJationéhips are considered an )

adeguate means of investigating the response of defects to-

.o 70



71

the elimination techniques. .vVarious models ~ of crack
extension from defects have been developed, refined and
apg]ied (Ch. 2.1.1). A part-through e]fiptica] crack model
is used in the present study.

The different defect types in a 4.5 wtx Y-PSZ are
examfned and their. response to elimination 'techniques

investigated. The consequsant improvement of flexural

' strength and precise characterization of the correlations

between the fracture stress and the fracture origin size are

undertaken

“3.1 Analytical Procedure

\1

The part-through e111ptica1 crack mode] was used to
characterize the correlation between the fracture stresses
and fracture origin sizes. By rearranging Eq. (2.7) the
resulting relationship is_ ;

Y Y a K

X = Is __ - constant. . (3.1)

9 ’/1_02 ‘,

i.e. a plot of 'or v.s. Y/a/® .shggld give a curve
charﬁEterized by constant K, . The fracture-stress-related
- fracture origin size inciudes’ not. only the simple dimensieh

- of the crack but. the geometrical parameter, Y, and the shape

parameter, ¢ . "Y/_/¢" is therefore termed the .equiva1ent

fracture origin d1mens1on 1n the present etudy‘
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The above model was app11éd to the data and fracture
stresses were calculated as the actual stresses ppplied to
the fracture origins. For subsurface origins this 1nvo1§bb
measuring the distance from the centre of the fracture
origins to the tensile surface of the specimens and
correcting fracture .stresses accordingly. The va}iafion of
the fibe# stress across the oriéins Qas neglected due to
their relatively "small dimension. The equivalent fracture
origin dimension, Y/a/®, was calculated from observed or -
approximéted pbﬂipticé] shapes. * Non—ei]iptical fracture
origins were!approximated by the closest g11iptica1 shape

witﬁ an area equal to that of the origin. The projection of

the semi-m‘inot;k axis paraliel to the tensile surface was

-

- chosen as the crack dimension. This is a compromise between

_—

the ideal Irwiﬁ“‘model and Bansal's modificaﬁion thereof
.& . -
(Ch, 2:1.1)." ¢ was calculated jrbm the a/c ratios and Y

values were determined by the location of the frécturgg
' ‘

. - . M~ .
origins. 1.94 was used for semi-elliptical shapes and 1.77.

for completely elliptical shapes (Ch. 2.1.1). Values,beiﬁean

%77 and 1.94 were assigned to shapes between these

extrémes (maximum error of = 5%).

2

~—

-~

s

M
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3.3 Experimental Procedure, Results and Discussion
4.5 wt¥ Y-PSZ submicron, powder‘- was used as the

gtarting material. The 4.5 wt% (2.5 mol%) YZO3 content 1is in

the range reported to give optimum %1exura1's§rength vaiues

(Ch. 2.4). The powders were dr‘y-breaseds in a stee] die at,

"40 MPa and isostatic- pressed at 300 MPa. The compacts were

then pressureIess-sinfered in \q;/juhg ‘the schedu]e shown.'

in Fig, 3.1. 99. 5%-theoretica11y danse s1nters were obta1ned.

after firing at 1400°C for 3 hoyrs at a heat1ng rate of

215°C/hr. Thls deni:ty is c1ose to that produced by hot

isostatic pressing

frhctura origins (Ch 2. 4)

The . sin*ered bodies ~were examined b;\\!RD (CuKa)

between - 26 = 28’ and 36 “as’ shown in Fﬁg 3:2(a). The

tetragogal ‘phase (111), (002) and*(ZOO) peaks at 26 = 30. 5° ,

'3%° and 35.5° respei}1ve1y are ev1dent No, monoc]inic phasa

((117) and (111) peaks *at 20 ~ 28.3° and 31.7 ") _were

' detected and no cubic pﬁgse (26 = 30" and’35°f'13‘preséht.

The sintered body was,the ~ 100% tetragonal phase, necessafy

for optimum strangth (Ch. 2,4). The sihtefed body was ground

nd is necessary tqu1n1m1ze Iarge pore'

‘A,_;'.u

4, Zircar Inc. Florida, NY

., U.S.aA, _ -

'S5, Carver, Win. ‘U.S.A.

6. Autoclave, Pa. U.S.A, r '

7. C.M. Co., NY. U.S.A. _ ]
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and polished.to 1 um, etched with dilute HF _gnd examined in
the SEM®.  The average grain size was = 0.1 um (Eig. 3.3),
well below the critical size required for fu]llretention of
tetragonal phase (Ch. 2.4).

The sinte;;d Blates were cut into bars, ground and
edge-chamfered to final dimensions, .25 x 2 x1.5 mm. The bars
were four-point-bend tested with an inner span of 10 mm and
an ,outer span of-20 ﬁm. The ;pecimen dimansioné, finishing
procedure, test fixture designm and test procedure alil
gonformed Qith the American Standard MIL-STD-1942(MR)
(Ch. 2.5.1). A specially designed adjustable sample holder
(Fig. 3.4) was used_ to set the 're1at1ve' position of the
specimen and test fixture wfth an acéqracy of £ 0.03 mm. The
design was such.as to avoid identified sources of testing
error (Ch. 2.5.1). |

During surfacé finishing of the test bars, . the
surface tetragonal phase can transform to monoclinic aqd the
resultant coﬁpressive residga] stress can strengtﬁen the
material (Ch! 2.4). As this was undesirable, a thermal
r%covery procedure was developed. A gréuhd test bar
(525 grit) was first examined by XRD (Fig. 3.2(b}). Thé
tetragonal (111) peak is lower and broader ?hén that of the

2

8. BDH, ON. Canada.

9, Philips 515.
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(b) high magnification, shqyinéfa

Fig.3.3 Microstructure of sintqfwg>4.5 wix v-psz (a) low

verage grain size ~ 0,1 um.
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Fig. 3.4 Design drawing of the adjustable sample holder.
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unground material (Fig..a.z(a)). It also shows some Ilow-
angle asymmetry, indicating the 1nf1uence of the monoclinic
(111) peak. There is also traces of a monoc[inic—phase peak
at 20 « 28.3". The height and width of the tetragonal (111)
peak was used to indicate the extent of aﬂnealing recovery.
The Qround test %?rs were ihermai[y treated between 500 and

1400°C for 0.5 hr and the height of th? tefragonal {(111)

peaks were recorded as shown in Fig. 3.5. It is clear that

:anngaIing at 1400°C for O.E hr is sufficient to retransform

the monoclinic phase and relieve the residual stress.

The experimentai .device used for bend testing is
shown in Fig. 3.8. This device is @lso designed for the
high-temperature ;est {Ch. 5 and 7)f3fhe test specimen is -
placed between the upper and lower fixtures and then loaded
via t;e push rod and support post connected to a load cel]’o'
and attached to the machine crosshead. The tesﬁing machine
is a compression type of capacity 5000 Kg11. The fixture has
inner span, 10 mm, and outer span, 20 mm. The fixtures, push
rod - and upper part of the support <tube are made of

hot-pressad a'lum'ina12 and the rollers are sapphireia.

10, Kulite TC-2000-500, U.S.A.

E
11, Wykeham Farrance WF 10053, U.K.
12. McDanel, NJ. U.S.A. >

13, insaco, PA., U.S.A.

-
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3.3.1 Fracture of Sinters o%‘the As-Received Powders \ | )
The flexural strength of samples made from the
as-received powders '%@l plotted in_ the Weibull plot of
Fig. 3.7. values ranged between 650 and 1020 MPa, with an
average of 880 MPa and a Weibull modulus of 12.3. These .
results are similar to those of ﬁrevious studies (Ch. 2.4).
Both fractgre surfaces of each test bar,.were examined.
optically at 80 X and the approximate' 1oca£ion’ of the:
fracture origins recorded. Representative half specimens
were ‘then sputter-cqated with gq]drand exémined by SEM at 25
KeV. The exact shape and dimensions of the fracture origins
were thus obtained. Inclusion-type fracture 'oriéins were
further ana1y?ed by EPMA to identify their composition: Five
typés 6f frécture origin were ﬁlassified as shpwn in
Fig. 3.8 to 3.12 (KV : SEM voltage in 1000 volts; KX = 1000X
magnification; bar gnit is pm). Type A originé (Fig. 3.8)
are re§u1ar1y-shaped elongated pores. These pores are’ o
cavities left by fiber-shaped, inclusions ‘after burn off.
These were termed "fiber inclusions”. No chemica1-
information could be obtained by EPMA. These pores act as
fracture origjns, Type'B origins (Fig. 3.9) are aggregates
of large grains-centéred in poré— or crackvtlike cgvities
surrounded by a matrix of smaller grains. These deTects were
associated witH original powder ‘“agglomerates” {(Ch. 2.1.2).,

Differential sintering of these agglomerates leads td this

defect morphology (Ch. 2.3.1).¢ The associated cavities act
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Fig. 3.8 Type A fracture origin =" fiber inclusion (a) low
magnification (b) high magnification.
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Fig. 3.9 Type B fracture origin - agglomerate (a) low
P magnification (b) high magnification.
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Fig. 3.10- Type C fractire drigin - iron inclusion (a) low
magnification (b) high magnification.
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| (b) T ‘
. Fig. 3.11 Type D fracture origin -~ alumina inclusion (a)

low magnification (b) high maghification.
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._(a)'l

' (b) |
Fig. 3.12 Type E fracture origin - pore (a) low

magnification (b) high magnification.
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as fracture origins. Type C origins (Fig. 3.10)J;re nearly
round or elliptically shaped dark regions of porous
undiscernible grains. EPMA examination revealed appreciable
levels of iron so these were termed “"iron inclusions”. It is
thought that iron particles in the compacted powder melted
and oxidized at sintering temperatures and’penetratéd‘the
local matrix. Tﬁeﬂjmpregnated zirconigfgrains then sinter
abnormally Teaving porous--region—with-visyally undiscernible
grains. These porous:;g jons had Jless goherency than the
matrix and so act as fracture origins. Type D origins
(Fig. 3.11) are large regions of irregular shape elongated
along the surface direction. They apg%ared gense and
coherent with the 1local matrix. EPMA detected aluminum
indicative of alumina.and were termed “"alumina inclusions”,
Although ﬁhese inclusions appeared coherent, their fracture
toughness is Iower than the zirconia matrix. Cracks could
initiate from these region. Type E origiﬁs (Eig: 3.12) are
'pores 1eft'after processing or deve16ped during sintering.
These could act as natural fracture origins.

To apply the crack model to the present fracture
origig types, sizq equivalence of ‘the défects and the

corresponding flaws must exist (Ch.‘2.1.1). The resuiting

equivalence is .considered toc hold for the five fracture
igin types. The obsérved f}ber inc]usions, agglomerates

and pores had well-defined cavity boundaries. Iron -

inclusions: act 'in a similar fashion to pores. As for
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alumina inclusions, there is no evidence of radial cracking.

Interfacial cracking or 1nc1ysion'frécture Justifies use of -

the crack model (Ch. 2.1.1). Experimental verification of

[~

A1293 inclusion-fracture will be given_ in Chapter 6. A

corresponding inclusion-fracture Todel is proposed in
Chapter 8. . .

The correlation between fracture stress and fracturé
origin dimension for the sﬁnters of as-reeeived powders was
established ,via the or; YYa/® plot shown in Fig. 3.13. The
results approximately follow the prediction of Eq. (3.1) for
each fracture origin type. Three distinct groups are
revealed i.e., A and B types are the most-severe group, C

and E intermediate aih,D type the least severe. These data

indicated a good correlation between the fracture stféss and
the equivalent fracture origig\ dimension. There is a
discernible order-of-severity for the fracture origins which
could serve as a priority guide for defect elimination.
Agglomerate defects were responsible for the largest
strength degradation. Some were 60 um diameter and resulted
in flexural strength values és\low as 650 MPa. gfforts were

first ‘made td'elimingte them. o ' .
3.3.2 Fracture of Sinters of Sedimented, As-Recefved Powders
Sedimentation has been used to remove agglomerates

from ultrafine ceramic powders (Ch. 2.2.1). On dispersion in

liquid mediéJ the “soft” agglomerates disintegrate and ;he

-
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‘"hard" agglomerates sediment out. Sedimentation behavior is

&

characterized by Stoke’s law following correction for non-

sphericity and non-infinitely dilute suspension (Appendi&n
1

B). .In the present study, the correction factor (F) (in
Eq. (B.7)) was obtained experimentally by comparing the
observed sizes of the agglomerate-fracture-origins with the
calculated ones. Successful sedimentation needs an
appropriate dispersion medium (Ch. 2.2.1). In the present
'Study,lthe dispersion efficijency of the-tetragona1 zZirconia
powders 1in various media was determined via the sediment
volume test (Ch. 2.2.1). Dispersion media representative of

L 14
saveral chemical groups were used, These were 2-propanel ,

@ethano1‘5,acetonelﬁ,1-butanb117,water pH-2"®, water pPH=7, n—

Hexane'® and propionic acidzo. Their physical properpies are”
listed in Table 3.1.

!

14, Fisher Certified A.C.S., N.J. U.S.A.
. " A
15, Caledon HP grade, ON. Canada. v
16, BDH assured, Canada
17, Fisher certified A.C.S., N.J. U.5.A.
18, Sulfuric acid : Baker NJ. U.S.A.

19, Caledon raagent grade, ON. Canada.

20. Fieher, N}, U.S.A.

L T
i
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Table 3.1 Physical properties of the dispersants

Dielectric|Surface tension| Boiling |Viscosity

Liguid constant v=1 {mN/m) point( C) (cP)
2-Propanol 18.3 21.3 : ‘ 82.4 2.86
Methanol 32.6 22.5 65 0.597
Acetone 20.7 25.1 56.2 - 0.316
1-Butanol - - 117.0 -
Water 78.5 72.75 100.0. 1.052
n—Hexane 1.89 . 18.4 69.0 0.326
Propionic 3.3 26.7 141.0 1.10
acid ¢ ’

2-propanol and methanol are alcohols. These have been
repofteq to have.exce1jent dispersion properties fob oxide
powders (Ch. 2.2.1). Acétoqe_is a ketone and 1-butanol an
a1coho1: They are common1y—u§ed éhemica] agenté with ceramic
powders and show no chemical reaction. Water, both acid and
-neutra].'has been reported to give good results (Ch. 2.2.1).
n-Hexgne s a hydrocarbon with negligible polarity and
propionic acid 1is an acid. These we}e 1nc1ude& for
compgrison. The dispersive ability of the former is expecte?
poor.whi1§E the latter should be good (Ch. 2;2:1)}.;39 test
results are shown in Fig. 3.14,. The best dispersions were
obtained in watef pH-2, methano1; water pH-7 and 2-propanol.
These results conférm with .their phyéica1 properties
(Ch. 2.2.1). Amongst the good dispersants, methanol and

2-propanol have strong hydrogen _bonds, relatively high

dielectric constants and low surface tension. Methanol has a
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a higher dielectric constant than that of 2-propanol. These
were reflected in the results. Water has strong hydrogen
bpnds and a high dielectric constant. However its high
surface tension may cause wetting dffficu]ty. To use water a
Qre—wetting and pre-dispersion procedure may be necessary.
Little difference existed between water pH-2 and pH;?,
indicating the ZPC for tétragona] zirconia 1i1s = pH-5,
con?istent with a theoretical prediction [Woods, 1988¢].
Othé} media did not have good dispersive ability owing to
pr dielectric constant or 1lack gf hydrogen bonding. The

sediment volume , test is semi-quantitative -1n nature

‘
(Ch. 2:2.1) and the results were only used to screen out
unsuitable media. The best four dispersants were further
. examined. by the sedimentation test. Calculations (Appendix
C) showed that 2-propano1 is the media most suitable when
the taréét phrtic]é size to be e11minated is large and the
sedimentation time is long. A previous study showed ghat
Stoke's law .is applicable to this__medium with the least

correction [Parish, 1984]1. 2-propancl was therefore examined

first in the present study.

5,
Y

‘To accurately calculate the sedimentation tiﬁe for
removal of target defects, the powders must be well
dispersed and start settling at the same time. This is a’
problem for high-surface-tension liquids or - highly
agglomerated dry pdwders. Powderé must therefore be pre-

'wetted and pre-dispersed before starting sedimeniation. In
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the present study the -as-received Y-PSZ dogderé were
ultrasonically agit;ated21 in a 4 vol% suspension of the same
dispersant for 30 minutes. The dispersed suspension was then
slowly poured into the bulk dispersant in a 500 m] beaker of
10 cm height and settled for the time calculated via the
corrected Stokes; law.

{1) 2-Propanol Sédimentation

Close examination of Fig. 3.13, reveals that 'the

fracture—initiating agglomerates had an equivalent dimension
172

> = 4 X 10'31n , or an eguivalent spherical diameter (Dm)‘
of = 20 pum. These agglomerates were therefore targeted for
removal. 4 vol% as-received powder was dispersed in 2-

propancl, wultrasonically. agitated and then poured into

2-propanol liquid and settled for a length of time
determined via Stoke's 1aﬁ\(F = 1, 1 hour). The supernatant
was removed, centrifugally conso'lidated22 and dried at 100°C
for 24 hours. The dried cake was ground, pressed, isopressed
and sintered (as per the as-received powder). The resulting
flexural s;fength data are shown in Lhe Weibﬁ11 plot of
Fig. 3.15. Fracture stresses ranged from- 740 to 1280 MPa
with an average value of 995 MPa. This is an improvement of

110 MPa over the as- rece1ved powda# sinters (Fig. 3. 7) The

Weibull modulus was 10. The reasons for the improvement are

21. Branson, CN. U.S.A.

22, Damon/IEC, RA. U.S.A.
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illustrated in the corresponding ¢ -Y/Ya/® plot of Fig. 3.16.
Again three distinct groups of defect-severity'emergé in the
same order as before and are well described by Eq. {(3.1}.
The observed agglomerate fractﬁre origin are < 4 X 10'3 m”2
-equivalent’ dimension, in good agreement with Stoke's law.
The reduction‘of agglomerate size which accounts for = 50%
of the fracture if the -main reason for the improvéa flexural
strength. Type-C iron ahd type-D a]uhina inclusions are also
Fedﬁch in size. Using Stokes' law to calculate the
sediméntation time for removal of the iron {nclusions. sizes
~ 1,15 tjmeS'larger than thgl:g:ﬂ:::;ates can be removed 1in
the same time. This verifies the ults of Fig. 3.16. The

C e . . . . -3 _1/2
equivalent iron intlusion dimension was < 4.5 x 10 m

after sedimentatgon. The sedimentation -time for type-D
alumina ' inclusions <tannot be calculated due Vto their
irregular shaﬁe. Type-A fiber incTusions-are'Uninf1uen¢ed by
the sé&imentation,_suggesting.their low density. '

To reduce ‘the agglomerate and iron inclusion sizes
furéher, and eliminate the fiber 1nc1u§ioﬁs, méthano1
sedimentation fél]owed by burnout and re-isopressing was

next investigated. - -

(2).Methaho1 Sedimentation, Burnoup‘ and Re-isostatic
Pressing v

Closg exahjnatién of the data in Fig. 3.16 shows
that reduc;ion of aggiomerates to Jerg small sizes i;

unjustified since fiber inclusions and pores then become the
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dominant fracture-initiating defects responsible for Jow

 fracture stresses. The second target for sedimentation was

, , . - 1/
stherefore set at equivalent dimension = 3.5 x 10 31n 2 for

- . -3 172 , . . , -
agglomerates and = 4 x 10 m for iron 1inclusions, 1i.e.
- R

. . ~
the elimination of agglomerates responsible for fracture

stresses < 1000 MPa and the. comp1éte elimination of the iron
jnc]usdons Methanol is suitable for this task (Append1x c).

Tﬁeifibsr 1nc1us1ons are mater1a1s of 1ow density that do
not survive sintering:)i;e. organics (Ch. 2.1.2). Burnout
followed by re-isopressing 'Las used so remove these

inclusions (Ch. 2.2.2). The a?;received powders were settled

in msfhano1 (as per 2-propancl sedimentation) qnd the /

—_—

correction for Stokes’ law was applied (F = 0.1, & hours);
The resuiting powders were then c;mpacted,'fired at 600 C
for 24 hours and then re-isostatically-pressed at 300 MPa.
The f]sxusal strength-data following sintering is shown in
Fig. 3.17. The fracture stresses are from '820; to 1470 MPa
with an average of 1150 MPa. The WG1bU11 modulus is 10. The
average fracture stress was 1ncreased by x 150 MPa over that

fo1?ow1ng 2=~ propano] sedimentation. The reasons for.strength

improvement are revea1ed in the correspond1ng a -Y/—/¢ plot

of Fig. 3.18. The relative sever1ty positions of the'

fracture origin types -remaﬁn _unchsqged and are well
i /
described by Eg. (3.1). Type-A fiber inclusions were

eliminated by burnout and re-isostat¥c pressing and their

disappearance leads to competition between type-B and -E

L

Ay
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fracture' origins. The rtype~C iron inclusions have also
disappeéred, suggegting they were > 4 x 10'3 m”2 in the as-
received powders or so small after sedimentation as to be
non-competitive fracture origins. 'Type-B agglomerates >
3.5 x 10°° m”2 equivalent d}@gnsion were eliminated as
scheduled by the sedimentation giving agglomerate-origin
fracture .  stresses > 950 MPa and as high as 1470 MPa. The
type-D° alumina inc]usi&ns ware partia]]y’lgemoved by the

. sedimentation and gave higher fracture stresses. The type-E
pores—were reduced in size by the sedimentation, burnout and
re-isostatic pressing proceﬁure. The processing resulted in
a total- improvement of 270 MPa average flexural strength
over the' as-received powder samples. Further strength'
improvement 1is now confined to the elimination of pore

. Voo ~
fraeture origins.

(3) pH-2 water Sedimentation, Burnout and Re-isostatic’
Pressing .

The results of sediment volume test indicated that
water (pH-2) was a good dispersion medium. Previous studies
also used wateér (pH-1.2 to 3).as a dispersion medium with
good results (Ch. 2.2.1Y.‘For a comparison with methanol,
the as-received powders were settled in pH-2 water and
pressed, isopressed, burnt-out, re-isopressed and sintered
(as per tth following methanol sedimentétion). The

aggiomerate size scheduled for elimination was > 3.5 x 10-3

1/2 , " . . .
m equivalent dimension. A considerable correction was
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applied to Stokes' law (F 0.03). The resulting flexural

strength data are shown in .Fig. 3.19. The fracture stresses

were between 950 and 1330 MPa with an average of 1145 MPa,
i.e. approximately the same as that following methahol
sedimentation.. The Weibul} moduius was improved to 16.5. The
‘corresponding ar—Y/Eﬂb plot is showed in Fig. 3.20 and is
similar with Fig. 3.18. The position of the relative
sever}ty of fracture origin types was unchanged. Type;A and
. -C fracture origins were eliminated as expected. The size
range of the aggﬁomerates is narrowsr as compared with that
following methanol sedimentation. This may account for the
higher Weibull modulus. No pore, fracture srigins were
observed at fracturel stresges | be]bw ~ 950 MPa. These

e

findings suggest a re1atidnsh1p‘between'the pore removal‘and
the‘sedimentation with burnout/re-isostatic pressﬁné. It is
thought that the dispersion. of the non-settled fraction
coufd give a& improved \green packing density enhanciné
deﬁsification and porosity e1{miﬁation on sintering. This
process could be further_aided by burnout and re-isostatic

pressing. The type-D alumina inclusions were not reduced in

U

7ééize by pH-2 water sedimentation indicating their-irregu1ar
behavior in sed{mentatiOn.
- It {s noted that although agglomerates could be
effeciive1y reduced in size and fiber 1nc1usi§ns and iron
inciusions +%totally eliminated by proper processing, the

average flexural strength could not be further improved

1

'.'w:‘.'th,.!l
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because the alumina inclusions and pores were uninfluenced.
}

It was also observed that further reduction of agglomerate

size by sedimentation becomes gradually unjustifiable since

the yield (the powder remaining in suspension) decreases.

This suggests”d'high content of hard agg]omerates in the

as-received powders which are not dispersed by the 1liquid

and its ultrasonification.

3.3.3 The Optimum Process _
Based on the above results, an optimum processing
route was 'identifieq, This involved elimination - of

agglomerates > 2.5 x__'{o'3 m'/2

equivalent dimension via
methanol sedimentatton followed by burnout and re-isostatic .
pressing. This procedure resulted in flexural strengths

betwaen 1090 to 1830 MPa with an average of 1380 ﬂPa and a -

Weibull modulus of 1g. This average strength is 500 MPa

higher than that of the gs—received—powder based ceramics.
Fractographic7,éxamination showed that fiber and iron
inclusions were eliminated and agglomerates were reduced in

size.

3.3.4 The Predicted Optimum Fracture Stress {'
The above findings predict that high fracture

stresses are attainable by fracture origin control. If (i)

the starting Y-PSZ powder is free of aiumina inclusions (the

responsibility of the powder supplier) (ii) agglomerates and

H
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pores are the only defectg existing in the final sintered
body’(iii) the size distribution of agglomerates and pores
is similar to those following methanol and pH-2 water
sedimentation (iv) the final obtainable haximum agglomerate
equivalent dimension after sedimentation is =~ 2 x 10”2 m'/?
(or = 5 um spherical diameter) then an average fracture
stre§s of 1750 MPa with a maximum value of 2050 MPa is
atta%nabie. This 1is the’ upper 1limit of four-point-bend
flexural strength or equivalent .data (statistically
cohveftad from three-point-bend flexural strength) for Y-RSZ
processed by the other methods (Ch. 2.2.2) (v) the lower
limit of fracture stress due to pore défects will be 1100
MPa corresponding to the lower limit of flexural strength
via hot isostatic pressing {Ch. 2.2.2). This strength level

was also achieved in the present conventional sintering

study. Pore-o;iginated fracture is assumed as agglomerate-

fracture will give the higher fracture stresé levels. The

predicted four-point-bend fracture stresses based on the
above assumptions }ange between 1138 and 2047 MPa with a
average of 1630 MPa. This figure should be realizable by
carefu11y'éontro11ed processjng <

3.3.5 Conclusions

The various processing routes and their results are

summarized in Fig. 3.21. It’Bps found that :

(1) 3edimentation is an effective 'means of eliminating

-

/
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(2)

(3)

(4)

410"

agglomerates and other inclusion-type defects such
as iron.

Burnout/re-isostatic pressing i8 necessary if
organic inclusions exist in the powders,

The part-through elliptical crack extension model

\ " -~

sagasfactori1y correliates the fracture stress and
equivalent fracture origin dimension. |
Careful processing can result in conventionally-
sintered ceramics with flexural strength values
similar to ., those obtainable by hot-isostatic-

pressing.

b
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CHAPTER 4 .

The Ré1at1vq“3ever1ty of Defect Types+in Ceramics

4.1 Introduction _ ,

The trend of relative severity of defect types has
been recognized in the previous studies -(Ch. 2.1.1). The
origin of this defect severity was not identified, nor
quantitatively characteéized. In Chapter 3, the part-through

elliptical crack model was put forﬁard to characterize the

' flaw/strength relationships for various processing routes

and revealed some important aspects of the saverity of

defect types in a model ceramic. These will now be ana?y;ed.

}
4.2 The Existence of the Severity of Defect Types

The results plotted in Wig. 3113, 3.16, 3.18 and

3.20, are gathered together 1in Fig. 4.1. Clearly the
behaviof of éach fracture-origin~-type is_ predicted_;by
Eq. (3.1). The curves reveal that the fracture origiﬁ fypes
differ with respect to® their responsibi11ty for fracture,
i.e., their relative "severity”. The type-A fiber inclusions
are the most severe (i.e. for a given size they reduce the
potential strength the  most), then type-B agg1dmerates.

type-C iron inclusions and type-£ pores, and finally type-D

alumina incluéions. The relative severity of thé agglomerate

111

3
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fracture origins decreases below 900 MPa and finally merges
with type-é and -E. Type-C and -E fracture origins have
almost the same severity. The part-through créék mode 1
considers a éraek equivalent to a pore with a traction-free
paeriphery such as miﬁht develop normally on sintering (i.e.
the moﬁe] predicts type-E behavior). Therefore the fiber-
1nc1gsion and agglomerate fracture origins are more séverg,
than predicted by the crack model, the iron-inclusion and

pore fracture origins the saﬁé\eg/ﬁggaicted and thé alumina-

inclusion fracture origins less severe than predicted.

4.3 Origin of the Relative Severity of Defects

An explanation of the seve'rity'of fracture orilgin
typeé Qi]] now be put forward based on associated residual
stresses. The microstfuc@ure of agglomerate fracture orfgins
(Fig. (3.9)) with their central Iarger-grgined region and
peripheral pores suggestﬁ the engy start and completion of
sintering. i.e. the higher-green-density agglomerates sinter
faster to final densityi.(Ch. 2.1.2, 2.3.1). This faster
densification at the early stage of sintering w111're§u1t in

a tangential tensile .residual stresses along the interface

.With the matrix (Ch. 2.3.1). This residual stresses are

- partially relieved by incoherency between the agglomerate

\ -
and the matrix resulting in a pore-11ké cavity. However the

densified matrix and the agglomerate itself may inhibit
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complete stress relief leaving a residual stress®’," This
residual tensile stress when ‘sdber1mposed on. the applied
stress could cauée fracture at lower stresses than predicted
by the crack godeT (the latter considers the part-through-
crack, residual-stress-free). The aggiomergte fracture
origin will thus be more sevére than a pore-of eguivalent

* dimension. Similar reasoning caﬁ be applied to the fiber -
incTusions; By resisting the formipg pressure during dry and
isostatic pressing, a denser packing of the mafrix Zroz
powder 1is expected to form local to the fibers. ‘During
sintering this denser 1ayer§h111 differentially sinter in a

Qay similar to the agglpmerate defect resulting in simi]ér

local residual stresses between it and ;he local matrix.

This denser Tayeflwili not break away from the matrix and

the residual tensile gtresses aré Qnre1ieved by cavity
formation. A more-severe conditi&n than associated with the
aggfomerate defects 'thus“ deve]osé (as observed). The

observed microstructure peripheral to the cavity left by a

fiber inclusion (Fig. 4.2) supports this explanation, i.e.

- | the ZrO, grains around the cavity are denser and have 1arg§r_

size indicative of faster sintering. The iron 1inclusions

will melt, cxidise and penetrate the surrounding Zro2

o —

23. The existence of residual stresses around ggglomerate
defects in ceramics i experimentally verified in Ch. &
and a residusl-stress’ retention modael ta proposed in
Ch. 9. ! '

L]



Fig. 4.2 A denser packed layer around a fiber inclusion
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e

particles dur1n§ sintering. No residual stresses should
develop around such defects. The ZroO, grains 1inside thgse
defects appear 'porous and -"unsintered and should have a
fracture toughness 1ow2r-than the surrounding matrix, i.e.
the iron inclusions shall act iike pores and have a severity

similar to pores ( observed). Alumina inclusions, being

coherent with e matrix, will de}zﬁop radial éompressive

and tangential tensile residual stresses around their -

periphery duq to their lower thermal expansion coefficient
(2 8 x 10'6/°C) as compared with that associated with t.-Zr'o2

® /°c) (¢ch. 2.3.1). The tangential tensile

(= 10 x 107
" stresses ‘would have the potential to develop radial

microcracking ® (Ch. 2.3.1). However no microstructural

evidence (Fig. 3.11) of microcracking was observed, This

suppression may be related to the small tangential tensile

stresses developed (Eq. 2.13)24 and the subsequent elastic

mismatch active on loading (Eq. 2.17 to 2.19) (Young's

moduli: 400 GPa for A1,0, and 220 GPa for t-Zr0,)?°. The

superposition of the radial compressiﬁg stress and the

applied tensile stress will result in higher fracture

stresses than predicted. by the crack -model. Aluﬁina

- »

24, This ise estimated ae 0.2 to 0.3 times. the fracture stress
of the matrix {(details see Ch, 8).

A
25, This is -xp-rlnontzlly verified in Ch. & and ~an

‘t inclusion fracture mode! is proposed in Ch. B.2.
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.inc1usions are therefore less severe than pores., -The evident
size-effect of the agg]omeraté-fracture-ori91n severity is
also explained by .the magnitude of the residual stresses.
When the, agglomerates exceed an equivalent dimension of

/2

& 4 x 107 m' (corresponding to a fracture stress of

= 900 MPa), the residual stresses can be further relieved by
the defects becoming pores of » = 7 x 10'3 m”a equi¢alent
dimension, |

The . above explanation provides a unified argument
for .the relative severity of defect types and is considered °
to hold 'reasonably well for pores, 1r6n inclusions and
alumina inclusions. Previous studies on ﬁhe‘ experimental
determination of the residual-stress distribqt{on in
ceramics Pave not reported the existence of residual étress
around pores developed normally on sintering (Ch. 2.3.1).
This indicates that pores are residual-stress~free defects.
The retention of post~sintering residual stresses. around
fiber inclusions and aggiomerates requires thqt these are
not completely relieved upon formation of the‘;asgociated
cavities and during sintering. To further assert these
arguments, it is first necessary to estgbjjsh the existence

of residual stresses around the fiber 1inclusions and

agglomerates. This is the subject of the next chapter.

4.4. Quantitative Expressions for the Relative Severity of

Defects

»
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- Since sach fracture origin type is wall
characterized by the crack model, a quantitative expression
for their relative severity is obtained by rearranging

Eg. (3.1}, i.e. :

Kie ] 1

Or = ( — (421)
{1 - Y%&/¢

and plotting "r V.5. 1/(Y/E/¢) %or the various fracture

origin types. The straight line plots obtained by the .least
squares methkod have slopes of-ch//T—:—Fz and,using‘v = 0.25
for the tetragoqe] Zer.-the apparent ch values (denéted as
K[:) are calcuiaﬁéd and results are shown 1in Fig. 4.3, These.

-3/2

KI: values are : 3.2 = 0.1 MN-m for the fiber-inclusion

.. . -3/
fracture-origin contained t~2r02. 3.4 £ 0.1 MN'm 3z for the

agglomerate fracture-origin contained t—ZrOz. 4.4 £ 0.1

MN-m'aIz for the iron-inclusion and the pore fracture-origin

contained t—Zro2 and 6.7 = 0.1 MN-m"'”2 for the alumina-

inclusion fracture-origin contained t—ZrOz. These values

reflect the severity of the fracture origin types vis-a-vis

the fracture of Y-PSZ materials containing them.
Further characterization of the relative severity

was obtained by measuring the actual KIel value’ of the
»

tetragonal Zro2 matrix and comparing with the apparent ch

valuas for the t.-‘ZrO2 with various fracture-origin types.

. Y
The microindentation technique {(Ch. 2.5.3) using a Vickers
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"Fig. 4.3 Fracture stress - inverse equivalent fracture
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'indenter26 with 294 N load gave a Kic value of 6;9 + 0.3
MN-m™>’?, Comparing this value with tHQ::Zf:jreéica1 one
calculated from the part-through crack extengioch model, i.e.
for pores, a ratio of-1.55 is obtained. This result is close
to that reported by Seshadri [1981] for defects in SiC using
the same crack model. He obtaiﬁed.KI: = 2 to 2.8 MN.m™*'? ag
comgired with indentat‘ion—Klc values of ‘= 3.5 MN'm 2’2, The
origin of the discrepancy is still unknown. Previous studies
{Rice, 1980a, 1980b; Usami, 19861 reported that the critical
stress intensity factor to extend a small flaw might be
¢considerably smailer <than that determined by fracture
mechanical methods. The predicted apparent ch for pore
defects in the preéeﬁt study.‘may represent the real ch
associated yith a residual-stress-free flaw in tetragonal
zirconia. A "ré]ative defect severity"parametér"h,(termed-

“X") can be defined and Eq. (3.1) rearranged to give ;

.y . YYa
Kie = o+ X ¢ {4.2a)
5 K - ) - . ]
’ lc - Y Y2 . (4.2b)
—————— af. x . -——-m.&u_-_
Y1 - vl )

X values based on indentation-KIc (and crack-mode]

prediction) for Fractﬁre origin types are : 1.03 (0.66) for

26, Zwick, Conn. U.S.A.
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alumina inclusions,” 1.57 (1.00) for pores and iron
inclusions, 5.03 (1.29) for agg]omerates.and 2.16 (1.38) for
fyber ‘inclusions. It 1is noted that X 'vélues' for wvarious
fracture origin types depend on the material and processing
methéds as well as the methods used to measure fracture
toughness. The "relative” nature of X is emphasized.

€q. (4.2) represents a necessary correction to the
original c¢rack model incorporating the defect-severity
parameter. This influences strength predictions: The form of

Eq. (4.2) as well .as the specific values' of relative-
defect-severity-parameter are useful for predicting' the
fracture stress of a ceramic component where{n the types,
dimensions and positions of the most critical defects are
known (by NDE methods, for exampie).

4.5 Conclusions

J The present analysis reached the following
conclusions ;

(1) The relative sevaérity of defect types in ‘a model
eeramic has bgen identified via a part-through crack
extepsion modé] applied to the data for the various
procéssing routes. |

(2) A unified exp]anati;;'of the observed relative defect

| severity has been suégested using the local residual

stresseé associated with the defects.

(3) The relative severity of the defect types can be
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guantitatively expressed by the "apparent fracture
/I .

toughness” of the defective 'Zroz or a "relative

defect saverity parameter" (X} defined to correct the

original model,

™
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CHAPTER 5 ,

Residual-Stress Defect-Severity Relationships in Ceramics

5.1 Introduction

In Chapter 4, the relative severity of defect‘types

in a model ceramic was identified and their order

quantitatively ranked. It was proposed that the refgtive
defect severity 1is related to TbcaI residual stresses
deve1opedI during processing. Previous studijes (C .5.3.1)
showed that residual stress might develop arouhd an
aggliomerate defect dhe to local differential sintering and
around an inclusion deﬁéct due to thermal contraction
mismatch .. The magnitude of the residual stresses around an
incfusion fdefecp below the 'stress-re1axation—temperature,
Tg, has been determined. Evidence‘ of (ésidua]. stresées
around an agglomerate-~defect has gti]] to be gathered. This
chapter reports -and discusses eV1dence support1ng‘ the
existence of res1dua1 stresses assoc1ated with the spec1f1c
defect typqs Tha Var1at1on of .the relat1ve~qefect~sever1ty-
parameter (X) w1tK temperature (200 to 1000°C) is determined
for the various deféct types in tetragonal Zro ceramics and
the value of T is obtained exper1menta11y. Imp11cat1ons for

strength improvement are also discussed.

/

T 123
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5.2 Analytical Précbdure . -~
A modified crack model for the f1aw/strengtﬁ
relationship incorporating the relative severity parameteg.
was given in Eq. (4.2). Since the principle ofksuperposition
allows transference of local stressés to remote boundar}es
(Ch. 2.3.1), the residual stresses around defecfs can be
superimposed on the applied tension in the same direction,

i.e. Eq. (4.2b) can be reﬁritten as ;

r
K
A le __ - x. (oor -a.) . Y—ga-—— (5.1)
/1—02 ’

where o, is an "equivadent” applied tension transferred. from
local residual stress, positive fof tension and negative for

compression, and o _ is the fracture stress in the absence

or
of residual stress (an analytical exXpression fo}“og is
derived in Chapter 8). Since ¢, = d,, and X = 1 (CH. 4.4)
fqr a residual-stress-free pore fracture origin so, for the
other types of fracture or%gin with the same eguivalent

defect dimension (YYa/®) as a pore, one obtains :

X (00f - 0.) glf * 9, (5.2)

i.e. X - g, =1 - (or + a.)

ar

(5.3)
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X is thus related to o, "and any yar1ation of residual stress
should be reflected in é variétion of X. X values at
particular temperatures can be determined from Eq.'(4.2b)
via corresponding fracture-stresses, .fracturg-toughnesses

and fracture-origin-dimensions. This is evident for the

- temperature-dependent residual stress associated with an

iﬁc1us10n due to thermal contraction mismatch (Ch. 2.3.1,

A\

,Eq.(2,12)). *Agglomerate- and pore; dafects can also be

examined to identify any residual stress relaxation with

) temperature. It is possible to obtain .the T9 value for the

matrix as the temperatqre whereat the corresponding X value
is equal to unity [from Eg. (2.12)]. An experimental method-

of determining. the residual stresses associated with the

fracture-initiating defects and the magnitude of Tg'for the

/

matrix will now be described.

5.3 Experimgnta] Procedure
5.3.1_H{gh-Témperature Strength of)Ae—Sintered Y-PSZ

4.5 wt%> Y-PSZ sampies were prepared, sedimented,
burntogt andireisopressed (Ch. 3.3.3). The high-temparature
flexural gtrength was méasuréd Hbetween 200 and 1000°C at
206°C intervais wusing the fodr-point-bend testing device
described in Chapter 3 (Fig. 3.6), with a furnace capable of
attaining 1400°C and a steel pqgg"mater—cooied during

heating to protect the load cell. The machine crosshead

speeds utilized were 0.2 to 0.8 mm/min; the higher speeds

v
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were ~used at high temperatures to ‘assure linear elastic

{

fracture (Ch. 2.5.1).

5.3.2 High-Temperature Fracture Toughness Measurement .

The chevron-notch bend-Bar test was used to
determine the fracture toughndss (Ch. 2.??2). The' sample
gimensions were 3 x 4 X 25 mm _with an inner span of 10 mm
and an outer span of 20 mm.<E;; chevron-notch géomgtry wés
«= 0.5 and = 1 with a slot width of 150 um.§¥he same
deyice wag used to obtain 1load and dispiaceﬁent dgta as for

»

thd h1gh¥temperature four-point-bend test. Crosshead speeds

were two-step controlled (0.003 to: 0.3 mm/min} to assure

.crack initiation and valid stable crack growth (Ch. 2.5.2).

X ‘
Detailed procedures gre described in Chapter 7. Data were

gathered at the same temperatures ubed for the strength

tests. .

' ~
5.3.3 Stress Rplaxation Treatments

{

-

The as-gintered samples were heat-treated in air at
1

1250°C for 3'h rs. This temperature and time waé chosen ‘

following the results of Procedures 5.3.1 and 5.3.2 (details
in Results and Discussion). The samples were four-point~bend

. -

g

5.3.4 Defébt Characterization

'Fractute origins were examined by scanning electron
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microscepy. The dimensions ‘and types of defect were
identified and the .“equivalent defect dimension" computed
following the procedure described in Ch. 3.2. i values were

calculated for the‘various defect types as a function of

-

5.4 Results and Discussion

The high-temperature strength data for Y-PSZ are
shown in Fig. 5.1. The strength continuousty dofreases as
temperature increases. This behavior is tyoioa1 of Y-PSZ
ceramics (Ch. 2.4). The strength degradation accompanies the
diminishing potency of)the phase—transformat1on toughen1ng
with increasing temperature. The marked .improvement of Y-PSZ

room-temperatu:gh_strength by flaw elimination (Ch. 3.3,3)

fd1d not carry through to high teﬁberatures whereat the

strength is Tow.

Y-PSZ high-temperature fracture toughness data are

" shown in Fig. 5.2. Transformation toughening decreases

linearly with increasing. temperature up to =« 8oo°c,
consistent with Lahge's‘ prediction [1982b]. These,/results
suggest the m - t phase transformation occurs betwesn 8c0
and 1000°C. The strength qno fracture Qougﬁneso curves
reveal that no substantial ohanqe of flaw population (types,
proportions and dimenoions) occurs in Y-PSZ between 200 and

1000°C as ocomparéd with ‘room temperature. The results in

. Fig. 5.2 also suggest that ne other fracture-toughness

e T RS
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degrading mechanisms or jglobal cfgep processes [/(vans, 1983]
are active in this temperaturd range. This observation is
;r'urther supported E).’ the linearity of the bend-test 1ocad-

r -'A\_
displacement curves, —

The variation of X with temperature for the a-M-an

defects in t-2Zr 2 is shown in Fig. 5.3. X increases linearly

with increasi t_emperature, cogfisistent with the predictions
of Egs. (2.12 and (5.3). The «-Al1,0, defe‘cts have a more
severe e t as temperature 1'n'cre'ases. Residual stresses
will completely relax at T 2z Tg (from Eg. (2.12)) and then
the residual-stress-free a-A1,0, inclusions, of Tlower
fr?cture toughness than the' matrix, will act 1like iron
inclusions or pores and the X value should equal Qn‘ity

(Ch. 4.4). The existence  of this residual-stress-free

L}

condition is the basis of }afn ‘experimental method for

Jeteﬁ;nining Tg, ‘i.e. the temperature at which the X-curve
for. a-A1,0, defacts e'x:f;rapolates te- unity wi't:l be Tg. -This
extrapolation is shown in Fig. 5.3 and Tg-;* 1135°C.

"The variation of X with t@erature for pore- and
agglomerate-defects is shown in Figs. 5.4 and 5.5
respectively. No change of X was aetected in this
temperature range suggesting the s.ever‘ity of these defect
types is constant with r.'ising temperature. So either the
residual streqs‘es\ associated with these défect types are not

relaxed or residual stresses did not exist in the.first

place. Residual stresses are unliikely to be associated with

- J
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*

pores following sintering. There is some question as to
whether residual stresses associated with aggIomeraté
defects survive sintering (Ch:“3.3.1). ‘ ~
The physfca1 significance of Tg ig further examined
to clarify these issues. Evans and Clarke [1980b] defined Tg
as the‘tempefature below which existing residual stresses
are no longer relaxed by diffusion or viscous flow (the
1ﬁtter can occur in the Rresence of a grain-boundary
amorphous ppase). From the relaxation behavior of residual
sfrgss:‘ associated with thermal contraction mismatch
(Eq. (2.12) and Fig. 6.3), the requirement for fast stress

‘redistribg}ion during cooling favors re1axation'by viscous

flow. For residual-stress induction processes other than

thermal contraction mismatch, substantial relaxation by

viscous flow could be time-dependent. Therefore holding
sintered samples for sufficient times at T > Tg gou1d
reiieve residual st?esses possibly associated with
agglomerate defects fo]]owing_sintering. such a. change of
residua]hstress‘state should be reflected in chénges‘of the

corresponding X values. Sintered samples were therefore

reheated to 1250°C for 3 hours (Experimental Procedure

'5.,3.3), i.e. about T+ 100°C, a temperature and time judged

to be sufficient for stress relaxation but insufficient to
reactivate the sintering prbcess and alter the material

» .
properpies (e.g. fracture toughness). The X-value results

for pore- and aggiomerate-fracture-origin samples following ..

*
»
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this heat( treatment are shown in, Fig. 5.6 and Fig. 5.7

respectivel he X values for pore defects (Fig. 5.6) are

unchanged. The X values for the ;;glomerate defects are
lowered from X = 1.30 for the unannealed samples to X = 1.0
for the‘ annealed ones (Fig. 5.7). This indicates that
residual stresses did exist associated with agglomerate
defects. following sinteripg and these relax during heat
treatment giving a severity equivalent to equal-sized pores.
The unchanged X values for pores following heat treatment
supports their <;reaidua1—stress-free condition after
. 8intering. C |

The.survivaL of residual stresses associated with
agglomerate defects following sinte;ing (at a. sintering
temperature ;_Tg) reduires the occurrence of several events.
These invoive the residual-stress, (1) build-up process
duriﬁg ﬁhe '1n1t1a1 stages of sintering, ?2) elastic
relaxation process on formation of the circumferential
-cavity,‘(s) viscous relaxation during sinteéing. Complete
investigation on ese complicated issues is beyond the
scope of the present sfudy. In apter 9 a preliminary model
is developed to rationalize the sbserved 'phenémena and
correiate with the experimental data.

The - present results have implications on the

strength 1mprovement of ceramics by f]aw elimination. The

substantial improvement of ceramic strength achieved by
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e11m1nating_1arge ‘agglomerates via sedimen;atipn processing
(Ch. 3.3.2) 1is further reinforced by reduction of the
severity of the remaining agglomerate defects by appropriate
heat treatment during or after the sjntering"procesé.
Knowledge of Tg i necessary to select optimum conditions.
The severity of pére Qefects'is unaffected by heat treatment
and reduction of their number and size (e.g. via hot
isostatic preésing or s8lip casting) is the oth way to
reduce their effect. “'A1z°$ defects in a t-ZrO, matrix- have
a low severity (X < 1) at room temperature but X approaches
unity as temperature rises. These | wjil " become the
predominant flaws ?t elagvated temperaturés. Since a-A1203
defects .are ‘insensitibe to remoVa1' by sedimentation

(Ch. 3.3.2), A1,0.-free Y-PSZ powder can only be achieved by

the powder synthesizer.

5.5 Conclusions
! L

The residual stresses associated _with defects in
t—ZrO2 have-ﬁeen inyestigated by'bbmbined high-témperature
strength, fracture-toughness tests and fractography. The
following conclusions have been reached :

(1) The relative severity .of the defect types in t-2rQ

2
ceramics. arises from 1local residual stresses

developed during sintering and cooling. i
(2; A residua1-étress relaxation temperature,- Tg o

" 1135°C, was determined for t-zro,.
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{3) Balow Tg, a temperature~dependent residual stress ijs

(4)

Baiiv e . /

associated with «-A1,0, defects in t-Zro,. A
temperature~independenﬁ residual stress ‘ is
associated with agglomerate Laefects. Pore defects
are residual-stress free.

Residual stress around agglomerate defects foTibwing

sintering can be relaxed by post-sintering heat

treatment at T = T+ 100°C for 3 hours.
. "

- R



CHAPTER 6 -

I

Analysis of the Fracture Characteristics of

a~A1203 Inclusions in a Tetragonal Zirconia Matrix

\

8.1 Introduction

Application of the crack model to’the flaw/strength
relationship of Chapter 3 and 4 requires a knoﬁ]edge of the
size eguivalence between tHe fraciure—tnitiating defects and
their resulting flaws (Ch. 2.1.1). Theoretical deductions
(Ch. 2.3.1) suggest that the stress states developed by a
sphérica] .a1umina__1nc1us19n embedded in a tetrﬁgona1
zirconia matrix due to thermal conﬁf&ction ‘mismatch ,w%ll

induce radial cracking around the - inclusions. owever,
F . ' .

thermal mismatch alone cannot.predict the fracture behaviour .

as the significant elastic mis ch a]dq p1ﬁys a rofle under
applied 1oad§ (Ch. 2.3.1). Direct experimental ver ficatian
can p1ar1fy this issue. 1t  is pos§1b1e that the fracture-
1nitiatjng'a1umjna inclusion may develop a specific type of

flaw before it extends into the matrix and fracture_éccurs.

If so, other alumina inclusions local to the. fracture origin ;;

. %
should also develop the same type of flaw. This most 11ké)y

occura in the constant-stress regfon of the stressed

four-point-bend bar (Ch. 2.5.1 (1)). A sp;;;:h experiment

L=

" was therefore conducted to follow the flaw development

-’
o
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‘aésaciated with the A1203 defects 1in the A]zoa—ZrO2

composite. )

6.2 Experimenta) Procedure " ’

A:thin layer (ﬁhickness-m .2mm) of 10 volx «-A1.0,
in ti-Zr'O2 waé si?Eered onto the surface éf a pure Y-PSZ bar.
The A1203—Zr02 composite powder wus prapared by vibratory
mixing 10 volx a-Al;Qa ppwderz7 (size 1 to 20 um} and the
Y;ﬂgzza powder in methanol for 24 hours. The mixed powder was
dried and ground and a thin layer laid uniformly on the
bottom surface of the steel die. The die was then filled
with the pure Y-PSZ powder and a comgositq bar was pressed,
is%pregsed, burnout/re-iéapressga\ﬂnd-éintered (Ch. 3.3.2),.

" r
The sintered, carefully finished specimens were four-point-

bend tested with the(;émpositq_1ayer as the tensile surface.

The fracture surfaces of the broken speciﬁens were SEM

examined and those with a1um1na-fracture—origins'separated
out. The tensile surfaces of these specimens were polished
t0 1 um and the a—A1203 i.nc1us1'onsr' around the identified

fracture origin of each was examined.

6.3 Results and Discussion

Representative micrographs of the tensife surface

-
27 . ALCAMN, Kingston, Canada

28, Sedimented as par the procedure in Ch. 3,3.3.

. .
» . . L]
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near the fracture origin are shown in Fig. 6.1. Fig. 6.1{a)"

shows an internally fractured Idrge alumina inclusion

(¥ 12 pm). It has no associaked crack extension into the

matrix. Similar results are. shown in ngt\6.1(b) for a
. ) .

x 20 um alumina ihc]usion. The craéks appear to propagate

intergranularly in the.ind1us%0n. In both cases, sﬁrrounﬁing

smai1er alumina inclusions (1 to 6 um)- did not fracture.

These results suggest that alumina inclusion fracture occurs

under the combined therma]—contraction and elastic-mismatch

stresses. The smalfer alumina 1nd{:éions require higher
stresses for fracture so they remain ®intact.

To further substantiate these findings, a series of
micrographs were taken. across the tensile surface. The
results are shown in Fig. 6.2,_wherein the maximum stress
region”hasfbeen marked and the position on the fragtured

specimen schematically shown. A1l 1nterna11y—frpctured

alumina inclusions are 10 to 20 um. Interfacial crackiné

occurred at some incIuéions of 1rregd1ar shape with higher
aspect ratio (= 10). This could be associated with weaker

interfaces from inefficient t-ZrO2 powde?/Aazoa particle

~

packing on pressing leading to unsound sintering,. Radial

cracking was not observed even around large-size inclusions.

”,

Unclusions . in "the tensile fiber-stress region were
-unfractured down to 50% of the: maXimum stress, R .
Experimental resuits suggest that alumina inclusion

fracture occurs prior to global fracture. The most severe

-«
. ' *

S

»

-
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fractured-inclusion flaw becomes the fracture origin. This
is consistent with the microstructures of alumina fracture
origins observedj in Chapter -3 and verifies the valid
application of the crack model for characterizing .the
flaw/strength relationships. Internal fractures observed in
the'?afge alumina 1nc1usfons (2 = 10 um) are also consistent

e,

with the -data of Chapter 3, i.e. all the observed fracture

. ‘ -3 _1/2
origins were 2 x 5.2 x 10 'm

equivalent.djmension, or an
equivalent spherical radius of « 20‘um: It is to be éxpected
that the fracture-origin alumina inclusions #ill be the
larger ones, i.e. those which can -develop the 1longer
(critical) flaws than the su;Founding, smaltler fractured
ones. These results appear contrary to the theoretical
deductioh' based solely ' on ther$h1 contraction mismatch

F

consideration. This implies that the elastic mismatch has a
significant influence on the fin;: stress state in the
a1umina-inc1usian/tetrégona1-zir;onia-matrix system, i.e,
the .suppression qf matrix radial cracking aréund thg
inc1ﬁs{ons and reversal of thg_ compression 1inside the
inciusions to the tensile state. This will be analysed in

detail in Chapter 8.

6.4 Conclusions
As the result of_ the present study the following
conclusions can be made ;

(1) Preceding inclusion iracture occurs in the fracture-

. | /
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Fl

initiating alumina 1nc1u31?ns > 10 um size embadded

in a tetrageonal zirconia matrix.
i
(2) Use df the crack model to characterize flaw/strength

relationships for alumina-inclusion fracture origins

-

in tetragonal zirconia ic valid.

. --'.,;rq
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CHAPTER 7
™~ .

"valid K,. Determination via In-Test Subcritical Precracking

of Chevron-Notched Bend Bar

7.1 Introduction
ch measuremenE\using chevron-notched-bar specimens
is popular as precracking is unnecessary and fracture
toughness  data can be directly acquired. As discussed
earlier--(Ch. 2.5.2) low displacement rates can promote
éubcritica] crack growth and overload is usually necessary
for crack initiation. This invalidates the test. The present
.sfudy.investigated conditions for valid K,. testing using
cﬁevron-notched bars. Critical displacement rates required

L 3

* to avoid subcriticdl crack growth were determined and an

in-test precracking technique was developed.

1.2 Thaory

A four-point-bend-chevron-notched ‘bar was used in
‘the present study to gather room- énd high-temperatﬁre |
fracture toughness data. The loading arrangement and
specimen geometry are shown in Fig. 2.11. It has been
mentioned (Ch.‘2.5.25}that a particular stable crack growth
will occur as the‘ciack 1nitia1iy extends from the chevron

3

tip.. To use the maximum 1loads to combute the fracture

- : 147
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toughness values via'Eqa. (2.29) anq.(2.30), stable crack
growth mustloccur. Tgis condition appears as a nonlinear
region on the load-displacement curve between the initial
elastic region and the final fracture. An overload » P_“
triggers immediate fast fracture baseH on'the-in1tia1 crack
length, a

o’ and results in an exclusively elastic region

prior to fracture. This 1is unacceptable for wvalid Kl°

determination. A small Werload ¢ P-_“ for crack initiation

will give a “pop-in" (sudden crack extension) followed by
stable crack exti:jion. This still gives a valid ch value,
These.three_cond'

(Type I—III).ﬁnd are consistent with previous éxperimenthl

results [Himsott, 1987). Precracking of the chevron:notched

bar < a will produce a load-displacement curve of Type IV

in Fig. 7.1, i.e. a truncated stable-crack-growth region of

the Type III curve following the higher-compliance elastic .

region_chafaqteriétic of the precrack length.

' Based on the characteristics of aubcrit%ca] crack
growth in ceramics _{Ch. 2.5.2). an - in-test precracking
pfocedure_qan be first carrieq out by.applying a. load that
induces .thé' apbroqriate stress intensity level for
subcritica{ crack growth. The K, test then follows. The
subcriticé]'precracking utilizes an appropriate displacement
rate Chosen experimentally by detecting the compliance
change following the initial elastic region of the load-

diSdlacemeht curve. Once subcritical precracking has been

a

ions are schematically shown in Fig. 7,1
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Fig. 7.1 Room-temperature load-displacement curves for

different crack initiation conditions in a
chevron-notched bend bar.



160

achieved, the displacement rate is increased to that for
- J

fast fracture. The total testing procedure therefore

involves two-step control of the machine crosshead speed. A

va]ﬁd ch test is assured.

7.3 Experimental Procedure //

Chevron-notched bend bars were prepared from the 4.5
wtx Y-PSZ powder as per the processing procedure of Ch.
3.3.3. Specimens were cut and machined to 3 x 4 x 25 mm and
.chevrén notches were cut with a 'thin diaﬁond biade to
o« = 6.5 and a«. = 1.0. The slot width wa$-150 pm. The machined
specimens were annealed in air at 1400"6 for 30 minutes to

‘remove any surface” residual stress anq ware tested in a
four-point-bend fixture (Ch. 3.3 and 5.3.1). Load was
monitorgg/by a piezoelectric load-cell and displacemegf.was
recorded by“an LVDT device with an accuracy = 0.001%?9. The
cro§shead speed was step]esst contfo1led between
and 5 mm/min, Experiments were berformed in two parts
appropriate- crosshead speeds for fast fracture and
subcritical preckacking were determined for each”temperature
then K, tests were performed starting with supcr?tica1

precracking using the predetermined crosshead speeds. When

the recorded 1load-displacement curves deviated from  a -

straight 1ine (elastic region), the crosshead speed was

29, Scha?vitz 100 DC-D, U.S.A.

4 : . -
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quickly change to that predetermined for fast fracture,

4

Tests then proceeded to final fracture and Pmax was
recorded. Krc values were computed  from Eqs. (2.29) and
(2.30). Tests were conducted between room temperature (RT)
and 1000°C at 200°C intervals. Complete thermal equilibrium

was established before each tgst.

7.4 Results and Discussion

Typical Foom-temperature load-displacement curveas
for di#ferent crosshead speeds are shown in Fig. 7.2. Above
= 0.05 mm/min, the curves exhibit linear elastic regions to
fina])fracture, i.e. Type II curve of Fig. 7.1. This speed
was identified as the minimwn!;ast-fracture spéed. Between
¥ 0.05 and = 0.003 mm/min, a gradual ghange from linear to
nonlinear response was detected . The extent of nonltinearity
is conéidered insufficient for precracking. Below = 0.003
mm/min, the curves exhibit pronounced nonlinearity and is
considered satisfactory. This speed was identified as thé
maximuﬁ subcritical-crack-growth speed. The minimum fast-
ffacture (FF) and the maximum subcritical crack growth (SCG)

»
speeds for 4.5 wt¥% Y-PSZ at various temperatures are listed

in Table 7.1. :
| The existence of subcritical crack growth—Se]ow‘a
particular displacement rate depends on the ma%éria] and its
environment. A previous study showed that Y-PSZ exhibited

subcritical crack growth in the atmosphere at a sufficiently

-
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0.05mm/min 0.0tmm/min 0.008mm/min 0.003mm/min

Displacement ™\

Fig..7.2 Various types of load-displacement curves due
to different crosshead speeds for a chevron-

notched bend bar.
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‘Table 7.1 Maximum subgpitical crack growth (SCG) crosshead
speed and minimum fast fracture (FF) crosshead
speed for chevron-notched bend bars from RT -

1000°C.
Crosshepd vi
\SDBEC’ gCG. FF

Temperature (mm/min) ‘ | (mm/min),
Room temp. ' 0.003 0.05

200°C : ' 0.003 0.05

400°C . 0.002 0.08

soo’c 0.001 0.10

8oo’c - 0.0008 0.20

1000°C 0.0005 | 0.30

low croséhegd 'speed (Ch. 2.5.2). Moisture appeared the
active environmental factor. For materials not sensitive to
;he atmosphere, a specific cor?osive environment can"be
introduced to produce practical subcritical crack growth.
The-maximum SCG speed decreases with rising temperature,

implying a lowering of the threshold K; with temperature.

This 1is consistent with the repofted high-temperature .

" behavior-of ceramics [Evans, 1983]. Higher minimum-FF-speeds

are required at h}ghar temperaturas; an observation similar

to those for high-temperature tensile and flexure tests

[(Quinn, 1984]. A typical load-displacement curve using
. .

suﬁcritical precracking via the two-étep crosshead speed

control techpique iz shown in Fig. 7.3. No precise control

r

Y
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Fig. 7.3 A load~displacement curve for chevron-notched
bend bar using displacement rate %ontrol and
subcritical precracking.
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of precrack length (extent of subcritical c}ack growth) is
necessary. The subcritical precracking serves to faci]itate
crack initiation and any precracking extent < « (the crack
extension corresponding to Pnax) is acceptgble. This is
Judged by the occurrence of a subsequent stable-crack-growth
region. The K. values determined by this technique‘ at
various temperatures for 4.5 wt¥% Y-PSZ are shown in Fig.
7.4. The deviaiion for each set of K}c values (five .
‘Speéimens) is = 5% and the valid-test-rate is 100%,

’ The internal accuracy and consistency of the test
data suggest the usefulness of thé présent technique. This
htis the first timé that K,. measurements have been determined
at elevated temperatures for. 4.5 wt¥ Y-PS? using chevron-
notched bar 'specimens:\JComparison of the “prescnt results
with those of previous studies [Lange, 1982c, 1986¢c; Mas;ki.'
1986; Mecartney, 1987;h'RQh1e. 1984; Tsukuma, 1984, 1985a]
using other techniques for 4.5 wtx (2.5 mdl%) Y-PSZ at room _’,;~
or elevateqg temperatures is shown in Fig. 7.5. Thé present
data agree well with. most brevious results at room
temperature using indentation or indentationmtstrength
'techniqugs. The decrease of K, With temperature is simi]ar.

to that observed by Lange [1982c].

‘ ~
‘ ' ' |
7.5 Summary * )

An in-test subcritica1-precrackjng technique has

beeﬁ-deve10ped for‘ch_determination using chevron-notched-
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bend-bar . The technique was ‘applied to a 4.5 wt¥ Y-PSZ and

~ was shown to B a simple and reliable testing methdd. This
technique enables the chevron-notched specimen to be used
for valid ch determination of ceramic materials at room and

elevated temperatures.
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4 ' CHAPTER 8

L_An Inclusion-Initiated Fracture Mode] for Ceramics

8‘1 Introduction-

Linear elastic fracture ‘mechanigs relates the
fracture stress to the cfitica] -defect dimensions for
ceramic materials (Ch. 2.1m). The fractﬁre-initiating
defects that commonly exist ‘in ceraﬁics are inclusions,
agglomerates, pores and machining flaws (Ch.. 2.1.2). Tt has
been recognized that these defects initiate fracture
differently (Ch..?.1.1) and 1in Chapter 4 the relative
severity of the defect types was quantitativaly ranked.
Therma1 contraction mismatch may cause cracks to develop
1ns1de or around defects and upon app11cat10n of external
stresses, the ~local. stresses may be further modified by
elastic mismatch (Ch. 2.3.1), Inciusioﬁ-defacts have been
extensively studied with respect to ﬁicrocracking phenomena
but little analysis \exists on their inf1u;ncé on strength,
Previous analysis b Evdh; (19757 and Green [1982] were
restricted to a hrough-the-thickness crack or _heglected
perturbation of stress fie1ds by crack extension (Ch.

2.3.1). For a part-through crack eXberiencing residu

stresses that are partially relaxed by microcracking,

N




160

part-through-the—thickness crack in a typical inclusion-
initiated fracture of a ceramic material. The inclusion/
matrix relationships _considered were <o, K <K_ and
E|> En which represent some common inclusion-matrix systems,
i.e. a-A1,0, in tetragonal Zr0,(t-Zr0,), SiC in «-A10_ and
’ Si N, in t-Zr0,. The weight function method (Ch. 2.3.2) is
used to compute the residua]—stress-intensity-factdrs. The
predicted strength is compared with -experimental data for
the'a-A103/t—Zr02 system (Ch. 4} and the T, for t-Zro, is

theoretically determined.

8.2 The Inclusion Fracture Model
" The ‘microstructure evidence of Chapter 3 and the

experimeéntal results of Chapter 6 suggest that a-A1zoa

inclusion fracture occ%:P befare a—A1203-defect—1nit1ated'
fracture of t-Zr0,. This is not predicted by thermal

contraction mismatch analysis (Ch. 2.3.1), suggesting a

-

substantiq& influence of the elastig mismatch. An inclusion-
_fracture model was therefore conét}ucted. .

‘A spherica1 1nclus1on of radius R embedded in an
infinite matr1x subJected to a remote uniform tens1on‘a {é
‘shown in Fiyg, 8.1. 0w1ng- gg the_ lower thermal expansion
coeﬁfiéient of the }nEIUSi?n,- a hydrostatic -residual

cbhpressive stress - of magnitude o develops inside the

T
inclusion upon cocling as shown 1in Eq. (2.12). Since the

magﬁitude”of Tg for t—Zroalis known (Ch. 5.4), o, can be
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Fig..8.1 A spherical inclusion embedded in a matrix with
thermal- and elastic mismatch. .
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calculated. The magnitude of hT is ¥ 0.4 to 0.6 times the
FJ .

fracture stress (from Ch. 3). The racfial compression (ﬂr)
and tangential tension (Ul) in the matrix a distance r from

the 1inclusion center are shown 1in EqQs. (2.13). At the
inclusion/matrix interface, ﬂ: = —ZGT = o, where the

superscript m denotes the maximum magnitude. The maximum
cdmponents of these interfacial residual stresses in the
direction of the refote tension {at AA', BB ) are shown in
Fig. 8.2(a). The residual tangentiatl iensi1g stress at the
interface can induce radial microcracktng. The occurrenéé
and degree of such microcracking will depgnd on the
magnitude of o., the size of 'he inclusion (R) apd the size
%
m

of preexisting flaws at jﬁe int&rkace (Ch. 2.3.1). A minimum

n

critical inclusion size (R) ) _exists, below which

+

microcracking will not o If it does qfcur, residual

stresses will he partially relieved. The radial microcracks

generated when R > R:ln are also shown 1anig. 8.2(a). Upon

application of an -external load, additional elastic-mismatch
stresses develop associated with the inclusion (Ch. 2.3.1).°

The stress concentratfon within the inclusion, E;’ is given

by Eg. (2.17). In the bresent analysis, it is assumed that
¥ = 0.25 and Ei/Em.= 1 to 5, giviqg Ei= 1 to 1.55. The
stress concentration around the inclusion is greatest at the
interface. The magnitude and direction of these additional
elastic .gtre§sgs were exemplified for a perfect rigid

inclusion (Ch. 2.3.1), 'and are indicated in *Fig. 8.2(b).

. ’ Y.
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radial
microcracking

tangential component

3

-

- - .
)

radial component

=

'Fié. 8.2 (a) Maximum components of thermal mismatch stresses

G O and~of_1ﬁ the direction of ¢  and the occurrence of
radial microcrackihg for R > R:’" (b) Maximum elastic
mismatch stress inside .and at inclusion/matrix interface (c)
Propagation and arrest of a“central microcrack under the
resultant stresses and the recovered thermal mismatch stress
distribution at the interface in the direction of G-

-

X
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A radial tension exists at AA with a stress concentration

E~1.96 for v = 0.25 (EQ. (2.18)). At BB , there is a

tangential compression with a stress concentration £'= -0.03

m—-..____
for v = 0.25 (Eq. {2.19)). The magnitude of E; and‘ﬁ: for an

inclusion with El/Em= 1 to 5 1in the present ana]yéis are

. * '
expected to 'be less <than those for a perfect rigid

inclusion. Thése may be éstimated as fo]Tows_: since tHe
radial stregées should - be continuous from inside the
inclusion to the interface (AA'), E; = E1 = 1 to 1.55. E;
are calculated for El/Em= 1 to 5 and values not much less
than zero are obtained (eg. ﬁ; = -0.018 for El/Em= 2). The
magnitude of E; can -be reasonably taken as zero. These
elastic étress states are as shown in Fig: 8.2(b). The

resultant stress states are then obtained by superimposing

A

the residual stresses of Fig.'a.th) upon the elastic

stresses of Fig. 8.2(b). When G, approaches the fracture

stfess of the matrix, ¢.. the radial residual stresses and

elastic stresses balanc® at AA and inside the inclusion,

14

leaving a ténsi]e stress of magnitude 0.5 to 1.0 .. At BB

the resultant stréss is still 0.2 to 0.3 a in tension. The

significance of these 1local stresses depends on the
fracture~toughness and {he distribution of flaws within the

inclusion, matrix "and ‘interfac [Evans, 1980a]. As.Kclc-kcm
.o > . -
and K of the interface is expected to be between K., and

-Kcm, a crack wilil most probably in%tiate from a preexisting

critical flaw within  the dinclusion and extend ﬁo the

-
—

!

-
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- factors along the crack front (Ch. 2.3).

s 165

interface (aé observed in Ch. 8). It now encounters the
higher fracture resistance of the matrix " and therefore
arrests. The crack may only extend further when the stress
intensity reaches the fracture toughness of the matrix. Tﬁis
intermediate crack arrest is shown in Fig. 8.2(c). A§ the
inclusion has suffered complete fracture, the elastic
mismatch stresses no longer exist and only rgsidua]-stresses
oriéinating from the thermal mismatch exist exclusively.
These residual radial and tangential gtress components in

the direction of app]ied stress are shown in Fig. 8.2(c).

8.3 Track Extension Characterization

Becayse‘ the inclusion fractures énd the crack
a}rests. th%s crack will act as the fracture-initiator for
the matrix and can be analyzed by the ‘“part-through
elliptical crack' extension model” fCh. 2.1.1). In the
present analysis, a part-through crack is. subject to ﬁocaI

residual stresses and a remoée applied stress. Due to the

.. axi-symmetric nature of the former and ténsion’ of the

-

latter, the opening mode of fracture is exclusively
involved. Crack extension ' into_ the matrix is thus
characterized by the stress intensity factor obtained by

superimposing the residual~' and applied-stress 1htensity
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3

8.3.1 The Part-Through Elliptical Crack Exfene1on Model

This model (Ch. 2.1.1) computes the stress intensity
factor for an p11iptica1 crack 1in the interior (or "a
semi-elliptical crack at the surface) of a finite plate
subjeéled to a uniform tension (0) perpendicular to its
elliptical axes (a and c). The maximum KI along the crack

front (KT) is given by ;

¥ _ .2 -
KT = Y/ 1 — Y o/ a ,for a s c (8.1a)
¢ .
P | .
K = Y/ -0 Yy co ,for az ¢ (8.1b)

In the absence of any loading othar than‘the applied 10&6.
the crack will initiate when the fracture tpughness of

the matrix (ch) is reached, i.e.;
1}

2

. K::Kle/1_lu Or/—a (8.2)
\x T

L}

where‘or is the fracture stress and a is the minor crack-

|
dimenﬁionf Eq. (8.2) ‘has been ~ successfully wused to
! . ‘
e : . . . . o
charac%er1ze the strength/flaw-dimension relationships in

previo%s Chapters [3 and 4]. A “defect severity parameter”

A

(X),waé defined and incorporated for the relative severity

of the defédt.pypes‘Tn terms of the strength of ceramics,

i.e. (in plane strain). ; : ' M
K’ :

i
i

U

DR 11
T

_—:};‘
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K!r . Y /—é

(4.2b)
71 - v -

3
The . theoretical value of X in Eq. (4.2b) will now be

calculated via the model established.

8.3.2 Residual Stress Intensity Factor .

- A weiéht function method (cCh. 2.3.2) is wused to
dete}mine the residual stress intensity factor‘arising froﬁ
the thermal and elastic mismatches of the defect and its
matrix. A.weight function (h) for a two-dimensional crack
symmetricai about the x-axis and extending in the x-

direction is given by ;

: . H  du(x,a)
hix,a) = ) To(z.20)
2K, da L

where i is the crack opening displacement along’ the crack

surfac%#perpéndicuTar to the x-axis, a the crack length,

(1)

Kl the stress intehsity factor for a known symmetric

loading (System (1)) and H = E (Ybung's modulus) for plane

st}ess and W = E/(1 - uz) for plane strain. The stress -

intensity factor, K;EJ, for another symmetric loading

'(System (2)) with stress,'a‘(x v acting along the sUrface.of

the same crack geometry 1is given by :
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K% e [ e (x) nix,a) dx : (2.21)

’
y .
The final expressions for K:E) along the crack front
of a two-dimensional crack and a three-dimensional crack
(the elliptical crack of the present analysis ) at the ends

of the semi-axes can be derived (Appendix D) ;

H ‘a

a . .
k'3 . |I a {x) Aulx, a) dx (2-D crack) (8.3a)
1 ei) 0 ° . aa .
1 ) ' '
H c ay1-(y“/c )' .
(2) 8 ) duix.y,a.c)
K,”" = 5L T I -6 (X,Y) 33 dx dy
y=( x«0Q

(3-D crack at the _
ends of a-axis) {8.3b)
The maximum residual stress intensity factor (Klt;
tn the present analysis can be computed from the maximum

applied stress intensity factor (K]) (Eq. (8.2)) and the

crack opening displacement of a reference system, i.e., the.

known Irwin -solution [Irwin, 1962] —
soal(1 - v?) i y2 172 '
p = (1 -— " f—z) ,for a £ c (8.4)
= a c . :

~—

The magnitude and distribution of the residual stresses

along the crack surface are obtained by super,imposing the .

radial and tangential stress components atlighe:'inq1usion/

R . ' ‘."“f'(ﬁ
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matrix interface in “the direction of the applied stress

~ since these stress components are responsible for frabture.
Vo This process is illustrated in~>1g. 8.3, The'grigin of the
coordinate system 1is set at the inclusion center and the
stresses vary between -n/2 5_6 $n/2 (or -as x s a). The
radial stress' component 18 -0 cos(nx/2a) and the tangential

~ Stress compdnent is (1/2) 9. Isin(nx/2a)l (o, is  the
hydroétatic stress inside the inclusion as defined in

Eq. (2.12)). The ;esultant residual stress in two-dimensions

- is : 0. [{(1/2)isin(nx/2a)! - CO?(HX/28)] -and, to facilitate
math;matical treatﬁent, this is approximated : by ~the
po]yn?ﬁial; 07[0;82(nx/28)"1- 1] (shown in Fig.'B.a). Since
radia?‘microcracking (R > R:i") could partially relieve the

residual sthess. a "residual stress relief function", S, may

be defined as the ratio of the relieved to the unrelieved

'resid%al stress. The residual stress distribution atong the

sem{—axis (-csy=<e¢), i.e. Y-z plane, assume the same
shapeTas in the x-z plane so leading to the final form in

three-dimensions :
}

. 0 = -0s [0.82(nx/2a)* - 11 [0.82(my/2¢)*/3= 1]

A with —a/1-(yz/cz) S X < +aM1-(y2/czﬂ 1"C £ Yy S +¢ (8.5)

~

fS“ is a function of the inclusion size. For a spherical

- inclusion, a = ¢ = R, Eq. (8.4) gives ;

4
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&(_2/ jGt= .%ISin('ﬂWZa:)I. _

+

44
G,O.BZ(TFX‘/ZG) 1\

(e=-T/2)\\ = .\ (0=T1/2)

Fig. 8.3 The radial and tangential residual stress
components in the x-axis direction, their
resultant stresses and their approximation
by {a polynomial. |
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2 C o -1/2
20(1 - »°) 2, 2 8. 1 ]
o . g - X> Y : (8.6)
OR 2 :
E¢ . R

and Eq. (8.5) gives ; '
\

2)13- o.s2l(mx/2R) Y (ny/2R) 141} (8.7)

g = -aTS{2.24(xy/R )

Substituting Eq. (8.2), (8.6) and (8.7) into Eq. (8.3b), the

maximum residual stress intensity_ factor is ;

- ’ . . \’d
E/(1 -l)z) 8 R /RZ_YB . P
Kie @ p——— I I OTS{2.24(xy/R2)“3
Yo /R /(1 - w2y TROTym0 Dm0
‘ : 2
- 0.82[(nx/2R)""? + (my/2R)*"7y + 1} [20(1:-:5 -
\ x2 + y° : |
[ 1 - —_— ]] dx dy (8.8)
R .

" -The analytical solution of “this equation 1is given in

+

-1.56 0.8

YY1 -~ bt _ il

, The resultant maximum-stress-intensity-factor (Ki:)' is

. obt&iﬁéq by combining Eq. (8.2) and Eq. (8.9),P?.e.;

- L |
[ ]

= Ct_’j n m

Klt - Kx + Klr
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. .z 1.5 g7 8§
B R NN e~ S S (8.10)
P w1 - vl

which rearranges for the elliptical crack model to give .

KIt [o- 1-5¢0Ts ]. Y./_R . (B 11)
'/_:_:_;E Y3 (1 - v [ .

The criteria for crack extension in the presence of local

residual and remote tensile stresses is then ;

x,

S T [ o0, 159 %° |- Y& (8.12)
P Y (.- & v
’

where 5:0 is the apparent fracture toughness of the matrix

and is associated with the specific defect type (Ch. 4.4)

and o!’, the fracture stress in the absence of a residual
stress. /

) ’ . \
8.4. Discussion : . —

From- Eq. (8.%t2), the fracture strength (v.) of a

f
ceramic matrix containing_ a typical inclusion of radius R is

given by ; 1{

1.5¢ o0_8
g =0 I

= %0 TF - i) (8.13) -
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The first term is the fracture stress asgociated with a

residua1—spress—frée fracture origin (e.g. a pore of radius

R), and the second term ;

1.50 0.8
5 [:cre] N (8.14)
vi(1 - F)

represents the influence of the residual stress. From the
pr1nc1p]e of superposition (Ch. 2.3. 2), 0; can be regarded
as an equ1ba1ent remote stress transferred from the crack
‘ 1inql This supports the previous argument and the expression

for the relative defect severity, i.e.;

Therefore fracture 6rigins assotiated with local compressive)
residual stresses result 1in an ‘underestimation. of the '
fracture stress baseﬁ exclusively on the defect size, 1i.e.
'these defeits a;e less severe than. their size predicts.
Tens11e ﬁés1dua1 stresses lead to fracture = stress
overestimation énd_.a more severe condition.. This isf
consistent with the experimental results and exp]énation in
bhapter 4. -- - ’ .

. To compute the strength, the residual stress relief

qu:tion (8) must bé evaluated. This is done in the present

a‘ysis by considering %Qe strain energy release rate -for
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=
an annular crack around an inclusion (Appendix F) and the@wh'

result is ;- o

N

{'s (<%0 /€81 = v%)o P1V2 (1 /YR ) ,for R 2 R
(8.15)

min

yFor R ¢ R
c

w
n

where K° is the fracture toughness of the matrix, o the

nermalized crack size, £ and v are the Young’'s modulus and

1

Poisson’s ratio of the matrix respective]y.”B = [(1 +”m)/25m

t (1 - 2v)/E ], o; is the hydrostatic residual stress in

min

. the inclusion and R, is the minimum critical radius befow

- which microcracking will ‘not occur.

\ - 1

)

8.5 Applications

8.5.1 g Prediction

Tg; the temperature” below which existing residual
stresses are no longer. relaxed by diffusion or viscous flow,
was ;%perimenta11y determined in Chapter 6. It is ~ 1135°¢C
fgr the Y-PSZ ceramic. -Tg can be theoretically computed .
using the present model. The X values and the corresgonding
o, for «-A1,0, defects 1in the  previous studies are
substituted into Eg. (5.3i to acqu{rejo; and this .and the
calculated § function values . (from Eﬁt_(8.15}) are
substituted into EQ. (8.14). to obtain o.S. Tg values caﬁ

then be determined from Eq. (2.12). The experimental pata

and the computed results fa<;fijha—A1203 defects are.listed
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in Table 8.1. The average value for T, is 1114 t’34°c, in
good agreement withlthe experimental vé1ue.
8.5.1 Strength Preaiction |

| To check the validity of the model for strength
prediction, the a-A1203/t-Zr02 'inc1usion-mat(i} aystem was
examined. The values of various parameter§ utilized are as

follows ;

o= 8.0 x 107°/°C;- .= 10.0 x 10°°/°C; E = 400 GPa; E_=

=
220 GPa;  v.= vz 0.25; K _(t-Zr0,) = 4.5 MPa-m */*fan

intrinsic K., for a small fiaw,' Ch. 4.4); ¢ = 1,57
'Jspher%ca1 shape, Ch. 3.2]; Y = 1.86 [an average of the
| subsurface and surface crack; Ch. 3.2]; Tg: 1115°q

[from the présent study]); o, the.norma1ized preex;sting

flaw size is taken as 0.3 - 0.5, fo11owfng the studies

of Ito [1980] and Green [1981].

The above pmrameter values were substituted into Eq. (8.13).

and (8.15), and the range of predicted strength plotted. The
resultant predicted :strength ‘curve- togepher with the
experiment51 dgfg‘ard shown in Fig. 8.4. The ﬁgreement.is
good. | ’

| The value of “defect severitylparameter" (X) can
also be theoretically computed using Eg. (6.3) and (8.14).
The result for the a—Alzoa/E-Zro2 system is X = 0.67 % 0.03,
in good agréement with the experimenta1{y-determined value

of 0.66 (Ch 4.4).
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® Experimental Fracture Data

1300 .-{'Theoreticcl" Prediction
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Fig. 8.4 Theoretical prediction v.s. actual fracture stress
for an alumina fracture origin in a t;}&gonzﬂ
zirconmia ceramic.
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An 1mpor£ant implication of the present analysis is -
.the predictfon of the fracture stress of ceramics containing
known defects. If the near-surface defects in a ceramic are
detected by NDE with respect to their size, shape, depth and
type, the fracture strength associated with the most
critical detected can be ca1cuﬁated. The present analysis .
only app1ies‘to the particular defect/matrix system wherein
< a, K < Kcnl aﬁd E,> E_. For other' fypeé of inclusion

i m ci

and defect, a similar analysis can be performed.
) x

8.6 Conclusions

The results presented in this,chaptef lead to the
following conclusions : '
. 3

(1) Combination of the weight function method and the
part-through e11ibtical t crack extension . meodel
results 1‘nJ a pedagog{ for ranalyzing the frécture
behavior :of, {a <o, K <K _, E>E) inclusion/
matrix gystems.

(2) The residual stresses developed around inclusions
due to thermal contraction mismatch and subsequent

- e]aé€1c~ mismatch stresses during loading have a
significant effect on the strength of the cteramic
matrix. | ’ .
(3) Tg and strength predictions for an a-A1,0,/t-Zro,
ind1usion/matrix system based on the anaiysis agree

"well with experimental.daﬁa.
' \
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" CHAPTER. 9 : ;
‘

“An Agg1omerate—1nitiated Fracture Model for Ceramics

9.1 Introduction )
. ~ l

In Chapter 4, it was shown that an agglomerate
defect 1nitiatq§ fracture differently from a pore‘defect of
the same equivalent dimension and the iﬁcreased severity is
suggested to He related to local residual stresses developed
around the defect. The existence of residual stresses'yas'
experimentally demonstrated in Chapter 5. ‘It was propbse& _
(Ch. 2.3.1) that differential sintering occurs and a tensile
stress deveiops , for: the higher-green-density agglomerate
during sinteriné. T;is quajitapiver.exp1ains'the obhserved
circumferential cavity and the central larger-grained reg;on c
associated with anlggglomerate fracture orkgin (Chls.é.i). K
To‘ understand the agg1omerqte71nitiated fra re process,
its behaviour during sintering must be examined (Ch. 5.4).
An agglomerate~initiated fracture model  is now constructed
by exgmining the sintqrjng process and suggesting a residual
stress retention mechgnish. The results are comp;radiﬂith‘l.

experimental data. 1

9.2 An Agglomerate Sintering Model

It s sugéégted' that lower-green-density powder

<z 1719
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"\
-agg1omarates will not survive processing and the hlhher-

green-density powder agglomerates are more likely to be" the

source of the final defects (Ch. 2.1.2;-2.3.1: 4.3). Also

& expected a

‘ the denser agglomerates will start and \fi;fsh sintering

earlier thpn the matrix (Chv2.3.1). It
sintering-rate transition will exist for agglomerates and
- their matrix. Initially a higher-green-density agglomerate

will sinter faster than its matrix and a radial tensile

stress wii] develop. This will lead to decohesion as the

local ‘stress exceeds the 1ntarfac1af bdnd strength. This is
expected to- happen before the sintering-rate transition
po{nt. Thereafter, the 1ower—greeh-dénsity_ matrix will
sinter - faster than :ﬁhe agglomerate giving continuous
shrinkage until maximum density. is reached. This'mbdel is
schematically illustrated in Fig. 9.1. The sintering process
for the agglomerates and matrix are expreésed in this figure
in ierm;¥ of Qhé' % theoreticai .sinﬁered density (p,) and
plotted v.s, temperature. The green density of the
agg1omef£t§ is ;ssamed 605 p, and that of the matrix 50% P, .
These are cdnsideredxrehsonéble values. According to this
modél; the point of equivalent-sintering-rate should occur
during the final sintering stage of.thelagglomeratetahd the
initial sihtérjng stage - of the matrix. The correspoﬁding
heat-up (temperature ihcféase) curve 1is also shown in the
figure. Four ‘regions appear on the diagram, i.e. (1) the

zero-sintering region (2) the région wherein the agglomerate

f
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9.1 An agglomerate sintering model.
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sintering rate (Si) > matrix sintering rate ksm) ~,b§fore
decohesion, (3) the same after decohesion and (4), the S_ <
Sm region. The corresponding schematic . microstructures
deveioped in each region are also shown. The agglomerate
sinters ear1i;r s0 its grains will be 1ar§er. fhe larger
starﬁing agglomerate will sinter faster and leave a larger

circumferential cavity. These predictions are consistent

with present experimental observation (Ch 3.3.1).

9.5 A Residual-Stress Retention Model

The development of residual strain associated with
an agglomerate due to differential sintering (4e,) has been
treated (Ch. 2.3.1) and the result is given i;-Eq. ?}.14).
For a spherica] agglomerate of radius R embedded in the
matrix, an elastic hydrostatic tension, o, can exist
gxclusively inside the agglomerate wjth the magnitude (from
Eq.” (2.14) and (2.15)) ;

~ . | -
1

o = - Lo, /.03 (o 7 0¥
d 1/4Gn+ 1/3K. Oa [ Om m .

(9.1)

where G  is the shear mod;1us of matrix and K the bulk
modulus - of agglomerate, which are the function oF the
density of the corresponding. _materialg [(Coble, 1956;
Kingery,'1976b]. Eq. (9.1)‘wi11 be used later to demonstrate

the magnitude of stress if ‘the agglomerate and the matrix
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both respond elastically during sintering. In general, the
yﬁscoe1ast1c stress has tb be considereg (Ch. 2.3.1) and o,
is acquired from Eq. (2.16). The compbnents of residual

stresses in the radial (o) and tangential directions (o)

in a matrix a distancp r from the centre of agglomerate are;

o =oa, (R/r)> (9.2a)
/ .
o, = -1/2 o, (R/F)° ' ($.2b)
At thé agglomerate/matrix interface o: = -2a: =0, where

LY

the superscripts denote the maximum magnitude. 0: will be
responsible for the formatign of circumferential cavity.
Decohesion criterion for an agglomerate due to
differential sintering can be derived based on the results
of Ito (1981). 1Ito studied the interfacial cracking

associated with an inclusion due to~thermal contraction

mismatch with its matrix.fxpgbsprain energy release rate (G)’

for a preexisting crack of normalized Tengﬁh u at’ ‘the

interface of a spherical inclusion of radius R is given by :

G =10.56 Ac 0 R sinu [2 - sing] (9.3)

where At = Ax-AT s the thérmal strain and o is‘ the
corresponding thermal stress (Ch.!2.3.15. This result can be
applied to the differential sintpriﬁg asgociated with an
agg1omerat;, '{.e. subst tﬁting be, (Eq. (2.14)) and o,
(Eq. (9.1)) for Ac and o in the above equation respectively

ALt -
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and replacing K for G, obtain ;

K% = 0.56 odz R sinu [2 - sinp) E__(1 - uz)(1/4Gm+ 1/3K )

- NI ﬁﬁhh?g.d)

”
whare Enn is the Young’s modulus estimated at aggiomerate/

matrix interface. Crack extension at the interface will
occur when K in Eq. (9.4){reaches K;. associated with the
interface and o, becomes the fracture stress (odf) at the
interface.

| The retention of residual stresses for™ agglomerate
defects following formation of the c{rcumferent1a1 cavity
and'sintering is considered due to the concurrent éhrinkage
of the matri§ during sintering. Puring the initial residuaT—
stress build-up stage,:the matrix gra1n§ near the interface
are strained a1ong_§he\stress direction. ;uppése the matrix
' is fully. "sintered” and }esponds linear elastically (1;9. an
~imaginary donditign of unsintered agglomerates in a fully
sintered matrix) then the interfacial strqs;ed matrix grains
will resume their‘ original shape on decohesion and no
residual dtress is retained. However, for a "sintering”
matrix (i.e. both aggiomerateé aha matrix are sintering but
at differenf"rates), at the moment of decohesion it ‘13'
possible that fhe gibbaT matrix has sﬁrunk to an extent that
precludes compiete elastic recovery of the interfacial.

4

stressed matrix grains, “locking-in" 1levels of rasiduaT

'stress. Although subsequent sintering favors‘the relaxation

-~
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of thqﬁg locked-in residual étresses by viscous flow

processes (Ch., 2.3.1), the continued shrinkage of the global

matrix may still prevent complete relaxation and rasidual

stresses are retained. This process is schematically shown
in Fig. 9.2, where an interfacial hexagonal-shaped matrix
grain is simultanedusly strained by differential-sintering
and global-sintering stresées. It is eaxpected that
appreciable stress relaxation via viscous flow may occur
during the later stageg of sinter%ng when matrix shrinkage

’

has ceased. This is often‘_gxyided to control undesirable
grain growth so leaving retained residual stresses. Another
possible source of residual-stress retention involves the
partial decdhesion of the aggiomerate/matrix interface. As
shown in Fig. 3.9, the intact portion of the interface may

preclude total elastic recovery at decohesion and a level of

locked-in residual stress could be retained.

9.4 Estimation of the Retained Residual Stresses

’ Exact calculation of the retained residual stressés
from ;ﬁe abové models requires knowTque of the reia;atﬁon
processes involved ih e]astié and fherma1 recovery. This is
complicated by the "influence of varied sintering conditions
(i.e. heating rate, sintering temperature and period). No
detailed éna1ysis of thi complex process 1is attempted,
rath;}‘ an' .order-of-magnitude estimation is made to

investigate the validity of the proposed model.

v
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sintering and sintering shr‘irjkage for a hexagonal-
shaped matrix grain around an agglomerate defect.
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. The exclusively elastic stress (Eq.‘(9.1)) is first
examined. If the agglomerate/matrix interface remains
coherent in the sintéring region Sa > Sm (Fig. 9.1), the
magnitude of ®fesidual stress "at Sa = Sm can be e;timated
from Eq. (9.1). Choosing the moét probab1é pargmater ranges

7

pm‘: 0.6 to 0.7, Pom= 0.45 to 0.5, p.= 0.9 te 1.0 .and p=

.0.5 to 0.7; and , Gm= 0.4G, Ka=0.6K and E = 220 GPa, o, is
in a range o¥ 1 to 5 GPa. This 1is even greater than the
matrix strength after sintering, therefaore viscous
re]axatjon in this stage must be cansidered. Although the
viscoelastic stress may‘ be calculated fkom the model
prediction (Eq. (2.16)), "the more reTevant fracture stress
at'aggéomergte/matrix interface can be directly estimated

from&ql (9.4), The corresponding = interface fracture-

toughness at decohesion is expected to be very low since

decohesion occurs at the early stage of sintering. This will

be close to the fracture toughness of a green compact and is

172

estimated as 0.15 to 0.35 MPa'm for t-Zro, [Bradt, isss].

The critical interfacial flaw size is assumed as 0.1nR

fcllowing the resp]ts of Ito [1981). For an agglomerate of‘

4

R =.10'ym, the interface fracture stress at decohesion, T e

is in the ranée of 600 to 1300 MPa. The final retained

residual stress is the' fraction of odr lef'tt after the

elastic +and viscous recovery. This can be indirectly
estimated from the resuﬁts of previous Chapters (5 and 8). .

From Eq. (5.3), the defect severity paraméfer is : X
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= 1+ (a /o). The residual stress term, o, for an
agglomerate can be rewritten from Ea. (8.14) as ;

1.5 0 T
T
2 do [:00] ’ (9.5)
Y°(1 - v )

/

where T is a residual stress relief function associated with
the elastic and thermal recovery. For an agglomerate X =

1.30 (Ch. 5.4) with R = 10 pm, and a.= 900 MPa (Ch. 3.3.2),

@ estimated as 300 MPa, giving @ T 410 MPa. Comparing

this result with the corresponding magnitude‘of e . (600 to

1300 MPa), a value of T between 0.30 and 0.65 is obtained.

This is smaller than the magnitude of S associated with the

inclusions and is considered regsonab1e, because T includes

more-severe interfacial 6rack1ng and viscous recovery while
the S on1y~invoiQes radial microcracking. .

The complexity of the processes only permit models

to be proposed- andgaorder-of-magnitude fracture data

¢
-

detgrmined. More work 1is needed to éﬁarify the agglomerate
behavior during sintering and decohesion with emphasis on
the relaxation process at and after cavity formation.
9.5 éummary
The present study 1is summ@rized.as follows
(1) An agglomerate sintering model and ré1evapt residual
stress retention model a%e’p?oposed to‘describe the

ot

\
fracture behavior of an agglomeérate defect.

AN
N
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(21 The estimated fracture data are reasonable compared
with the experimental resuits. .
(3) Detailed analysis and experiments pertaining to the
res%duaf~stress relaxation process éhou1ﬁ " be

conducted( r

189
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CHAPTER 10

-

Conclusions and Future Work

The present document reports reseanth on tﬁe
‘defect-initiated fracture in and strength improvement_.of
zirconia ceramics and the following conclusions result ;

1. The f]exura]*strength of 1inearke1ast1c ceramic
materials can be greatly +improved by flaw elimination from

- the precursor powders. A 4.5 wt% Y-PSZ was uséd as the model
systém toldemonstraté'the petential improvement. Fracture-

\

initjating défects of larger-size or higher-density than the
host Tfine .powders, i:é.‘égg]omerates.-iron 1nc1usiéns etc.
can be eliminated by a co]101d-dispersion/sedimentatioh'
procedu?e: Organic inclusions in the powdeﬂ can be
"eliminated by, a bur éut/re-isopressing procedure. The size
of the stre defects\ is also reducea by these procedures.
Lower—-density - inclusion gefects, eg. a1uhina in Y-PS&Z
powders, are unaffécted by this secon§ary powder processing;i‘
. 2. To.bxé1ain the non-equivalence vis-a-vis strength

of phe equiva1eht-dimensioned defects of different types a
résiduaT stress model is proposed, Local residbaI stresses
develop around defects in ceramics due fo.therma1—. elastic-

, . o, . , : .
mismatch or differential sintering. These results explain

the relationship between the severity of different defect

190
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types and the ceramic strength modification. Tensile
residual stresses are proposed associated . with _fﬁber
‘nclusions and agglomerates in Y-PSZ and these .two defect
types are more severe than an equi-dimension pore defect. No
residual streéses are expected with pores or iron inclusions
and the corresponding ceramic strengths are predicéed by the
crack model. It 1is suggested that compressive residual
stresses develop around alumina inclusions and these are
therefore less severe than the equivalent-dimensioned pores.
" The obéerved relative severity of the defect types was
guantitatively ranked and a ‘"relative defect severity
parameter” (X) defined to correct the crack modg}.
~ 3. The exﬁsténce_of residual stress associated with
the defect typeé waé{experimentally verified and thé stress-
re]axation—temperatu;e '(Tg) was détermineq for Y-PSZ
(1135°¢). It was shown that, below Tg. a temperature-
dependent residual stress is associated with a-A1,0, defects
in YfPSZ and a temperature-independent residual stress is
' associjated with agglomerate defects. Pore defects are
rqgidua1-stress free. The severity of agglomerate defects
could be decreasedfby appropriate héat treatment procedure
(1250°C x 3 hrs). |
4. The size equivalence of a defect ana its
associated flaw size was ver%fied for the alumina inclusion

in .Y-PSZ. 1t was found: that the alumina inclusions fracture

prior to global fracture of Y-PSZ and no radial cracking is
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associated with the inclusions.

5. An in-test subcritical precracking procedure was
developed for the va]id'determination of KIc using chevron-
notched-bend bar. This technique uses twd—step control of
the testing macﬁine crosshead speed to facilitate
precracking and maintain the necessary stable crack growth.
The technfgue Qas applied té 4.5 wt®% Y-PSZ and was shown to
be a simple and re[jagle'testing method.

6. Inclusion- and agglomerate- initiated-fracture
mechanisms were modeled. In the former, a wgight‘function\
method _ﬂas' used to compute the résidual‘ stress intensity
factor. The resq1ts were used to compute Tg for Y-Pszfand to

make strength predictions for the «-A1203/t-2r02 system. Th£§?

agreement with experiment in both cases was good. In the

latter, -an agglomerate sintering model and residual stress

retention model were proposed and fracture data was
estimated. Thé results agreea with experimental data.
; Someiﬁ%rk is'suggested to ‘do in the future, these
include ;
(1) development of a powder processin§-procedurg to
remove those solid 1inciusions with 1lower dénsity

than the fine powdér.

. (2) combination with other fabrication procedures to

eliminate the pores and improve the Weibull

modulus.

(3) investigation ‘of the sintering behavioure. of .the
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higher-green-density powder agglomerateas, . the
residual stresses, associated with the agglomerate
defects and refinement of the agglomerate-initiated

fracture model.

- h““‘-..../




. APPENDIX A

The Part-ThFough Elliptical Crack Extension Model

Assume the crack 1lies in the XyZ-plane with its
major dimension 2¢ along the Z-axis and its minor dimension
2a along the X-~axis. Then“the crack opening displacement, u,
in the Y-direction (tensile d{rection) is expressed as ;

2 27 1/2
Z

- _oxt '
Ho=op (- = =) (A.1}
a C '

where Hy is 'ha1f the maximum tota] crack opening

displacement at the crack center. The varjation?qf 4 at a
’ ¥

fixed distance r from the crack border can be exp}essed by'

inserting x = a 8in® and z = ¢ cos® into (A.1), as ;

<

™~

2 2 _2ar (azcose2 + czsinez) (A.2)

Ho= Ho ac

u is further related to the stress intensity factor, K, as }

’ v

2 ‘
u = —25‘—E”—l (2r)*% (A.3)
and also from LEFM ;

G = —’é‘— (1 - v¥) K2 (A.4)

194
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Inserting uz from (A.2) into (A.3), gives ;
2
E u .
k2 = 1 [ ] [ 0 ) (a’cos®0 + c?sine)t’? - (A.5)
1 - P ac
and then ;
2 ' -,
E I . .
R 0 2 2 2_. 2,.1/2 .
G = m [ - DZ] ( ac ] (a"cos™@ + c"sin“8) " (A.8)
v S
e ¢

H, can be evaluated from the strain energy change at small

outward displacement, which gives ;\

. 2(1 - v3oa |
By, = — (A.7)

L}

Inserting (A.7) into (A.5) and (A.6) and consider the free

surface effect, then ;

2. 2 2 I )
Y¢ " (1 - v™)
Kf = GE = — ( a ] (azcosza + c231n26)1/z (A.8)
, o . © '

-

where Y'is a geometrical factor.

r



APPENDIX B
J

Fluid Mechanical Aspects of Sedimentation

: ) 4]
B.1 Laminar Flow Condition

’_:1

Stokes' law describes the terminal velocity, Vl, of

a sphefical solid particle sgttling in an infinitely-dilute

- -

suspension under laminar flow condition as ;

2 I
2R (P-p)g

V. = (2.11)

3 | o

The Taminar flow condition has been experimentally

establisiiod (Geiger, 1973] and is expressed via the Reynolds
number, Re. It has been shown that Stokes’ iaw is valid up
to Re = 1.0 for a spherical particle: 1In practice, since|
Re = 2thp1/n. the ‘11m1t1ng laminar. flow condition séts' a
max imum sphere radius, ;Rm.x, in a specific ffuid system
beyond which Stokes’ 1law no Jlonger applies, 1i.e. by

substituting Eq. (2.11) into the Re equation ;

2 1/3

) : ) | R - ( 9 Re(lamlnar)ng] . . (B.1)
Ap e, =)

‘fhe non-sphericity and non-infinite-dilution for

-

valid application of Stokes’ law are now discussed.
1 s

196
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B.2 Non-Sphericity Effect

An "equivalent settling velocity diameter” (Dv.l)

was 1ntroducéd to deal with the non-spherical particleg in

settling [Woods, 1988a]. D,.1 is defined aé the diameter of

an imaginary sphere which has the same terminal settling

velocity as the specific particle, i.e. from Eq. (2.11) :

'
]
/
i72

18V,
Dver = [ S ] (B.2)
P, = P) g

N

® .

Fixed relations between O . and ﬁhe op ica11y-determined
particle dimensiops exist. One of such dimension.relevant to
the present study is D,,» which is defined as the diameter of
a standard circle with the néarest—?qual—area to the

microscopic image of the particle [Woods, 1988a] and :

-

~ —

: Dvcl , uv

" = _ (B.3)
D 0.72

whare « is a "volume shape factor”, 'i.e. a proportional

L}

constant between-the particle volume (Vp) and D such «a =

VP/D;’. values of « for various particlie geometries and

some common minerals are listed in Table B.4%.
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Table B.1 Volume shape factor ("v) for various geometries

and minerals

#
S .geometry @ , mineral
cube ] 0.7 -
sphare 0.52 . -
b Y
rod 0.23 coal (0.227)
~ , P
- - limestone (0.164)
5 - - gypsum (0 ¥#28)
plate 0.03 mica (0.03)
Fram Eg. (B.3), for most encountered particles with
« = 0.02 to 0.5, D > D . . That means the "actual”
v m vel

s

settling velocity based on Dve (Vta) is smaller than the

1

"expected” sett1ing'Veloc1ty based on Dm (Vle), i.e., .from

Eqs. (B.2) and (B.3); ”

Le ve) = 1.93 «
v

v Dz (/

e n .
-~

. N

B.3 Hydrodynamic Effect

(B.4)

-

The non-infinite-difution of colloid suspension.
promotes particle-particle interaction. Correction for the
application of Stokes' law is necessary dye to the 1induced
hydrodynamic effeqt and electrostatic -effect.

“ Hydrodynamic effect 1is a conseguence of backflow
which-occurs‘when a particle falling through a fluid drags
L AT . ' :

[

-
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some fluid along with it. In a baunded system this down flow
of particles plus fluid must Be compensated for by a reverée
flow of fluid elsewhere 1in the system,. as illustrated in
Fig. B.1 [Reed, 1976). In a diluté system where particles
are set apart far enough, the overall effect of backflow for
a particle /js expected a_,decrease 1in settling velocity
cbmbared wi;h that predicted by Stokes' law. Correction for
the term1na1 sett]qng velocity due to hydrodynamic effect
has been extensively studied [Batchelor, 1872; Oliver, 1961;
Reed, 1976; Richardson, 1954]. Batchelor's results. [1972]
are most often used, which applies to a sphere settling in a
dilute suspension of concentration (C) s 0.02, i.e.;

v =V (1 -KC) . (B.5)

te

k4

where K is a constant and equa]{gg 6.55 for identical random
. . .
hard spheres,
B.4 Electrostatic Effect \\_’ -~ .
<&

L} ..4

Theoretical studies [Booth, 1954; Dickinson, 1980]

on the e]ectrogtaticfefﬁ’f?wconcluded that the interaction

- bptween the ‘charges on ‘the Bart1c1és modifies the 1luid

field and alters the settling velocity of the particles.

-t -

Dickinson [1980] related the constant‘K (EQq. (B.S))-to the
. ’ L)
interparticle spacing which will be modified i; surface

charges exist. This gives; _

SRy
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Fig. B.1

Fluid streamlines for particles motion in a
bounded system.
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K=1.5p°%+ 3.75 p, 7" - 1.32 (B.6)

.-
where Py = 2r/(a1+ a?). r 1is the .spacing between two
particles with radius a and a, respectively. In most cases,

it was shown that 2 = po £ 2.6 corresponding a decrease in
.

settling ve16c1ty of 0 to 9 %. \

The physical explanationi for the Feduction\'in
settling velocity due to electrostadtic effect 1ies on the
fact that the pairs of interaction particles are not'é1lowed
to approach closely because of the electrostatic repulsion.

Khey are more 1influenced by the diffuse upward flow and

tﬁérefore settle slower. ¢

| -

B.5 Combined Effect

\
combined effect of non-sphericity, .hydrodynamics and

electrostatics can be incorporated into a correction factor,

F, in Stokes’ Taw, such

| 2 R%(p,- ) g (e
V = F - (B.7)
an-

From Eqs.. (B.4), (B.5) and (B.6), F can be wriitten ,as;

[

F = (1.83 % ):(1 - 6.55C)+(2.32 - 1.5 p. - 3.75 p_') (B.8)
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s APPENDIX C

Comparison of the Sedimentation Behavior *in

2-Propanol, Methané1l and water

As sta£ed' in  Appendix B.1, the laminar flow
condition sets' a maxjimum equivalent fSphére radius 1A a
specific suspension system beyond which Stoke’s law is no
Tonger applicable. The calculation are performeds for these
three 1liquid media and the results are plotted as sphere
radius v.s. Reynolds number in Ftg. C.1. It is shown for Re
=1, thercorresponding maximum ;phere radius is 76.6 um for
2-pro;ano1, 35.6 um for water and 26.9 um for .methano].
These radius set the upper ;jmits for the valid application
of Sto%d<s law. It is noted that 2-propanol éppears to be
more suitable for the situation where the target' size

eliminated is large.

The settling velocity for the particles of spacific

' size is determined by the density and viscosity of the

dispersaﬁts. This also has some influence on the
sedimentation procedure since tod fast or too siow settling
is unpractical. The settling velocity of the spherical Y-hsz
mith radius from 0.1 to 100 um for éFE/three dispersants are
shown in Fig. C.2. Thé_time'scaTe sh?zz\is the time required

for trave]iing 10 cm distance., It is yoted that the settling
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ve]obity. of Y-PSZ particles 1in methanol ‘is almost double

that in water and five~time faster than in 2-propanol.
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APPENDIX D

The Weight Function for 'a Through-Thickness and

a Part-Through~Thickness El1liptical Crack

The stress intensity factor for a given 2-
dimensional crack geometry under an arbitrary loading

is given by [Rice, 1972] ;

>

K, = J t-h dI' + J f+h dA {(D.1)
r A

#

where. t is the stress vector acting on bpundary T .chosen

.around the crack tip and f is- the body force acting in

region A gefined by I'., h is'a universal weight function
determined from a known 16ad1ng system (as Egj. 2.18). |

For a through-thickness crack of length a extending
along the x-axis, displaced along the y—;kis by a symmetric
pressure a.(x) perpendicular to the crack surface (if the
boquary I' consists of the crack surfaces and no body force

exists in area A), Eq. (D.1) can be written (realizing T is,

equal to twice of the crack length a)

(2) H éu X,a)
K = o (x) [ 1 ] dr
I JF . 2K(:) ga
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a
H du(x,a) ]
= 2-J o (x) [ dx
s (1) Jda
- 0 - 2K,
Q\ -~
a
= I o (x) WLxa8) gy (D.2)
s a .
KI ~Jo ‘
k4 \

Eq. (D.2) has been widely used 1in previous studies

(Ch. 2.3.2).

The analog for 3-dimensional crack geometry is ;

&« = J t+h d§ + I - f+h dv (D.3)
"Jd8 v '

whera s {s the surface chosen around the crack tip and V the

volume defined by S. - »

-

or  a part-through-thickness elliptical erack with
semi-axis & along the x-axis, (-a < x £ a), another semi~-
axis ¢ along the y-axis (-c < y < ¢), displacement,along the
z-axis and a symmetric pressure o (x,y) perpendicular to the
crack surface, Eq. (D.3) can be written (for a surface
section element along the<x-éxis, dl"x gnd along the y-axis,

df , ds = df_ X dr.) ;
b4 X Y

-
2) _ ' H du(x,y,a,c) ]
K = o (x,y) [ ds
I JS a Y 2K:1) oA ]
“w , .
_ _H Su(x,y,a,c)]
= Y JF JP [a‘(x,y) T ._drxdry _ ,(0.4)

I x Y
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Y oo , .
has been given in Bueckner’s

A general expression for K:Z
study [1977], however the special ‘case of the stress

intensity factor for the crack front along a semi-axis (eg.

the x-exis) can be computed. Realizing dA is ﬁcda,'rx = 4a

/1 ~ (YZ/CZ) and Fy = 4c, Eg. (D.4) can be rewritten as ;

- c o/1-1y%7c%)
t2y_ H " u(x,y,a,c) ) ]
T 2x' Y [4 Jy-o[4 Jx.o %00 y) (nc)oa ~9%jdY

I

—t
c a/l-(yzlcz)

) fe]
"\/.:_.%_:EJ’ J p) 0.(X,Y) U(Xé);.&,C) dx' dy (D.59
K yu(,) x=0 .

i =

Similar expressions to Eq. (D.5) can be found in previous

studies [Besuner, 1974, Mattheck, 1983] wherein the average
stress intensity factors were used. In the present analys%b,
the stress intensity factors at the end of semi-axes of an

elliptical crack are-invoived. T ‘
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Solution for the Maximum Residual Stress Intensity Factor'

-

-

Eq. (8.8) can be simplified to ;

-3.24 %S R *

K" = I [(2.-24 R™®/3y*3 - 1.5 RP'?). \
- wi - 7 R Jye0 I :

R

O (R%- X%~ yHy ax + (1.5 RTVHYT 4 1)

J x=0 -
, R

. e 2 . 2.,-1/2 }i :
(R™= x"= y%)— dx] dy {(E.1)

[\ J x=0
b .
TR and thesg  integrals can be reduced by ugiﬁg the forpula
- r
b= ' [Beyer, 1987] ; .

where I' is a gamma function. On substitution, the following

equation results ;. o
. 3.24 %S
K., = == (0.27 R - 0.56 R).
2y R /
ARG Y -
209
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-0.95 %05/ R

= (E.3)

Y1 - v?

Since ¢ = 1.57 for a spherical shape. then : .
m ~1.5 aTS
K“_ = Y R (8.9)
YY1 - vl
. b
. : N
. .



APPENDIX F

Evaluation of the Residual Stress Relief Function $

The following analysis 1is based on globhl crack
surface energy equivalence between a annular, crack and many
small radial microcracks 'ﬁroﬁnd an incdusion. Consider a
spherical inclusion of radius R around which there exists an
annular (radial) crack of normalized crack length o (w =

c/R) (Fig. F.1). The total strain energy, U of the

0’
uncracked system with hydrostatic residual stress oL 18
given by [Davidge, 1968] ;

2 _3

U, = 2 e ol R ‘ (F.1)

where B = [(1 + v )/2E ] + [(1 - %ELL)E‘]' The strain energy

U of the cracked system is then ; t

Us=u, f} =2n8 a: flw) R® (F.2)

where f(w) is a residual strain energy relief function {Ito,

1980). 1If GT' is the remaining residual stress in tha'

cracked system such that aT’= o, S(w), 18(0) is a residual

[y

stress relief function already defined), then ;

U 2nB a;zﬂa - ‘T?
=2xposw?iR®

PO

211 R R

.-f/~x) : ’
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annular .
crack

inclusion
'f.

. ) . . , ] S
Fig. F.1 A spherical inclusion with an annu]ar crack of -
o the normalized size w = ¢/R



It

=S

S(w) = ¢y f(w)

or

U (E.4)

dA e O

- du df(w)
G = dA

e

A% 2r ' - (F.5)

Substituting (F.1) and (F.5) into (F.4) gives ;

g
G =R p o ALL) (F.8)

At R 2 R:‘", crack initiation occurs and G = G_, so

-
'

G =R BOZ df!w! min ™ )

= r —de for R 2 R, ‘\‘/’//,1E41)

Reafranging and integration, gives ;.

o
f(@) = (Go / RB ) +¢C (F.8)

-

where C is an integration constant. Substituting (F.8) into

(F.S)‘resu1ts in ; | . .

- L

$(0) =/ F(@ =7 (6w /RBo>) +C  (F.9)
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Because S{w) muét satisfy Eqg. (8.9) and bears the form of

K/YR (where K is a constant), the integration constant, C =
0, and ;

S{w)

(Gl / R B oZ 12

Ko/ €EB(1-v)a2 1Y (1//R) .

(F.10)

For R s R:‘", the crack does not extend and S(w)

=1,
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