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ABSTRACT

An energy approach to fracture of ceramics‘yas under-
taken oand refined to account for a nonelastic behaviocur of
these materials. A chevron-notched (CN) four-point baga
specimen was recognized as effective experimentel arrangemant
for room and elevated temperature tests. Conseguantly, a
number of theoreticsl studies of the ‘specimen’s performanca
were undérvuken. _Modelling of the veriation of the s{rnin
eneréy releasa rate with the crackh extension revealed that
the gubcritical crack growth in & CN specimen causes
dependence of the measured fracture porameters on the
experimental procedure. Frecture toughness depends on the
stressing rate and stiffness of the testing system. Work-of-
frecture depends additiona{ly on the cr;ck length, explaining
the phénomenon of decreasing effective surface energy with
the crack extension. It appears that, as complete fracture
is approached {(i-.e. 100 % of the specimen’s cross-section),
the measured work-oF;Fracture approaches that regquired for
crack initiation. An electrical potential drop‘technique far

— .
crack lenéth measurement in the CN specimen was developed for
elevated temperatures fracture studies in the ionically

-

conducting zirconium oxide ceremics.



The resistance-to-fracture versus crack extension was
determined for & range of temperatures (25 to 1300 °C) for
stabilized zirconias and their HFDzlsolid solutions and with
second phase Pp-Alo03 perticles dispersed in them. The room
temperature results ;greed with the literature data and model
pregictions. Above 1000 *C an enarg; input of “1 J/m2 is
required to drive the crack through zirconium oxide ceramics.
Viscoelastic effects and crack dinteraction with Pp-Alslg

particles result in a total fracture energy dissipation two

orders of magnitude higher.
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Py LIST DF‘IAIN‘SYIBDLS
. <&
a crack length )
A crack area
b crack front length. )
B specimen depth )
Q ralative interpro;a distances (Cq,Co,Cx) ;
compliance
d density ; interprobe distance (2d)~ )
D displacement A N
E ;oung" modulus (Eg static, Eg dynamic)
i " voluma fraction .
G strain energ§ release rate ; crack driuing force
H interprobe distences Hy, Hp, Ha; \
summation Ffunction H({ x)
h Xhickness -
I eometric fector fﬁr CN spacimen; I( x)
k stiffness constant ; shear correcticon factar
K stres? imtensity faector —
L bending arm —
m compliance ratioc
M integer numbar
n bend span ratio ; intpger number
P load ; numerical factor in PD technique
(Py, Pg, P}~ \
o} relative voltage drop , I{(D)/U( x) '
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resistance to fracture (Rg, R, Ai) ;
e{gctrical resistance

.bend span (5S4, S2)

time

temper?Lure

voltage droap ; energy

specimen width ; work of fracture (Wg, Wp)

velocity
relative notch length (xpg, xq, xi)
interprobe distences (2y,2y°) .
geometric factor
geometric factor for CN specimen , Z(x)
B, 6, W, ¢ angles
surface energy
viscosity
Polssen’s ratio

time



CHAPTER™ 1
INTRODUCTION

The most useful properties of ceramics (high tempersa-
ture strength,chemicel inertness and hardnes; ot low density)
are accompanied by brittleness. This is still the main factor
limiting widespread applicatiaon of ceramic materials. Brittle
fracture 13 determined by tﬁe type of atomic bonding in the

ceramic and this in turn characterizes the lattice response

te the applied stress in a given enviraonment. At & certain
critical stress level, bonds startita break before plastic
deformation can take place. The challenge i3 to develop

additionel modes of fracture energy consumption in ceramics
and thus 'decrease their brittleness (i.e. i1increase their

strength and their toughness).

One of the proposed solutions is the formation of a so

called “process zone" close to the crack tip. The procaess
zone involves crack-microstructure interactions,
microcracking, transformation toughening etc. The latter two

phenomena have been intensively studied for zirconium oxide
ceramics over the pest decade. Employment of the stress-

induced Zr0s phase transformation in the process zone results



in the material toughness approgching that of brittle metals.
'Strbctural application of zirconium oxide ceramics however
requires retention gf the toughness and load-bearing capacity
to high temperature; (1000 to 1300°C). Presently the enthcad
properties disappear at 500°C. Some solutions to this pr;blem
aré explored in this thesis. -

The modern approach.to briftle fracture has followed

A
the Griffith analysis performed more than 60 years ago. Since

that time standarization of frectu?e'testing routines has
been proposed within the framework aof fracfure mechanics. In
particular, the critical value of stress ‘intensity‘hj}ctor,
Kip, is reccocgnized es an intrinsic material p;raég:er. The

stress intensity approach ta the fracture of inhomogenous

ceramics is complicated by microcracking, process-zone
genesis, crach-particle interactions and high temparatura
viscous phenomena. The global energy balance approach or

comparisaon of the crach driving force with the material’s
resistance to fracture regsults in & more realistic
description of the failure of complex ceramic systems.

The purpaose of this thesis 1s to investigate the
fracture characteq{stics of the new class of zirconia

]

/
ceramics wvia the energy approach at recom and elevated

temperatures. Chevron notched, four point bend specimens
were chosen as the optimal configuration for fracture
testing. A number of original theoretical and experimental

tasks were undertaken,i.e.;



1.an investigation of the efféct_of subcritical
crack growth on the experimentel fracture
toughness and work—of—Fractupé tests.

2.the cpplicaticn.of the load;relaxation tachniﬁua
to chevron-notchaed specimans.

3.the wutilization of an .electrical potential drop.
technique to monitor high temperature crack growth
in chevron-notched conductive ceramic specimens.

4.the high taemperature toughening of partially
stabilized zirconia ceramics by solid solutiaon and

ceramic particle dispersicns was investigated.

Thecoretical analyses and models were compared with
experimental data and a clearer understeonding of the fracture

of ceramic materiels ot low oand elevated temperatures has

"amerged.

-



CHAPTER 2

LITERATURE REVIEW

2.1 Brittla Frocture

2.1.1 General Characteristics. }

\
A fracture is brittle when it 1s not accompanied by

permanent deformation of the material. This broad definition
merely presents our day-to-day understanding of the process

and does not describe the amount or extension of "eacceptable”

permanent deformation. It is vsually assumed for ceramic
materials, that the amount of plastic (viscous ; dislocation-
ective) deformation at the crack tip is negligible. Total

permanent deformation of cracking ceramics, generally results
from processes taking place far (in terms of interatomic
distance) from the crack tip.

Brittle fracture can be considered as the cleavage of.
adjacent atomic planes. GObservaticn of cracks in ceramics by
high resolution transmission elect%on mlcroscopy confirms
thia assumption. No plastic de?oghqgéan haa been detected
within 10 nm of the crach tip for Si, AléBg and SiC fractured
at room temperature [1,2]. The reverse |process of crack
healing, i.e. retraction, has also $een obserued,l an

X

impossible phenomenonfor any irreversibly-de maﬁ//crack-tip

. -

4 -



zone. 8rittleness does nat'howevar exclude large setrains,
which have been estimated as £ 20 ¥ at the crack tip [14], at
the moment of the crack propagation. A

o If ; pure "bond breekage" process is responsible for
the fracture of brittle materials, it is valid te consider a
discrete dionic latFice model. Mbdelling of this kind was
first performed by Orowan in 19845 [3]. He approximated the
force between atoms as a function of their saparaticﬁ by_a

sine wave and cobtained a formula for the theoretical bonding

strength of & solid as;
Tep = (E‘F/EQJO'S (2.1)

where E is the Young’s modulué, " the surface energy and ag
the interatomic distance. Substitution into (2.1) of typical
E, eand & values (101IN/m2, 100/m2 and 10~ 10n respectively)
results in Uthmd.1E. Oggérved values for the strength of
ceramics ere & 0.001E. The discrepancy arises from ignorance
cf stress concentrations at defects in the solid [4]. I+
condition 2.1 is met at any point in a strained body,
cetastropsic fracture must initiate due to local i1instability

{6]. This condition will most likely be met at thaea tips of

-

flaws.
Global instaobility was considered by Griffith [4]. He
praposed, that fracture of a brittle matarial occurs {f the

decrease of the potentisl energy of the system on crack



growth is ';argekr than the requisite increase of surface .
enargy. The wunstable equiiibrium of an ,elasﬁic plate
containing an elliptical crack of length 2cg wﬁd analysed by
balancing these two energy compcnant; and resulted in a

critical applied.stréss, gg, of;

gg = [(2+M-E)/(®-cg)10-5 (2.2)

When the Griffith cohditi\n (2.2) is mat, & crack will
just start to move in an infinitg‘hﬁﬁEE;;;::;’madium. Distur-
banca from this unstable equilibrium results in cr;ék accaela-
ration and the stress concentration At its tip approaches
Ctpn, heralding criticellity and uncontroliable fast fracture.
At equilibrium (2.2) the releesed elastic energy 1is equal
twice the thermodynamic surface energy 2 and thus fracture
is a raversible (i.a.controllable) process. For any stress
¢>0z (or the crack length c>cg at O=0g) fracture proceeds
irraversibly by thermelly-activetad atomic Jumps and thae
enargy consumed is greater than 20 (the excess energy being
dissipatad as lattice ;ibrationsl.

Since the Griffith relation results in fracture
initiation, it must be considered as only the necessary and
not the sufficient condition for macroscopic body separation
.[5,6,7]. Confusion between the Griffith condition and the
catastrophic fracture state heas permeated numerous attempts

to explain unusually high surface energy measuraments in
7
~

-
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.ﬁ#acturé experiments anﬁ the phenomanoﬁ of subcritical crack
gro;tg. It must alsc be recognizrel; that .the homogenaity
assumption of elasticity tpeory fails at the atomic lavel and
cFaék ndvénca must be considered non-c¢continuous,. .

A gualitative descripticon of™ discrete crack
propagation between the global and local i%stability stoates
is provided b& the lattice theories of fracture {8l. Tha
authors consider the potential energy of o simplifi;d, one
dimensional mo&el of & lattice and crack as a function of the
crack length, (Figures 2-1A,B) ¥. The total pgtential enargy
.is composed of that due to the external loading system, the
strain energy of flexular bonds (spring elements in Fig. 2-1
A) and the cohesive bond energy. The variation of éhe ayatam
potential energy, U,resulting from the crachkh extension, a, is
shown in Figure 2-18. The "wavy"” nature of the plot reflects
local metastability sites separated by thermal activation
barriers for one atomic distance crack jumps. At a~apn the
thermal activaéion_barriers for crack growth and retraat ;ra
equal and equilibrium [i.e. the Griffith condition) 1is
maintained.At this moment the cracﬁ driving force, G, 1is
exactly balanced by the resistance force,gf,i.e. G=Gp. As the

crack grows, the thermal activation barrier decresases and

finally vanishes at a=a, (or G=G,).At this moment spontaneous
e )

——r

fracture takes place due to local instability conditions. 1In

# Illustrations are presented in a separate volume.



terms of modern fracture mechanics (discussed in subsequent
paragraphs) this momenf coiﬁcides with the attainment of the
critical value of tha—strass intensity factor, K. Spontaneocus
closure can teke place as“the crack heals towards a_(Fig.2-1
B). For a,>a>a_ fracture procdeds subcritically in a "lattice
trapped” regima.‘ It is one of the purﬁbsea of this thésis to
study this Eegime and its complicetion by a number of crack-
microstructure interactions et elevated as well as at room

temperatures. : . . , -

Another important consideration for even such a simple

one-dimensional model of fracture, 1is the kinetiecs of the
process. If the standard Arrhenius analysis for a thermally
activated reaction is applicable, the exponential law for

subcritical crack growth velocity,-v, emerges,i.e.;
v = alexp(Us/RT) - exp (U_/KT)] o (2.3)
where U, and U_ are the thermal éctivation energies for crack

advance and retreat respectively, k 1is the Boltzmann

canstanaﬁ T the absclute temperature and a a proporticnality

constant.The thermofluctuation mechanism of fracture,
expressed by (2.3}, has been proven éxperimentally for o
lerge number of materiels [8]. Suberitical crack growth in

ceramics con also be described by an empiricel power law

which is more amenable to analytical treatment [ 10,11,12}:

" ew



v ; P'GEifH#/! . (2.4)
whare G is the qrack_driving force, N is an empiricai para-
meter and ¢ is a proportionality constant.

Althaough the lattice model explains subcritical crack
growth irrespecéiuely of environmental affects, ceramic
behaviour i§ especié?ly sensitive to chemical ingeractions at
crack tips [10,11,12]. The extensive experimental evidence
of environmentally-assisted subcritical crach growth in glass
and ceramics has been modelled by the discrete lattice aTd
chemical reaction rate theories L13,14]. It is augéasted,that
the co}rosive envirognment 1owersotha forward-motion active-
tion energy barrier, U,, and raises the retreat barrier, U_
The crack is lattice trapped at & lower applied stress.
Equivalently, the surface energy is lowered to that of & che-
mically reacted surfece. The crack driving forces for sponte-
neous fracture or healing are lowered.

Erittle fracture and subcriticiL_ growth were

recently reviewed by Maugis [15]. It ia that the
Griffith condition only applies to the equilibrium crech and
cannot describe the criticel {fast) fracture event. The crach
tip front is modelled as the perimater of o contact areaa

between two elastic solids and the crack growth Kkinetic law

is expressed as;

G - 2 = 2-F=Fy(v) - (2.5).



10
G =~ d(W - Ug)/dA (2.6)

whera G is the strain anefgy release rate (i.s. the crack
driving force), [ is the sur%ace energy, f7(v} is a fﬁnction
of the crack velocity, v, at température T, W is the external
work and Ug is the stored elestic energy (kinetic energy is
neglected) .

Equation (2.5) states that the crack tip dissipatiaon
enargy (or losses, G - 2, is proportionel to the work of
adhesion, 2?; and & crack velocity functicn of the form v1/N
(following equation 2.4). The losses are related to
viscoelastic processes at the creck tip which eare reflected
by the frequency dependence of the imaginary part of the
Young‘s modulus, i.e. the loss modulus. As the frequencj of
bond breaking events in;;;>§ﬂa‘;kor the cra;k velocity
increases), the viscoelastic dissipation and loss modulus
decrease. E%Fectiuely, the material tends to be more elastic
(brittle) and thus the resistance to fracture decreeses. Ag o
result, sudden crack acceleration from subcriticel velocities
Vg, (1078 to 1073 m/s) to the critical velocity ve (21 mm/s;
takes place and catastrophic rupture follows.

It  has been emphasized throughout the above
discussion, that the Griffith equilibrium fracture condition
must be différentiated from the eriticel, Ffast Ffracture
condition. Nondifferentiation leads to the ambiguous chara-

cterization of the material properties in terms of a single
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"work-of-fracture"” test. The energy calculated from the area
under the load-displacement curve of &a stressed sample
depends on the experimental canditionsrand cannot be directly
related to the material’s resistance-to-fracturas. Some
aspects of this pro blem will be discussed in Chapter 3.

The search for a single material parameter characte-
rizing its resistancg—to:fracture has resulted in the deva-
'lopﬁent of an approach based on linearA-élastic fracture,
mechanics (LEFM). Highiights of this discipline will now ba
discussed.

2.1.2. Linear Elastig.Fracture Mechanics

The discipline which considers crach extension
béhaufour es 8 function of applied lcad is called fractura
mechanics. If it is based entirely on linear elastic theorems
it is called l&near elastic fraecture mechanics (LEFM). The
fundamentals df modern LEFM originate from the works of Irwin
[16,17) ,but the- -basic concept is the Griffith theory [4].
The idea that the crack driving force 1s the strain energy
release rate G (eq. 2.6) was introduced by Irvin and Kies.
In 1954 it was shown [ 17], that G 1is equivalen; to an elastic

force exerted on a crack by an external stress, so the

mechanical compliance is related to G, i.e

.3 \
A

6§ = 0.5 - P2 + dC/dA (2.7)

C = 0/P (2.8}



S~ | L

L]

3
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where P is(the lo;a, C the mechenical compliance defined via
the loed application point displacament D at unit "lopdu (ag.
2.8) and A is fracture area. When the Griffith condition is
attained, G=Gp=2F and at the catastrophic fracture peoint,
G-GC-ZF;, where 2, is tha “effective” surface energy which
includes plastic dissipation targa.

- - A parallel approach, cheracterized as the “"gtress-
intensity approach™ was suggested by Westergaard in 1939

(18]. The crach was modelled as an infinitely sharp slit in a

continuum, with walls free of tractions at all stages of
loading. The «crack tip stress concentration is calculated
according to linear elasticity theory essumptions, for three

types of loading (opening mode n=I,sliding mode n=II and
tearing mode n=III), Fig.2-2A. The general solutions far the

near-tip stress field, @y4,(Fig.2-2B) cen be approximated as;
14

iy - [Kp//(2Tr)] = F(O) {2.89)
where r is the distance from the crack tip, Kp is the stress
intensity factor describing the magnitude of the crack tip
stress field in a homogenous linear elastic meterial for mode
n and f{6) is an angular function [19], Fig 2.28. For most

loading configurations K, can be expressed as;

Kn = T4 ° Ja = Y(o) (2.10)
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whare 0, is the externally applied stress, a éhe crachk length
and Y{a) is a "geometric factor"”, a function of both crack
length and the loading conditions. Tﬁe assumption of complete
homogeneity results in an unrealistic stress singularity at
the crack tip {(r=0).This inconsistency has been approached by

considering & finite crachk volume and the crack tip radius

—

[7,20,21].
The relationship between the stress intensity and the

strain energy release approaches was shown—in 1957 by Irwin

[22] . The G and K parameters are related through the elastic
properties of the material i.e. for plane stress mode I
loading;
Gy = K2/€ (2.11)
9

amd for plane strain mode 1 locdi;h {valid for most ceramics)

Gr = (1 - v3) - Ky2/E (2.12)
where V is the Poisson‘s ratio and E the Young’s modulus. G
at the onset of rapid crack propagetion is cealled Gg, the

“"cri tical-strain-energy-release-rote” (equivelent to G, of

the lattice concept), or the “"fracture toughness™, & central
concept }esulting from LEFM.

Since a negligibly short subcriticel crack growth

period was assumed,the critical condition has been frequently
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trasted os the Griffith condition. Modern fracture mechanics
rasults, " in large degree, from the works of Srawley -rand
Brown. They questionad the wvalidity of “rapid” crack

propagetion_ét G=Gg as en intrinsilc material parameteri [23].
Instead,the maximum recorded loed and the corraspondi%g crqck
length were proposed as perameters for fracture toughness
calculation (from eq. 2.10). These parameters are experi-
mentally dependent however and the resulting Gp does not have
clear physical meaning [ 15].

Irwin and Paris [24] considered the crack velocity
versus the driving fdrce, Fig.2-3. It is recognized that the
crackh <can propagate ig s stable manner slowly {branch AB) or
quickly (branch CE). Unstable propagation takes place at the
critical condition G=Gp (branch 8cj) . The kinetics oé crack
prapegetion can be modifi;d by the enviraonment, as discussed
in the previous paragraph.

In the case of a number of external stresses acting on

s body,the corresponding stress intensity fectaors can only be

superimposed for:the same mode of crack opening,i.e.;

Kt = L Kry ., Krr = L Krri etc.

‘/—\.

The strain energy release rates for any mode can be

superimposed [258],i.e.;

G = QI + GII + GIII (2.13)
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Equation (2.13) suggests,that the G-parameter approach
te Ffracture toughness facilitates a better description of
crack propagetion under non-ideal {real}) conditicns under the

f

‘ \
influence of mixed mode stresses. Ceramics are 4inherently

inhomogenous and crack-microstructure interactions result in

mixed-mode frecture. The overell crack driving force 1is
therefore best expressed by (2.13), with unknown parﬁicglcr
terms. Direct caonversion of the strain energy release rate

into a partibular mode of stress intensity factor is thus
impossible. The‘local varistion eof elastic modulus Ffurther
precludes this conversion;

Fracture mechanical techniques are further compli-

\

cated if the wvolume of nonelastfcally deformed matarial
cannot be neglected comparéd with the total volume of the
body. Since the crack is anly driven by the potential energy
of the loeding system and the strain energy released from the
specimen, any irreversible deformation must be excluded from
the energy balance [26]. Orowan [27] proposed, that the
amount of plastic work , 2Fp, per unilt increase of crack
area, is'much larger than the Griffith surface energy so the
effective surface energy 207, = 2Fp. This transition however
is not jJustified within the framework of LEFM. Even if the
plastic zone is minimized in the test specimen, the energy

K}

parameter Gp is more meaningful than the derived value aof Kp
+
[28]. »

The applicetion of LEFM is questionable for elastic-

&\
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plaatic fraéture. The global energy balance is a relilable
method for analysis of this type of frocture. .Eftis and
Liebowitz {28] proposed that the external work w . is
redisbributed into stored elastic energy, Ug, dissipated
plestic energy, Up, and effective surface energQ e of o
newly created crack area A if the kinetic end residual strein’

energies are neglected, i.e.;
dW/dA = dUp/dA + dUp/dA + dle/dA - (2.18)

Evans et al. [29] peointed out, that the energy balance
(2.14) should contaia a phoﬁon energy term associated with
the stress waves emitted by the propageting crack. It iém
assumed at the present stoge of snelysis end thraoughout this
thesis, that the phonan energy isrincluded in Mg,

Comparing (2.14) with the expression for the strain-

energy-release-rate from an elastic body, (2.6), the nonlin-

ear crack growth resistance parameter, R, can be defined os;
R = dUy/dA + dlg/dA (2.19)

Since dlf./dA is the only term responsible for the crachk
extensian (dUp/dA being dissipated irreversibly into
permenent deformation of the body), it will be termed the
"Resistance-to-Fracture”, R, in this thesis. The balance,

dUp/dA will be termed the "Nonelastic-Energy-Dissipation-
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Rate”, AL, and the resistance to fracture will be calculated

from;

Re = R - Rp = d(W - Ug - Upl/dA (2.16)

The analysis of Eftis and Liebowitz was applied to the
investigation of nonlinear fracture parameters of graphite
and silica refractories by Sakai et al. [32] and Sakai and
Bradt [31] . The method involved the retrieval of Re and A,
fram the load-displocement diagrams of repeastad load-stabile
fracture—unloadrexperiments, Figure 2-4. The waork perfcrméd
in each c¢cycle of loading (branch 0I)-stable fracture( IN)-
unloading( NS) can be divided into the nonelastically

dissipated energy W, (i.e. loop ON’TMNS) and the energy

converted into new surface area Wy, (loop OITN'0). If the
fracture surface increment in a given cycle is &A, the non-
.elastic energy dissipation rate, R, and the resistance to

fracture, Ry, are defined as;

R = Wq/8A (2.17)
Re = Wg/8A (2.18)
The present author believes, that this nonlinear

generalization of the fracture mechanical epproach should be

applied to apparently-elastic ceramic materials,especially if
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microcracking or R-curve behaviour 1is expected or “thigh

temperathres are inveolved. .

As will be shown in future chapters, R, cennot be
neglected in the fracture energy analysis Tor ceartain
ceramics. Therefore the approach proposed by Eftis end-

Liebowitz, and continued by Sakai and Bradt} will be employed
and refined in this thesis.
2.1.3. Fracture Stability

The global energy balance as presented in the previous

gection, requires that the kinetic energy of the system is
negligible during crack growth . Such is the case when the
crach propagates slowly and does not accelerate. Fracture

stability can be analysed by considering the vaeriatiaon of
total energy of the system, U, as a function of the fracture
area A. At the equilibriuym point, as discussed before

(compare eq. 2.14) ;
dU/dA = dUg/dA - dW/dA + dS/dA = O (2.19)

where U, is the stored elastic energy, W is the external work
and S the energy stored in the newly created surface. This
equilibrium is unstable if U reaches &a maximum ({the case
considered by Griffith, [4]) and at that point, d?U/dA? < 0.
Stable equilibrium requires U be a minimum sa d2U/dA2 > 0.
Any' displacement from stable equilibrium results in an in-

crease of the total energy, U,and thus regquires an increasing
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flux of exﬁernal work. From the definition of tha strain

”

energy release rate, Gr=d{W-U,)/dA, and the resistance to

fracture RH;
R = dS/dA : (2.20)
equation (2.19) can be rewritten as;
du/dA = R - G {2.21)
Therefore stable fracture requires;
dR/dA > dG1/dA (2.22)
Analysis of the slopes of Gy ve. A and R vs. A curves
identifies the range of the crach growth stability.The
general condition for stable fracture can be obtained byA
expressing equation (2.19) in terms of the load P, the load
a2pplication peint displacement D, and the mechanical com-
pliance of the specimen, C = (0O/P), [30];
dUp = 0.5 * d(P « D) = P-C+dP + D0.5°P2-dC (2.23)

dW = P - dD = P2.4C + P+C*dP (2.24)

Substitution of 2.23 and 2.24 into definition (2.6)
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results in the expression %Br the strain energy relesse rate
given in (2.7) ¢

If the fracture resistance curve is flat, i.e. dR/dA=O
(the worst case as far as fracture stafility is concerned),
] .

substitution of (2.23,2.24) into (2.19) followed—by differen-

tiastion results in ;

d2u/dA2 = -0.5+(P+d2D/dA% - D-d2P/dA?) (2.25)

o

If the displacement is written in terms of the compliance,

then eq. (2.8) gives; . :
d2U/dA? = -dGp/dA = -0.5+(P2-d2C/dA2+2:P-dP/dA*dC/dA) (2.26)

Stqble crack growth requires, that the bracketted termpn
of eq. [(2.25,2.26) be < 0. Bluhm [119] pointed out that C in
equation (2.26) must be considered as the total compliance of
the testing system, i1i.e. the sum of the compliance of the
apecimen, Cg, and that of the machipe, Cn- Thus the machine
stiffness 1is incorporated into the analysis.

The frecture stability depends strongly on the leoading
arrangement. The two limiting cases thereof are caonstant
load and constant displacement ("fixed grips®™), Figure 2-5.
For conditions of cowstant load {path O0OAB) the crack
propagates at dP=0, so the brachetted term of eqg. (2.26)

reduces to the strongly positive term, P2 .d2C/dA2, and
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" fracture is always unstable. There is no such simple answer
for the fixed grips test (path 0ADp for an infinitely stiff
machine, path 0AD4 or OADy for Cy>0 ). Even if no energy is
stéred in the testing system, i.a. OCy=0 and dD=0, the
bracketted term of eqg. . ‘k2.25) reduces to -D-d2P/dA2.
Manipulation of the compliance definition P(A]-d(A]/C(A],

gives dP/dA = -D+dC/dA'C~2 and thus;

d2pP/dA® = -p-C~2:(d2c/dA2 - 2-CT1-(dC/dA) 2] (2.27)

.

i.e. the stability is determined by the competing terms of
the compliance function.

It should be noted, Fig.2-5, theat the atrain a@nergy
stored in the specimen decreases (respective triangles
0ADQg,0PgDg etc.} in the load relaxstion test, “whilst it
increases in the constant load test (respective triangles
OADD,DBDp etc.). Similarily, a saspecimen of compliance Cg,
teated on & system of increasing softness Cy=0, Cyq, Cyz etc.
(up to Cy== for the constant load test), would be loaded to
P=Pgn, P4y, Po etc. (up to Pp). Since Pp<P4y<Pp <...... < Pp and
Gr « P2, the strain energy release rate incréoses as the
testing system compliance increases and thus fracture is
destabilized.

The above discussion demonstrates the advantage of the
fixed grips loading configuration. A detailed analysis of thel

stability of the chevron-netched, four-point-bend bar wos
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presented by Bluhm [119)] and recently by ' Troczynski and
Nichelaoen [112]). These results will be aiscussed in Section
—_—

3.2. T

The existence of Ffracture stability is an impoftéﬁt
part o% experimental design. Virkar and Gordon [33] showed
thet suitable spec;men configurations can be determined by
compliance analysia. In the present thesis, the chevron-
notched four-point-bend specimen was chosen for moet fracture
tésts. This configuration wes creck-stability-verified-over
a range of experimental parameters and losading arrangements
using numerical solutions of equations '(2.26,2.27). The
simulation progrems involved and the results therefrém will
be discussed in Chapter 3.
2.1.4 The Microstructural and High Temperature Aspects of

Fracture

All ceramic materials contain a spetial distribution
of structural and elastic inhomogeneities, which is sensitive
te their -~ synthesis history and campaign usage. The
microstructural influences oﬁ the fracture prbperties _of

ceramic materials increase 1in complexity from glass and

monocrystals to a variety of anisotropic polycrystels -and

~
)
~

composites.

A homogenous glagss,i.e. the one without bubbles,inclu-
sions and internal stresses, 1is an ideal material vis & vis
LEFM techniques. A stable crack propagates through glass

almost undisturbed [34]. As the crack velocity increases
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however, the fracture surface becomes rough ("mist” and
"hsckle" zones respeetively), resulting from crack branching
at high crack velocities as the maximum local tension plane
tends to twist [19,35)}. It appéars that the consacutive
mirror, mist and hackle zones carrespond to en increasing
crack tip stress intensity factor [35]. The apperent absence
of guch zones in many polycrystalline ceramics is the result
of the grein structure effectively confining these zones to
single grains,.

The Fracture of moenccrystals is determined by thelir
anisotropy and depends wuwpon the arientation of the low
fracture enariy ("cleavage") planes versus the crack plane

.
[35,36]. If a certain amount of plastic deformation occurs
the Ffracture initiation energy can be loading-rate sensitive
due to crack tip dislocation emission [36]. !Generally the
absence of crack—misrostructure interactions in monocrystals
isg maniFe;;ed by fracture energy values approaching the
thermodynamic surfaece energy [37].

The next step towards real materials requires the
introduction of a grain boundary into the crack propagation
path. Such an obstacle can stop the crack,cause nucleation of
a new croack in the second grain (i.e. transgranular cleavage)
or along the grain boundary {intergranular fracture). In the
two latter cases gpe creck mast probably will twist (i.e.

. rotate about the propagetion direction) or tilt (i.e. rotate

about the crack front line) end the stress intenaity experi-
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enced by the crack tip will be reduced {for example, by 4
times for a twist of 60 degrees [38]). Even this simple
description reises mixed-mode crach propaﬁation questions and
throws the single-mode stress intensity approach of LEFM into
doubt. The &energy oenalysis of the fracture process is
therefore preferred.

Imposition in the crack path of a number df variable
size greins, grain boundaries, pores, foreign dinclusions

(introduced purposedly or accidentally),local stresses caused

by thearmal expansion mismatch, elastic anisotropy and phase
transformations extends the anelysis into real ceramic
materials. The complexity of the craeck-microstructure inter-

actions in such environments makes it impossible to apply any
general model. Simplified approaches rely on semiempiricael
treatmants (like the global energy balance treatment) or
consideration of one phenamenon at a time ignoring numerous
concurrent processes. The key factor to be considered is the
scale of fracture events. The growth of natural flaws to
critical size (in service, static fatigue or in & simple
7

strength test) is determined by local microstructurel con-
ditions, especially local microstress distributions. This is
quite different from the propagation of a large crach in a
fracture mechanics test specimen which averages multitude of
grains and grein boundaries [39,40].

Recently a systematic study was performed on the inert
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strength characteristics of ceramics as a function of tha
flaw“siie relative to the grain size [42]. The crack aize was
controlled uia‘a variable indentaticon load, It was asssumed
that the fracture toughness of a material, Ke, tends to the

“polycrystalline” toughness Kp® exclusively for cracks that

are large compared with the grain size;
KCQ = Ky + KC. (2.28)

where Ky represents the combined effect of microstructure on

the stress intensity factor at the creck tip and is given by;
N K = M-Q/(a3/2) (2.29)

whare a is the crack length oend U*°Q is empirically defined as
a "microstructfral driving force"”.This aessumption is born out
by the experimentsl evidence [33)}. It was shown anelytically
and experimentally [42] that tha inmert strength of indented
specimens vs the indentation loads becomes constant when the
size of the creck eapproaches the microstructural grain
diemeter (known as the microstructural-influence range) . The
apparent toughness in the small-crack-size-region {i.e. the
microstructure controlled region), measured vie the size of
the indentation crack, varied substantielly even for the same
class of meterial. For certein glass-ceramics, the micro-

structural influence extended to cracks over 15 grain diasme-



ter in sjize. These results suggest that the practice pf
gothering fracture toughness meassurements from lerge-crach
specimens and thereby predicting the response .of natural
flaws, should be re-examined.

A dramatic decrease of the apparant fracture energy
vs. the size of thae critical flaw was repobteq22§ Rice et al.
for Alp0s3, stabilized zirconies, MgFs and l;;d zirconote-
titanate (PZT),(41]. This effect was attributed to tﬂé
significant contribution of internal stresses to the failure
stress as the critical flaw size approaches the grain size.|
The éffect wos particulerly significant for non-cubic en
multiphase materials.

The influence of grain size and shape and type of
lattice on the froecture properties is diraectly relaeted to the
thermal expansion and elastic anisotropy. For cubic materials
the wvariation of the crack path (the “"wandering®) was

attributed to elastic anisotropy and was independent of the

grain size [34]. Tha thermal expansion anisotropy of
noncubic materisls (e.g. Als04) leads to local grein
boundary stresses and hicrocracking. Interaction of the main

crack with these miﬁrocracks and local stress fields results
in the grain size dependence of the fracture energy for non-
cubic materials [43]. As the grain size increases, the local
stresses and the microcrack density increases. The main
crack interacts with locel stress fiklds and triggers further

microcracking and energy absorptio in the "“process zone"



close to the cracktip'[44]).- For larger grains however, tha

microcracks genersate and link spontaneously, so providing

- easy propagation for the main crack. Effactively,e maximum is

observed in the measured surface energy vs. grain size. This

was treated theoreticeally by Fu and Evans [50] and ressconabla

agreement “~was obtained between the model predictions and the

experimental results for AlpQa.

The density of the microcracks in the process zone was
modelled by Hoagland at al {45,48]. These authors assumed,
that the microcracksjdid-nat interact and ¥hey found that tha

—

microcracR density is independent of the loading conditions.

Thus the additionel energy dissipation mode should be simply

proportional to the demage zone size [45]. A more advanced

study [ 48] predicted an inereasing fracture-resistance (R-
cu;ve) as a result of microcrecking. Hasselman and Singh
showed that microcracked materials exhibit increased thermal
shock resistance [47].

The process zaone concept can be considered as a
"shielding™ of the crack tip from the externally applied
stress. The net effect is to supplement the local negative

stress intensity factor Krp [ 38] such that the crack

propagates cetostrophically at;

Kic = Kra + Kip (2.30)

where Kra is the stress intensity factor due to the
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externally applied load (pre;mode I fracture is assumed for

L
EI

simplicity)- Formulestion  of the problem in  this: manner

" facilitates analysis of the c}Fck;interhction with the fibres

L4

of composite materials or with the crack tip comp;essiua
zones of transformation tou;heped'caramibg (38)]. The latter
problem will be discussed "in- more detail in subsequent
sections.

Sécond phase particles appear in ceramics naturally or
intentionally (porosity, imburitiés, inclusions, particulate
compasites etc.). An exhaustive review of tﬁe'_effect of
poresity on “the effective fracture enargy was un&ertaken by
Rice [49]. If the pores are of reéulor shape and

distribution, an empirical exponential law describes the

dacrease of fracture enargy with porosity;
I = Mprexp(=b*Vy) (2.31)

where g is the fracture energy of a fully dense material, Vp"

'is the volume fraction of pores and b is an empirical fector

~ 4, It was pointed out Hhowever, that if the "pores" are
microcrachks, the effect is reversed due to additionel fracture
energy dissipation modes (discussed above).

The intentional introduction of sacond phase into

ceramics results in a composite materiasl. In most caeses the

thermal expansion mismatch between the surrounding metrix and

the.porticles (fibres,rods,discs etc.) induces locel stresses
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within the inclﬁsions and their viecinity. Danage and Green
[51] ergu;d that the resulting m;ximum gtress is indepﬁndaht
of the‘;nclusion size. If the totel storad alastic ana}gy
equals the energy required to create crack surface,a critical
microstructure erises and microcracks are gensrated in the
viciﬁify of thé particles.

Tgugheniﬁg by the miecrocracks induced by second phase
particles w;s considered analyticaelly by Evans and Fabar

[82}. These authors recognized that the presence of o

variable microcrack density changes -.the compliance of the

process zone and thus modifies the lineor elastic gstress

intensity -solution in an unknown fashion. The approach has

been attempted wherein the total stored elastic energy is

-

compared with the work required for circumferential fracture-

around ellipsoidael particles. Optimum toughéning is pre-

dicted “when  tﬁe particles are of the seme size es those

sequired ‘fo™ spontanecus microcracking. This critical
particle size depends on its shape, the fracture resistance
of the particle-matrix interface, the elastic modull of the

particle and metrix and their thermel expansion coefficients.

A classicael example 0F~microcracking inducéd by non-
£herm$l stregsses 1is found in alumina-zircenia composites
[53,54]; The microcrackh zone extends ashead of the pq&ypry
crack and -devélops due to dilatationel stradins accomﬁanying

the tetragonsl-to-monoclinic 'Bhase trangsformation of the

dispersed particles of zirconia {53]. Green [54] suggested
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toughening is 7 vol.%.The presence of microcroacks in the
composite material "was indirectly detected by the dramatic
decrease of the compeaite elaétic modulus. A theoretical
study by the same author [5S] predicts maximizetion of the
applied-stress-induced microcracking at second phase
inclusions wﬁen the local fracture toughness is low ond the
size of the inclusions approaches the critical size for
gpontaneous microcracking.

<
Residual compressive stresses in the vicinity of mono-

cliniec Zr0s inclusions which transformed from the tetragonsl
phase under the constraint of an AlpU0; matrix can serve as an
eFFective‘ surface strengthening agent [58]. 700 MPa of
compressi;e stresses was detected on the surface of an
Alo04/30 vol.% Zr0o composite. This decayed to 100 MPa 20 {m
below the surface.

Under favourable conditions, second pﬁgée iaclusions
can increaese a material’s fracture toughness by e crachk de-
flecticon process. This phenomenon was.studied theoretiéally
{57] and expermentally [58,59] by Faber and Evans. The local
stress intensit& factors KIvKII-KIIi were expressed as a fun-
ction of the tilt and twist angle of the crack. The net
driving force was calculated as an average value of the

W
strain energy release rate <g>;

—

E*<G> = (Ky2 + Ky12) +(1-V2) + Kryp2-(1+V) (2.32)
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Comparison of <G> with the corresponding value for ean undef-

lacted crack,G, gave the toughening increment parameter n as;
& ,

n = <G>/G (2.33)

It was shown thét the crack tip driuing_fcrce decreases inde-
pendently of the particleYsize and is a function of the
particle shape and volume fraction. Twiéting of the crack
seems the predominant sourcs of toughaning. Volume fractions
of 10 to 20 % were found optimal. The theoretical predictions
wera vaerified qualitatively in experiments on SigNg and SiC
{58,59]. As might be expected, the most significant crack
de?lectio; process was obtained in reduced grain-boundary
fracture resistence materials.

The complexity of the crach-microstructure inter;
actions in re;l ceramic materiels at room temperature is far
from the idealised picture given by éhe Griffith analysis and
the simple single-mode streas intens%ty factor approach.

A number of additional phehgmena can accompany the

high temperature failure of ceramics [6‘]. Typicelly crach

'\ .

nucleation and propagation stages are invofuad frequently
associated with viscous hole growth, cavitation end creep .
-deformation. The nucleation, growth and coolascancc‘ of
cavities at preffered microstructural . sites depend upon the
temperature and loading rate of the teaé. Accordingly, any

microstructural modificetion that reduces the cfaep ratae

.
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should increase the‘lifetime nf,caramiES.

Irreversible deformation of ceramics ot high tem-
peratures, especially in the pfesence of an amorphoug groin‘
boundary phease, egcludes analysis using the stress-intensity
foa&gQ\approach to failure cghlygis, extensiveaely used Sy soma
researchers, Kromp and Pabst compared the results o©of the
stresg-intensity- factor and J-integral energy approach;s %or
different types of alumine [61]. The Kyp velues obtained from
three point notch-bend bar fraecture, were dependent on the

experimental conditions. In particular, a maximum calculated

Kip value was obtained for & crosshead displacemént rate of 2

mm/min, Loading-fracture-unloading cycles revealed time-
dependent viscous flow of & grain boundary phase, grain
slippage and crack closure. The fracture enari} was ' calcu-

lated. by estimoting thé crack extension from the unloading
compliance. It wa; concluded [61, 162, 183] that the energy
approach alone enables analysis of a Ffracture procéss
accompanied by significant nonelastic deformation.
High-temperature crack propagatinh in. ceramics can be
described by a kinetic law (2.4), w;erein the driving force
varies between threshold (Kg) and critical walues [164], N is
close to the steady state creep exponent. In many ceramic
materials & viscous grain-boundary phase cantrols rate of the
crack growth. The externally applied driving. force G is

balanced by & surface tension, which is a Ffunction of the

temperature and meniscus curvature, Fig. 2-6A, [164]. K¢ for
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alumina at 1400 °*C was reported 23 0.5 MPaJ/m 'for intrinsic
cracks and 1.5 MPa/m for surface-inducad indentation crachs,
Fig. 2-6B, [164]. According to aq.{2.11), this would give G
values of 1 and 7 J/m< respectively (for Alo03 Ex300 GPs at
1400 °*C [143)). It will be shown in the present thesis that
similar values are cbtained for zirconium oxide ceramics at -
1300°C. It oppears that the high—-temperature fracture pro-
perties of aluminas and zirconias are degarmined by the
grain-boundary glassy phase.

A number of creck—microstrgcture interactions takae
place in ceramic materials. Many of these are unpredictable
or difficult to describe analytically.  The problem is
further complicated in ceramic matrix composites and by high
temperature phenomens. These observations wvindicate the
semi-empiricel approech taken in this thesis. The global
energy balance will be epplied to the analysis of high- and

low-temperature fracture results for zirconia-based ceramics.
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2.2 Zirconium CGxide Ceramics

£

stable between the melting point at 2680 *C and 2370 *C, a

Zirconium oxide hes cubic (C) fluorite type structure

tétragonal structure (7} between 2370 °C and 1170 *C and a
lowar density monoclinic (M) stfuctbre Ealow 1170 *C, Fig.2-7
[62]. The T # M transformation is athermal, fast and accom-
panied by large thermal hysteﬁesis, This was obsa{:id by
Wolten [63] wno‘identifiéd the marténsitic character of the
transformation. Further study by cptical and electron micro-
gscopy revealed surface distortion, twinning and specific
orientation relationships between the parent and product phe-
ses af the transformeﬁion, oartifacts characteristic of sgshear
type, diffusionless mertensitic transformations [64,65].

The C 2 T transformation was studied recently by Heuer
end HAuhle [66)], who suggested it 1is massive in type and
involves homogenous nucleation. The stability of the T and C
Pheses can be extended by alloying the Zr0Op with CaO,Mg0,Yo02
or simply by heating the 2ZrOp in & reducing environment
[62,67]. Since both phenomena produce oxygen vacancies in
Zr0p, it was suggested, that the stabilization of the cubic
phase is related to loecal structural relaxations around anion
vacancies [62].

When the dopant concentrat;on is less than that
required for complete stabglization,a mixture: of C and T
phases result. This type of materiol was recognized by Garvie

and Nicholson [68] end Gorvie at al [69] &s o potentially
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transformhiion-toughened ceramic. Highly gispersed T pracipi-
tates (0.1 uUm diameter) were grown within C greins at high
.temperatures and supercooled to room temperature without
transformation to the M phase. It was argued that stabili-
zation of the T phese arises from the constraint by the rigid
C matrix and surfece energy effects. A propagating crack or
surface grinding remoues. these constraints and the T v M
traﬁsformation is triggered. The powarful toughening which
results from this process is the result of the "4 % increase
in‘uolume involved (and the resultant compressive stress
build-up around the crack tip) that accompanies the
constrained T2 #3trcnsfdrmaticn in Zr0o.

Zirconium oxide ceramics have been intensively studied
for fifteen years. Numaerous attempts ‘hava been made to
optimize the microstructure and mecﬁanical propertises of
céramics in the Mg0-Zr0p [71-73], CeD-Zr0p [74,75]), Yp03-2r0s
[76-78] -aq;tems and recently of ZrOp-containing ceramic ma-
trix composites, The reduction aof grain diameter in the sin-
tered ceramics to submicron size and limitation of the amount
of Yolg stabilizer to 2-3 mole% facilitates the synthesis of
ne;rly 100 % tetragonal Ys03-Zr0s solid solutions [79]. The
strangth of these materials, (the so celled "tetragonal zir-
conia polycrystals™ TZP) exceeds 1 GPa [éB] and i by far the
highest wvalue ever obtained for a polycrystalline ceramic.
It is predicted that the room ta$parature strength of re?ined

TZP could reach 3 GFasa | [80]. The fractursd toughness of the
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atrong TZP is only modarate (6 MPa/m} ond decreases
p;ecipitously with £emperature.

The point defect structure and concentration in sta-
bilized zirconise i3 essentially fixed by its dopant contant
oend 1s independent of temperature and the surrounding
‘atmosphera [81].The introduction of X moles of M3* ions in
place of 2r4* ions in the Zr0p lettice requires the balence
of chargerbé redressed by X/2 moles of oxygen vacancies, At
large dopant concentrations,thé electrostatic attraction
between the nege tively charged M3* (with reference ts
lattice) and the ionized, positively charged oxygen vacancles
interferes with the ra;dom defact distribution. Nevertheless,
oxygen ions aré transported through the vacancy network in
an applied electriec field and give a relatively high ienic
conductivity to the zirconium oxide ceramics {in the range of
0.1 @ 'em™! at 1000 *C). This conductivity is independent of
the oxygen partial pressure over several orders of magnitude
and the transport  number for oxygen ions is almost unity.
The activation energy for this conduction is ~1 eV [62].

In this thesis a unique approach is utilised to the
‘@gnitoring of . crack growth utilising the high-temperature
ionic conductivity of Ir0s ceramics. The details of the
methods wused are discussed in subsequent chepters.

2.2.1 Mataerisals Development

Cleussen [B0) proposed o classification of existing

zirconium oxide ceremics and their predicted future develop-
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ment. He distinguished three classes; (A)-ceramics based on
partially stabilized zirconia, (8)-dispersad zirconis-
-containing materials and (Cl~complex zirconia systems

inclusive of all other composites not fitting into (A) or -
(B). This classification allows pbrtial or full substitution
of Zr0o by HfOp in all ceses. Group (A) covers the conven-
tional étabilized zirconia ceramics,usually efnfered into the

cubic solid solution range at relatively high temperatures

. (1600-1800 °*C) and thus of large grain size (- 50 um). The

recently reviewed tetrsagonal-cubic phase field of the Zr0p-
Y503 system is shown in Fig.2-8, [78]. At 5 m% Yp03 sinte-
ring in the cubic phase field can only proceed at T>1700 *C.
Coherent tetragonal precipitates are nucleated during cobliﬂg
and coarsen with ageing between 1300 and 1600 *C. The size
of the tetragonal precipitates must be optimised tao maximize
the extent of the T =+ M transformation.

It is interesting to note that the solubility of Yo05
in tetragaonel Zr0Oo is much higher than either Mg0 or CaQ in
Zr0s.} Thi;'behaviour difference is attributéa to the samall
ionic radius misfit between Zrd* and Y3*, as compared to that
between 2r®* and Mg2* and Ca2*¥. Consequently,the molar volume
change when T-ZrQOp precipitates from C-ZrOp is epproximately
zero for Yp04-PSZ, whilst it 1is positive in Mg0-PSZ and
negative in Ca0~PSZ [76]. The compatibility of the T and C-
phases in Yp03-PSZ is responsible for the high-temperature

stability of this materiel. This is o reason thst yttria-

-



stabilized Zr0Op was chosen for the investigations reported in
this thesis.

If steabilized zirconia compositions are sintered in
the C+T coexistence phase field (2.5 to 7 mole % Yp03 at
1450*C,Fig.2-8), the resulting microstructuye contains chara-
cteristically large cubic grains, S5 to 10 WYm size, sur-
raunded by fine (<1 um) tatragonal greins [82,83]. Tha
content of the C and T phases is within the amounts pradictead
by the phase diagram, suggesting that equilibrium 1is reaéhed
during Qingéring.For an average Y5045 content of 4.5 moleX,the
C grains contain 7.1 mole% YpO05 and T greins 3 mole%, . [ 83].
TH;S is clﬁsa agreement with the equilibrium phease diagram.

Decressing the Yp03 stabilizer content to values guch
thot sintering can be carried out in the single phase
tetragonal field results in tetragonal zirconmia polycrystals
(TZP). In this case the stabilizer content must be limited to
2 to 3 mole% and the sintering tempersature (" 1400°C) main-
tained sufficiently low to prevent excessiva grain growth.
This means the green powder must exhibit significant reac-
tivity at relatively low temperatures. Retention of the T
phase ot room temperature is only possible under thae surface
energy constraints imposed by small grains (0.1 to 1 um).

TZP ceramic is presently considered the toughest and
strongest of all ceramics et room temperature. It has been
reported however, that it degrades in humid atmospheres at

T200°C [82] . It loses its superb mechanical properties at
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moderate temperatures since transformeation toughening is
neutralised by the stability of the T phase above 500 °*C in
Zr02-Y203. Another factor limiting the high temparature
applicetion of TZP ceramics is the presance of an amorphous
grein boundary phase [78].All 11 typeas of TZP studied in [ 78]
contained & continuocus,i.e. perfectly wetting, glassy layar,
2 to 100 nm thick, rich in Y303, Si0Op and AlpD53. Some triple

points at grain boundaries contained glassy pockets up to 100

x 100 nm in thickness. The glassy phase originates from the
zircon (ZrS5i04) mineral source of the ZrO0p. This phase aids
sintering and fipal product densification. Grain boundary

soFtening of this kind must be prevented for high temperature
applications. With this in mind Cloussen [80] hes proposed
crystollization of the glassy phase by annealing,the introdu-
ction of Si0p getters and rein?orcément by fibres or refra-
ctory particlaes.

A controlled amount of highly dispersed monoclinic
phase in zirconium oxide ceramics can activate other toughse-
ning mechanismg, 1i.e. microcracking and crack aeflection,
leading to an improved thgrmal shock reslatance for the
material. This special type of microstructure is aobtainad by
subeutectoid ageing of conventional MgO-PSZ ot 1100 °*C [72].
Microcracking -and crack branching in this material result in
increasing ffacture resistance (R-curve) behaviocur [73]. Gne
of the challanges teken up in this thesis is the triggering

of similer toughening mechenisms operating independantly of

y



temperature in ytfria-zirconia ceramiés.

nThe dispersion of zirconie peartiecles in matrices other
than Zr0s has resu}tad in o new class of Vceramic—ceramic
comPositas. The mést intengsively studied example 1is the
toughening of .alumine by zirconiaﬁ[84-87]. The Zr0s particles
can be located within the Alp03 grains or at the grain
boundaries. They can be monoclinic or tetragonal. The propar-
ties of these composites‘ are a function of bqth the phase
composition and the microstructure. The general trend 1is
that monoclinic particles ot grain boundaries decrease the
ccmbésite strangth but increase its fracture toughness (by
microcraching and crack branching mechanisms). Compressive
stresses can be introduced by tha surﬁg;g T = M phase
transformation and this.leods to an incréqsed bend strength
(Alp03-30vol% ZrDp has a bend strength of 1.1 GPa 1,0867).

Complex zirconia systems arise if Zr0s is crystallized
in-situ from a ceramic or glass matrix or is unidirectionally
salidified therefrom. These systems ore still in the esrly
stages of design. For the purpose of this thesis, the most
interesting complex zirceonis systems arise from the alloying
of Zr0s with its sister oxide Hf0p,and from dispersing second
phase refractory p-Als0g particles in a TZIP matrix.

The temperature renge of trensformation toughening of
TZP cen be increesed by alloying with HfO0p. This process cen
be understood by considering the YpO3-HfO0p and Hf0p-Zr0p

phase diagrams (Fig.2-9A,8, (88,89)]). The same type of -phase
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tragiformatinns occur in the YpO3-HfOp and Yo03-Zr0Op systams,
but the temperature range i; different. Hfdz.auffﬁrs tha M =
T trsnsformation on heating between 1350°C and 1750°C.
Consequently, transformetion toughening via metastasble, con-

strained tetragonal_precipitates is theoraticall& pcssible‘in
Hf0s up to TP50 'E;JJThe volume change for the M # T transfo-
rmation in HfO5 is.only half that in 2Zr0p [90). It can be
concluded from Fig.2-9 and other data [S90,591], that 2502 and
Hf0o form an ideal solid soluticn over the entire _range of
composition. Thérefore, the alloying of TZP with Hf0p should
resﬁlt in materials of enhanced high temperature fracture
"toughness as long as the tetragonal phase in such a solid
golution can Dbe sup}cooled in metastable %orm ta room
temperature. This task is difficult,.since the driving force
for the T + M transformation at room temperature is 25
hcel/mole for HfOp vs. 10 kcal/mole for ZrOp [52].

whilst HfOs; alloying is aimed solely at widening the
temperature range of transformation toughening, the addition
of second phase, platey—mdrbhology refractory #-Alo05 parti-
clea to TZP ia designed to actié;ée microcrach and crack
deflection mechanisms of‘toughening. It was shown [93] that
sodium-g-Als0sy reacts with Zr0Op to form «-Alp0y at the inter-
face,bonding the p-Alo0; perticle to the zirconia matrix. The
platey structure of the beta-aluminas facilitates easy ion

exchange of the ©basal conduction planes (Ne™*,Ag*,65r% atc.}

and thus opens up the possibility of interfecial reaction



control and perticle-matrix property adjustment. In fhis
thesis the dispersion of §-Alo03 particles in partially
;tabilized zirconia is investigated as & possible source of
high~-temperature toughening. The results of experimental
studies in fhis system are presaented and are also summariéad
in_ references 85 to S8, 104, 112.

2.2.2 Toughening Modes (

At least three types of to%ghening,acting perhaps con-
currently,have been found in stabilized zirconium-oxide cera-
mics. Firstly, the tetragonal-to-monoclinic {T-M) martensi—
tic, <constrained phase transformation of Zr0p particles near
an aduanciag crach tip absorbs enaergy.This is known as stress
inducéd transformation toughening.This e%fgct_haa been direc-
tly observed in transmission electron-microscopy [99,100], and
has been modelled by‘sqvaral authors -[1DT—106]. The second
mechanism inboives the ;Gcleetion “gnd extensigﬁ of matrix
micrccracks caused by the T =+ M tréns;ormaficn prior to
speciﬁgn looding. These lead to bifurcation and;nbsorption of
energy during crack propagation [44,53,107]. This effect was
modelled by Hoagland at al [45,461 aﬁd-faSEr f108). Finally,
multiple crach deflection, branching and blunting has heen
observed mainly in Tzirconias containing mcnoc;inic pﬁasé
[72,73,1059,118)]. Increase in the high temperature fracture
toughness of PSZ single crystals was attributed to crack

deflection by stable tetragonal precipitates [110]. The crack

deflection source of toughening has been discussed in Section
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2.1.4.

Stress-induced t?anafcrmation toughening can be consi-
‘dered to originate from residusal strain fields. These accom-
pany the wvolume increase during the T-* M transformation
triggered by local croeck tip stresses and tend to "shield".
the crack tip in a compreséiue zone from the externally
applied stress (Fig.2-10A). The ;olﬁm; increase can Ee
described by the transformation strain teﬁ%or‘eijT [48,101-
j03,105,106] and is illustrated by & discontinuity on the
stress—strain diagrom fof the material in the vicinity of the
cracﬂrtip (Fig.2-10B). This crack tiﬁ shielding by & process
zone of transformed maferial eF?eé%iveiy decrgasaa the straess
intensity factor by &K, Ffrom that value exﬁerienged far from
the crack tip (KIQJ to the value local to the crack tip Kll
(Fig.2—1QC)- Thua on attainment of the critical conditton
the local stress intensity factor, KII, reaches a wvalue
govaerned Dby Fractu;e toughness of the fully transformed

material ahead of the crack tip, KCT and it follows that;

T

sKp - Ke® - Ke £2.34)

where KCm is the experimentally measured fracture toughness.
Integration of the closure tractions that are exerted on the
crack tip surface due to the T = M transformation results in

{ 104, 105];
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aKg = 0.21-EeT-ve-dh/(1 - V) © (2.35)

where E is an average Young’s modulus of the material,eT is. a
dilatational transformation strain (recégnizad to be predomi-

A 4 : .
nantly responsible for the transformation toughening),_ Vs is

volume fraction of ihe't:E%BForming material, h is Ehe trans-
formetion zone width ana V is Poisson’s ratic. It has been
shown, fhat the stress intensity approacﬁ (resulting in
ecquation 2.35) is fully cohpatibla-with the enargy balance
appraach [ 105, 106].

If the remote field strein energy release rate, G, is
partislly deposited in the wake of the cr?ck tip eas trans-
formation snd residuel stress, and partially deposited at the
crack tip, GY'iP (Fig.2-10A), then [105];

h
G - ctir + 2. Ul y)dy (2.386)

9]
where U(y) is the residual energy density left behind the
croch tip-in & wahe of thicknaess h. The contribution of the
phase transformation to U{y) can be cobtained from the net
work associeted with the hysteresis =wloop generated 'by- the
residual transformation strain e’ at zero stress (Fig. 2-11).
For the simplified cese of constant transformaticn stress Gr,

the loop area is cc-eT and thus;

aGp .= 6 - GtIP = 2-n-ggeT (2.37)
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It was shown [10S8],that equations (2.35) and (2.37) ,which are

éorrelated through the plohe strain relationship (2.12) ,agraa

w within 0.3 %,indicating the equivalence of the two épproachasu

+

to the transfurmation.tohghening phenomenon. Comparison of

¢ . .
theory and -experiment gave better agreemant for the composite

Alo04~2Zr0s, i.e. the &K wes méasured as 6 MPaJm vs. the
calcuioted velqe—of 3.8 MPa/m. For pure PSZ tﬁe measured &K
wag 2.3 MPAJm and the caiculated value was 0.81 MPaJ/m [105].
The energy ;pproabh is ~convanient for. andlysi; of
-microcrachk toughening in zirconia systéms [106,108] ,Fig.2-11.
For a fully-developed microcrack process-zona, the toughéning
increment is related to the residusl energy, U(y),left in the
wake of the crack front. Vie ;n equation similer to (2.36)
UWy) is evelugted geometrically from the loeding-unloading
nysteresis loop, modified for the microcrecked material (Fig.
2-11B). It is assumed for simplicity that mafrocrackinﬁ takes
place at all potential sites suffering stresses above the
critical stress, Op. The microcracking regults in a decreased
Young’s modulus,. E, and,upon unloading, in permanent residual
strain 8.‘ For a complete description, gome residual s;resn,
GH, must be included in a wake of the crack tip. At &
micro;rack density of 0-3,' the magnitude of the hysteresis
loop gives & toughness inéreose of 1.5 to 2 times'[tﬂs, t1a8j .

This result agrees with experimental observation [(107]. It 4is

interesting to note, that the decrease of the modulus of



elagsticity for the microcracked material -tends 'to decrease
the hysteresis loop ares, i.e. offset the effect of transfor-
mation toughening when both phenomena occur concurrently. It

is concluded [108] that, in s&uch & case, the permanent

strain, 6, must be significently increased for any substan-

tial toughening.

Special attention is paid to. this problem in the:
present :thesiQ. EFForés are made to optimise the permanent
u%loading strein -by dispersing E-Alo03 particles in the
partielly stebilized zirconia matrix. The éerticles generate
multipié micro- and macrocrachks ;t the reaction product «—
Alol, interface as well as deflecting crgcks. The p-Alz03
therefore contributes to the composite’s toughness [97].

S -
2.3 The Chevron-Notched Four—-Point-Bend Teat Specimen

The idea of introducing a chevron notch {(CN) into a

frocture test specimen was born more than 20 years ago [111],
and hes' resulted in a variety of geometri;al configura tiaons.
The geometry of the CN four-point nend bar employed in this
thesis is shown in Fig.2-12. The CN specimen is unique for a
track initiates 'b; the notch tip at a low load and then
propbgates stgbly to an extension determined by the experi-
mental conditions ([112,113]. ‘{Q}s means that fatigue pre-
craching {'s not required (an especially importaht considera-

tion for ceramic materials) to ensure the sharp crack requi-

site for fracture toughness testing. The notch is precracked
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in-situ during the initial stable. crack propagaticon. The side
.grooves guide thé crack inrplene,assuring Mode I fracture.

The symmetrical CN bar was proposed as a suitabla WO
-of-fracture (WOF) specimen;the WOF being defined as the ara;
under .the load-displa;emant racord in a controlled‘Fractura

experiment [ 114].

The mechanical complienge (messured as tha load
'applicatioﬁ point displacement ot unit load) of tha CN band
specimen was analysed by Bluhm [115]. The sample was treated
as a series of slices,"i"(of total Aumbar n) in‘the span-wise
direction. Each slice wes considered as having approximately
strsight-through (ST) notch geometry and compliance Cigy. The

—

CN specimen compliance,Cpoy,is then obtained from the formula;

n
Ccn = { T [w{#¥/Cygy) 37! (2.38)

i=1
where k(+) is an empiricel factor accounting for the inter-
slice shear effect. Shear between slices _ effactively
decreases the specimen compliance and was experimentally
found to depend on the side notch length y %1, &nd tha notch
angle, +=0PR (Fig. 2-12), [119], i.e.;

h=1+x93-12.(2.264-4.7442+4.743-1.974%) ot D<#<1 rad

(2.39)

k = 1 + 0.484-x4¢3-12 at +>1 rad



It is. claimed {119), that the experimental c¢alibration
of the compliance vs. notch length and geometry for a four-
point bend, chevron-notched bar satisfactorily agreed with

equations {2.38,2.39}. Further calibraticn results will be

presented in this thesis. It is obvious howasver that, &s the
crack front approaches x4, the notch ceases to be "chevron"
and the shear stresses vanish i.e. k approaches 1. This

pﬁenomanon was considered by Sakai and Yamasaki [120j using
~ Ffinite element analysis. Kk was found to be constant as the
crack propagates from xg to approximately x=(xg+x4)/2 and
then to diminish graduslly to 1 at x=xy. A general formula
for the shear co;rection,?acgor has not been Found.‘

The two approsches [115,118) and [120) differ by a
maximum of 10 % in the compliance calculation results as x
approaches x4¢. Since the majority of the specimens considered
in this theais have x4>0.95 and the compliance equation 1is
uncertain for deep crachks, Bluh@s approximated formula for k,
eq. (2.39), is utilised.

In order to apply equation (2.3B), the compliance of
the single ST slice must be cbtained by combining aequations
(2.7,2.10,2.12) and sﬁbstituting the formula for the outer-
fibre-atress in four-point bending, Ca (Fig.2-12});

K
.
Gp = 3P<(By - Sp)/(2+B+W2) *»v(fre//ao/n/
I¥ (2.40) is substituted in (2.10) and p2.12] and equated ;o

» ~
) r
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(2.7) ,remembering that for the ST bar dA=~BWdx, the result is;

dC{ x) /dx = 4.5'(51-5232'[1-V2)‘x'Ygfx)/(B'Wz'E] (2.41

where all the pérameters hﬁva their usual meaning (explained
in the preceding formulae and Fig. 2-12). Intepration of

(2.41) results in [119,120];

-

Clx) = C(B) + 4.5+(S54-52)2+(1-¥2) +1(x) /(B*W2+E) (2.42)

whare; e

X . .
T I(x) = j{x'Yz(x)dx I (2.43)
0

and C(0) is the complience of the unnotched ST bar;
C(Q} = (54-52}2+(Sy+2+55)/(4-B-w3-E) (2.4aa)
Y{x) for O<x<1 can be obtained from the formula {118];

Y(x) = Q+(0.Stan[ ®x/21/x)9-5/co's[ Mx/2] (2.45)

wherea;

NS

\ Q = 0.923+0.199+( 1-sin[ Tx/2})%

Numericel integretion of (2.43) using (2.45) results
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in the definition of.the I(x). This parameter is useful (in

'conjunctiAn with 2.42) in determin;tion of the crack length
via the complisance &nalysis for an ST notched bar. Equations
(2.43,2.45) are plotted in Fig.2-13. 70 ‘evoid repeated
numerical integration, I{x) can bae fitted by a polynomial;

I(x) = (1=-x)"2+(-0.0273+0.335+x+0.0942*x2-0.1856'x3) (2.46)

Results celculeated using equation {(2.46) agree with the nu-
’
merical ones of (2.43) within 1 % for x>0.2. Finally (2.42)

»
can be utilised slice by slice to obtain the CN specimen com-

pliance according to (2.35]. ,

Since the.invention of the CN specimen efforts have
been mada to correlate the resultant load-displacement
disgram with the critical velue of the stress intenaity
factor of the test matarial. Pook { 113] recognizad the high
stress concentration on 'the chevron tip and proposed an
approximate expression for the plane-strein stress intensity

factor, KICN, as a function of the crach front length, b,

(Fig. 2-12) i.e.;
KICN - KIST'fB/b)O'S . (2.47)
whera KIST is a stresg intensity facter for ST notched

specimen, i.e. b=B.At x=xp, b=0 for an ideal chevron and KICN

tends to infinity (Ffor the real CN specimen b > 0, so KICN isg
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large but finite, [113]). Since the geometric factor is an
increasing function of the crack length {Fig.2-13), KICN must
drop to minimum at some crack length X™Xm .

Assuming that there is no subcritical crackh growth,
i.e.. Kyg=Kg (or Gyp=Gp=2l, see Section 2.1.1), the method of
Kic or Gic determination using the CN spacimen is illustrated
in Fig.2-14A, [121]. The consscutive curves Py,P2,P3,Py show
the change of the crack driving force, KI,undaf applied loads
P1<Pp<P3<P;. An increass of load from Py to Pn &riues the
crack towards points A,B,C,0 respectively. When the maximum
load P, is reached, the crack-driving-force curve i3 Juéz
tangent to the presumably flat crack resistancé.curua Gyc and
thus the dinstability point is reached. Thé crack than
eccelersates further under decressing load P. Therefore the
minimum value of Ki (=K1p) coincides with the maximﬁm value
of load.This simplified anoalysis is not valid if the matarial
exhibits R-curve behaviour {121] or suberitical crack growth
[98]. The latter case will be addressed in more detail in
Chapter 3.

Once the compliance function for the CN specimen is
known, eq. (2.38), the strain energy release rate (or the
stress intensity‘¢actor ) can be obtained via eguations

(2.27,2.12). The “racture area A (triengle OPR in Fig.2-12)

is given by;

A = 0.5°BW-(x-xg)2/(xq-xp) (2.48)
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80;

dA/dx = B-W*(x-xqg)/(xq-xg) (2.49)
Substitution of (2.49) intoc (2.7) gives;
G = 0.5P2+(B-W)~'+[(xy-x0) /(x-xg)] *dCpn( x) /dx  (2.50)

‘Equation (2.50) describes analytically the advaﬁéage—
gous feature of the CN specimen,i.e. easy fracture initiation
at the chevron . triangle tip. Indaed, at x=xg Gy tends to
inFﬁnity as soon as the loading commencas. Consequently, the
chevron tip can be spontaneously precracked (blunted) even
during sample machining.cnd handling. Experimentally -it has
been observed that the LN specimen fracture initietés at
loads equal 70 to 90 % of the maximum load value rather than
any P>0 ( compare eq. 2.50). If one assumes that x>xg at the
beginning of the fracture of @& CN specimen, subcritical crack’
growth in this type of specimen can be analysed [98].

If equation (2.12) is substituted again in (2.50), an

expression for the stresas intensity factor resu&ts f128];
K = P-Y®(x)/{B /w) (2.51)
where;

Y*(xJ-{(aié}-(1-v2)-1-[(x1-x031(x—x031-chN(x)/dx}D-S (2.52)

-
Y*(x) is a function of the sample and bending geometry
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(S¢, S22, xqg, xq, x) and the specimen width W, vie equations
(2.38, 2.a42, 2.4&%. Values of Y"(x) typical for the expari-
mental csnditions undertahen in this thesis (S5,/S,=2, sé/w-a,
xq=0.3 and 0.5) are plotted in Fig. 2-14B. The minimum of
the Y*(x)ﬁcurve, Y*mkx), -corresponds to the crack length xg,
which is ‘cha recteristic of the test geometry and not the
material. Since Y¥,(x) coincides with the maximum loed and
the start of  unstable crack propagation undar ideal condi-.
tions (i.e. no subcritical crack‘qg?owéh or P-curve),‘ its
unique value offers an attractive method of Kre maqsurement.

4
The value of Y*m is determined. via the test geometry [146];

Y¥m = QUxg,x1) "(S1-5p) *(140.007 +/(S1-Sp) /W) /W (2.53)

whare;

Glxg,xq) = (3.08+5'x0+8.33‘x623'(x1—xDJ/(1~xg]

Simplified Krp measurment procaduras, basaed on equa-
tions (2.51,2.53) have geined écceptance for ceramic test-
ing. Munz et al. [126,127] reported the successful applica-
tion of four-paint bend CN geome;ry for the measurement of
the Krp velue for Algoé et room temperature and SigNg at room
and high temperatures. .Subcriticel crack growth was neglec-
ted at high temperatures.

Probiems.with the use of the CN bend specimen for

evaluetion of Kypo for glass were reported by Chuck et al.

[ 125] . Four-point bend tests with soda-lime-silica glass were
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performed in wet and dry environments at " various loading
rates. A significant Humﬁer of specimens feailed to exhibit
stable crack growth prior to catostgophic fractura. The
resulting overload overestimated Kyp when equation (2.51) was
used. It was argued that difficult Fracture initistion was
caused by a _felatively wide notch gap (0.5 mm) and a
compliant testing system. The authors recognized that tests

on glass will be influenced by a moist envirenment inducing

subcritical crack growth. Consaquently, different’ loading

rates could result in different. measured values of Krg. This
problem will be modalled quontitétively in Chapter 3.

— .
Thg-application of the CN specimen to worh-of-fracture

tests was recently refined by Sakai et al. [32], Sakai andi
Bradt [31] and Troczynski and Nicholsen [S5B8]. It was shown,‘
thet the stability of the CN speciman facilitetes multiple
loading/stable frecture/unloading experiments and ’ this
technique was applied to a silice refractory [31], graphita
[32] and zirconium oxide ceramics (96,97). The nonlinear
fracture energy perameters were avoaluated for each cycle from
the respective areas on the. load-displacement record and
enalysed as discussed in Section 2.1.2. ‘

The chevron-notched four-point beﬁaiflsﬁeciman is
extensively employed in Fraéture.experiments in the present
thesis because of the relativezcﬂﬁmse of machining, for

fracture initiation and stabilization and the conveniant

loading geometry (especially at high temperatures). Zirconium

(O



55
.a‘

oxide exhibits subcriticel crack growﬁﬁ'at ‘room temperatd;h

[128,129] and presumably. nonelsstic deformation at high tem-

peraturés due to the softening of an amorphous grain ‘bound-

LI - :
ary phase. Accordingly, analysis of the CN tesat gecometry 1is

-
-

réfineﬂ, beyond the simplified analysis presantéd above.

The utiliqafion of the high temperoture ionic condu-~

-
e

ctivity of zirconia ceramics to monitor crack growth requires.

further: theoreticel treatment of the electrical conddctiuit;

.6f the CN specimen geometry. These problems are addrassed in

the next chapter. ﬂ : _ B
2.4 TﬂaoreticQI Aspaéts of Expe;{ﬁant;i Désign and Praqadura

Two gﬁhups of zirconium-oxide based ceraaic materials
were investigated if the presené thesis, 1.8., stabilized
Zr0p-Hf0» solid sclutions and dispersiéns,of g-Alo03 porti-
cles in commercially-available stebilized zirconlas. |

The major inuéstigation-concerned- the resiastance to
Fracture“of these ceramics. Other properties that ware
cheracterized were phase compositicn [ X-ray diffrathmé%ry),
density {Archimedes principle) and Young’s modulus at low aﬁ%
elevated- temperatures (using wultrasonic wave prnpbgaS&on
techniques and the simple bending of unnotchad .bors].
Extensive imaging by scanning electron microscopy proviaad o

link between the microstructure evolution and the resistance-

to-fracture results.

Literature sources of the methods of materials deve-

lopment and characterization will now be discussad.



. P
2.4._1 latérials Choice and Characterization
2.4.1.1 Zirconia—Hafnia Solid Soluytions
The. transformetion toughening range for ceramics
containing~ m;tastable Hf0o tetraéonal precipitates could

reach 1700°*C. Hf0» and ZPDQ'form an ldeal golid solution

fFig. 2-9) s0 & mixture of the two oxides stqp&?sad with 4.5

[}
)

mole % Yolg should exhibit a ‘linear _variation of the
fetragonal—to—monoclinic phase transformation (T L .H}.
Accordingly, if 30 mole % Zr0s is replaced by HfOo and“the
solution stabilized with 4.5 mole % VYp03, the tetragonal
Phase should be stable above 1100°C. The 4.5 mole % YoO3-
Zr0p solid solution exhibits tetreagonal phase ;tability at
800°*C (i.e., at T > 200°C the trensformation toughening
_mechanism becomes inoperatival. Lange [ 132] has argyed that
tha obsolute value of the T 9 M phase transformation driuigi
force, &G, influences the resulting transformetion toughening

effect, 1.e.:

Kic = [Kg® + (2+h-E-f-a6) /(1-v2)]C.5 Ezfi;)

where Kg is the motrix toughness, h the width of tha trans-
formation zone, E thé Young’s modulus,lf the volume frection
of trensforming material and V the Poisson’s raetio. AG
changes with tamperature and Hf0s content such that, at
1000°C, &6 for ZrD3 is SO MJ/m3 and &6 for 0.7 2r0s + 0.3

HfOp 4s 90 MJ/m3 [92,131). If the precipitatas in & yttria-



zirconia-hafnia solid solution are maintained 1in the méta-
stable ‘tetragonal form, the opossible <fracture toughness
increasa at 1000°C could be “30%, i.e., from 2.0 to 2.6 MPaJm
according to‘Lénge’s formula (2.54).

" In the present thesis, soliq solutions wherein $30

mole % of the Zr0o, are replaced by'HFOQ will be investigated.

To essure a uniform distribution of the HfA+ and Zr4* before

sintering, & wet chemical route is employed for powder
processing. The traditional oxide-mixing route ia also uti-
lised.

]

2.4.1.2 Zirconia/p-Alp04 Composites

The presence of a dispérséd f-AloDo ph;aa ;s expected
to maximize crack-microstructure interactions and thus
provide additional modes of the fracture energy dissipation.
Estimation of the strfss field in the wvicinity of the 1in-
ciusions can only be obtained for spherical isotropic per-

ticles [93] i.e.:

pr = -2°p¢ = -p-A3/r3 (2.55)
p = [Aa-aT]/{[1+vm)/(2'Em)+(1-2-viJ/Ei] (2.56)

where p. and p: are the radial and tengential stress in the -
matrix at & distence r from the centre of a particle of
radius R. p'is hydrostatic pressure within the particle, aa is

? - Q- -
differelnce between the thermal expansion coefficients of the
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matrix (m) eand ~inclusion (1) ond Vv,, &4, Vi, Ej ore the
ﬁoisson’s fatio and Young’s podulus fo; the matrix And
inclusions respectively. ‘AT is the temperature renge over
which thermal mismatch stresses cannot be relaxed.. Although
P-Alals particles sre not spherical nor iaotropic, .& numer-
ical estimation based on equgtion (2.54}) gives ? compreaession
in the particles of 300 MPa- (for En=200GPs,Ey=150GPa, Vy,=0.3,
vi-O.éSPAT-1ODD'C,Aa-2'10f6'0_1). The actusl st;ass distri-
bution in the vicinity of tha Pp-Aln0j5  pa§tic1es in & PSZ
matrix 1is complex and cannct be predict;d theoretically due
to.anisotropy, interf§cial a=-Alo0=x fﬁrmation and porogity.

There is»some experimental evidence - of a positive
interaction (i.e., attraction and arrest)} between a PS2
matrix cgeck and the P-Als04 particles. The ¢racks emanating
fro@ the coTﬁérs of a Uicker; pyramid indent either run

straight into p-Alps03 particles or bend towerds the particles

to be arrested at the particle-matrix interface [133].

) As theoretical analyses are difficult, a range of p-
Alp0g inclusion sizes were experimentally investigated. The
composite mafrices chosen were Y503-Zr0s solid soclutions
(with 4.5 mole% and 6.9 mole% YoO3).
2.4.1.3 X-Ray Phase Analysis

Phase cdmposition is & hkey foctor controlling the
mechanicel properties of . zirconium oxide ceramics. The

relative amounts of tﬁe monoclinic (M), tetragonal (T) and

cubic (C) phases decide the frecture resistance and



_its source ﬁech;nism, the thermal shack resistance and the
;xtent of transformation tough;ning. A number of equations
have beé% proposed to determine the volume fractions of the
M, C and T phases in zirconia ceramic microatructqres.

Adam and Cox [ 134] proposad tha fraction of C phas?

(fg) in a C + M mixture is givan by;
oo~ IclM ) /I TN 1) +Iy(11T)+Tp0111)] (2.57)

-where Ia(1i11) is the integrated intensity of the respective
/-\ ]
peak (iii) for the phase A. A similar equation was used for

T + M mixtures [ 13S], i.e.;

T o= Ip( PN /LI +Ig( 11 T) +I 1 111)] (2.58)

It wes shown however, [136], that (2.58) considerably {up to
30%) underestimates the T-phase content in an M+T mixture and

¢ more accurate expression was proposad;
Fro= Ip( 1IN /II0(111)+Iy(111)] (2.59)

Barvie ond Nicholson [68] assumed that the intensity of the C
on T (111) peek is equal to the sum of the intensities of the

M CH11) and M-(11?) such that & simple linear formules similar

to (2.57) resulted.

The most complete treatment of thisg problem 1is the
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receht work of Toraya et al. [137]. These authors assume
that, for a T+M mixture, the intagreted intensity ratio, Xy,

is related to the volume fraction of monoclinic phese, ¥y,

-

and the intenéity of the reflection H({hkl) of the pure phasea

by the relqtions;
. ) 7 v ]
Xy = [IM(111)+I“(11T)]/[IM{111)+14211T)+ITP111)] (2.80)

4
and;

X = Fu[Hy( 110 +Hu(111)1/0Q (2.61)

<7

where;
Q = Fy [HyC 111 +H( 1TTIT+HTC111) < 1=F )

Solution of (2.61) for fy gives;

Fu = PeXu/l 1+(P=1) *Xy] (2.62)
where;
’ P o= Hr{111) /[HW( 1113 +Huy(117)] - (2.83)
€

The colculated value of parameter P 1is 1.340 an& its
experimental wvealue is 1.311 (by & least square it of
equation 2.62 to data for calibration mixtures). Equation
(2.82) takes account ;¥—/?he nonlinear dependence (maximum
6.8%5 of the wvolume Fraction fy against the integrated
intensity retio Xy. This wes neglected in previous formulae.

The small diffarences in the lattice parameters of the

C end T pheses for Yo03-2r05 solid solutions causes their



diffraction pesaks to overlap. Therefore, in the presant thae-
sis, ¥ha volumae fraction, fc,7» of C+T phasa will be deter-
mined jo;ntly, £77], such that the final formuls employad for
determination of "fy is (based on 2.60 and 2.58, P=1.311);

fuom {1+ 0.76-Ic 7O/ IN11D)+I( 113" (2.648)

Unfortunately, an analysis leading to an equation for
hafnia and hafnia-zirconia systems similar to (2.64), has nat
been reported. HfOp . has a * structure ﬂimilﬁr to Zr05 and
uddergoes the same phase transformatiéns. The X-ray datsa for

both oxides are compared in Figgre 2=-158 for the 20 range 28-
32° for Cu-Kq ragiation with X\ = 0.154 nm. Calibration via
mixtures of cubic and monoclinic HfO0o-Yo03 solid solutiona
and the ratio of the intensities Ip(11)/Iyf111) was
performed by Buckley [144]. To compare these calibrations
with the results via the method proposed by Taorsyas et _al.
‘[137] for the Zr0p-Yo03 system, the following calculations
were perfaormed. Knowing the ratio of the intensities of

In(111)/Iy(111) for ZrOp, (equal ta 1.4 [136)),the integrated

intensity ratio, Xm, {equation 2.60) can be expressed a8
Xy = 2.4/(2.4 + r) . (2.65)

where r = IT(11 1) /Iu(111) . If equation ([2.65) 41is substituted



"into (2.62),  letting- P = 1,311, the volume Fraction “of
tetragonel phase, fr, as & function of r is obtained;

L

fr = r/(3.14 + r) - (2.68)
This equ;tion is plotted as r vs.. volume fraction in Figure
2-15A (r=ro for 2Zr0p). Also displayed are the original
caiibration results. of Buckley for C + M mixtures of
stablized Hf0p (r=r4). Clearly the calibration results For
the T and C phesaes of both ZrOp; and HfOp can be applied
interehangeably. Accordingly, egquation (2.64) was employed
for the M phase content determination in the YpD3-Zr0p-HfO»p
solid solutions investigated in this thesis. &
The pha%; composition of the\zirconia—p-alumina ceram-
ics was not studied as & separate project. Besed on litera-
ture data [94, 133], 1t was recognized that the only phase
- change in the input products involves the formatien of «-
Alo03 and sodium zirconate at the interface between tha B-
Alpo03 perticles and the PSZ matrix. Thaese levels are so low
as to be beyond the sensitivity range qf x-ray analysis for
the 20 vol. % B-Alo03/2r0p composites.
2.4.1.4 Elastic Modulus Determination
The elastic modulus of ceramics depends on their phase
composition and phase distribution, aspecially when cragcks or
veids are present. In this respect both -the Hf03-Zr05 solid

solutions and the ZrO0p-p-Alo03 composites are complicatad
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systems. No attempt is therefore made to model the elastic
properties of these .ceramics as a function of composition or

microstructure. However, an avaerage value of thelr-alastic -

"modulii (E)} must be determined ‘as input data for the

compliance and fracture anargy analyses.

There are several avallable techniques to determine E
at room temperature and a few applicabls at high tempe-
ratures. The simplest low temperature techniqﬁe involves the
attachment, of  a piezo;lactric souhd wave genaretor to thae
flat surface of a specimen and measuremant of the transit
tiﬁe, t, for a pulse réFlacted from the flat, parallel
opposite face tao return Ato the o?iginol surface. The
attenuation of the—ultrasonic pulse is minimized by choosing

a4 low frequency wave. The velocity of the longitudinal (vy1)

and trensverse (vy) waves in an isotropic medium of density d

is given by [138];

vy = {[E(1=-V))/[d*(1+V) «(1-2-v)]1}0-5 (2.67)
ve = {E/[2-d-{1+Vv)]130.5 (2.68)
where £ is the Young’s modulus and V the Poisson’s ratio. At

room temperature the transit time can be determined with an
accuracy béﬁter than 1% so the key factors for arror
minimisation are the parallelism of the reflection surfacaes,

the determination of the specimen thickness and its density.
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* A dynemic velue of the Young’s modulus is obteined in this
woy . } |
Steble fracture experiments are performed at §10w
stressing }ates and’ the enérgy stored in the specimen during
static loading is 20uerned-by the compliance law and the
static value of Young’s modulus, Eg. Therefore an alternative
technique was also used to determine Eg- If an unnotched bar
is four-point-bent by o load P and the load-spplication point
displaced by D, the static Young ‘s modulus E of the material
can be obtained from equation (2.44), where C{Q3)}=D/F. The
2tatic modulus velue is usuelly lowar than that abtained by
ultrasonic-(dynamicJ measurement. This 1is not surprising as
time-deperdent phenpmena (perhaps delayed grain boundary
microcrackiﬁg and healing) are involved in the static loading
procass. In the presgnt thesis both methods are utilised.

As the temperature is reised above 900°C, the concept
of elastic. modulus ondFits measurement becomes complex dua to
the presence of grain boundary amorphous phases. The
material starts EB deform viscoelastically and its behaviour
can be modelled by & combination of dashpot and spring
élements (Fig. 2-18). If & spring corresponds to tha
elongation rigidity k and a dashpot to the viscosity n , the

relaxation time, T, of the element is defined as;

T = n/k (2.69)



65

T is & measure of the time required for stress
rela#ation in - the deformed element. The daformation of a
viscoelsstic body can be described by  considering a large
number. of such elements with a spectrum of relaxatian times,
Ti. If such a body is periodically stressed, U’ of the total
input energy, U, -will be reuersibly stored and, ';f no
fracture tekes place, this energy can be completely recovered

{like the strain energy in an elestic body), Fig. 2-16. A

part of U can be used to create fracture surface above a

cartain critical value of stress. If a portion U" (U"=U-U"*)
is irreversibly dissipeted by deformation of the body, this
enaergy 1is not availeble for the fracture procass. The

elastic energy stored in & viscoelastic body 1s & measure of
the "storage” modulus E’ (or Young’s modulus) and the energy
dissipated in the "“dashpot” network is &a measure of the
"loss"” modulus E". E'and E" for & single spring/dashpot ele-
ment can be simply expressed in terms of the relaxation time
T and the frequency W [138]. For & real body, & spectrum of
relaxation times must be considered and integrated.

Consider the stress-strain curve Ffor & viscoelsastic
body, Fig. 2-16. If no fracture occurs during loading, the

curve 0B can be described by the equatian;

olt) = «-E(t) (2.70)

where E(t) is o relexstion modulus, o time dependant onalog



66

of the Young ‘e modulus for an elastic solid. If the specimen
i3 unloaded at point B to the zero 5tres§ level D, the loop
0BD represents the nonelastically Aissipated energy U"q, if
the residual strain energy at point D cﬁn be neglect;d. If
further loéding along the line 0OBC leads to crack extension,
tha nonelastic dissipation is rapresentad by loop DBB'FDé
fi.e., U™, énd U"s), while the energy spent for naw surface
crestion is loop FB'C (i.e., U’3). The unloading paths BD
and CF are governed by the test geometry, 'the storage modulus
E’ and the notch length at B and C respectively (Fig. 2-18).
The relaxation modulus E(t) is a function of the relaxation

spactrum of & viscoelastic body [ 139];

oo/

E(t) = Eg + J/-H'e't/T dinT (2.71)
T=0

where H 13 called & rigidity function and E(t) has an elastic

value, Eg, at T=®.The relation between E(t) measured along

‘line 08 (Fig. 2-16) and the storage modulus E‘(W) must be

establiahed for the purpocse of thias thesis. These two
quantities are related through [ 139];

o o]
Ef(Q) - E(t) = ~/”H-{Q2T2/(0212+1] - e~ t/T}dinT (2.72)
T=0 ‘
According to equation (2.72),the storage modulus E’ is

a function of the frequency, W, of the stress application.

®
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Therefore it is important that the static value E’ ba
‘measured ;t' the same atressing rate as used in-lha fracture
experiments. The sbectrua of relaxation times and the
rigidity function, H,, are unknown for viscoelastic zirconia
ceramics. As tha Eight*hand side of equation (2.72) ise
always positive [138], it will reach a minimum at t=0 or it
will be negligible when t=0 ond @2T2%1 (i.e., the dynemic
measurement). Therefore, the right-hand side of egquation
{2.72) will be neglected for ‘the static 1loading pattern
presented in Figure 2-16 4if E(t] 1is calculated via the
tangent to the origin 0O, i.e., at t-O.- Such an approximation
is with agreement; with Krausz end Eyring [174) analysis of
the spring/deashpot model. They showed that at constant
displacement ;ate a spring/dadhpot unit should heave initially
a stress-strain curve that is characteristic of the spring.
A3 tha force increases the dashpot will start slipping and
the stress-strain curve will not indicate the spring
stiffn;ss [174] .

A similar technique was suggested for the determina-
tion of the elastic (E) and anelastic (M) moduli in uniaxial
tension for a viscoelastic metallic specimen [ 189] (an
anelastic strain €2 ;s defined as that reflecting the magni-
tude and direction of prior deformation history. The sum of
€? ond the permanent strain, eP, gives the total nanelastic
strain, €f). The initial partion of the piot of stress (@a)

vs. Lccumulated strain (e} shows the treansition of slope from



E to M*E/(M+E). | o

Consequently the high-temperature static éﬁofqge modu—
lus for a.v@scoelasfie solid has been estimatad in the pre-
sent the;is using eq. 2.44 and‘meaauriﬁg tha initial sldpg-of
the lood—displacéﬁent record of aﬁ unnotched bar 4t a strain,
rate similar to that used in the fracture experiments,

To evaluate this technique; literature data [ 140, 141,
142} for the dynamic Young'’s mbdulus of Zr0ps were normalized

to room temperature wvalues and compared with the static
. / -

results’ obtained in the present thesis for similar materials

(Fig. 2-17). As .expected, the static values are con-
sistently smaller, o&lthough the temperature variation és

similar. It is felt . that the static measurement . better

.-

describes the material behaviour in slow fracture experiments
at high temperatures {in particular the release of the stored
elastic energy intao the surface of a newly-créotad cerack) .
Thé values of high-temperature static Young’s modulus
obtained in this thesis, lower than the dynamic data from
Fig. 2-17, should be treated as a lower-bound astimation.
The possible associated error of the calculated crack driving
force will be discussed 1in Séction 4.8.
2.4.2 Fracture Testing System and Specimen Design
The energy involved in.brittla fracture is analysed in
the present thesis using four-point bend testing of chevron-
notched {CN) specimens at low and elevated temperatures. Tha

tests eore performed via load relaxstion.(LR) and loading~-

™



" ?raétu;e—unloading (LFU) réutines, psing compiiance analysis
(ﬁA) and potential drop (PD) techniques to cqlculate crach
lengths: The choice of speciman typal-and experimantal’ ar-
rangement uiil now ba discussed. _Arees for Ffurther theo-
retical analgses of the CN Specimen.are also id;ntifiad. .

The bend test was chosen as & simpla and reliable
method'of‘crack-driuiqg-furce application. This is espe-
cially important for hard ceramic mate;ials, "as machining is
limited to the cutting and polishing the four faces and the
chevron notchi&g. Another ;duantage is that little material
is required for each sbeciman. No holes, groovas or holders
are required os  the load is applied in comprgssion tﬂﬂpe;

cially convenient at, high temperatures). Therefore, apart
frﬁm the chevron notch, no unnedassa}y stress ccnéantfators
are introduced. The technique is well establishad expari-
mentally— and stress and error analyses are availlable in the
literature. CN and straight through (ST) <celibrations of
specimen compliance have been widely reported. In addition,
four-point-bending offers a uniform bending -moment between
the wupper (shorter) bend span so precise notch centering
between the load applicgtion points is not required ;s per

three-point-bending.

Although the ST bend épecimen geometry 1is well
4

L3 R
established in fracture mechanics practice, thia specimen

geometry d1s not suitable 1f fracture stebilility is the main

concern. A creck must initiate simultanecusly along the
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wholé length of the astraight-through ndtch; which has
frequently been éut with a thiek (300-500 um) blade. This
renderg ‘thé 57 sgpecimen ausceptible to overload and, once —
initiated, caﬁast&%hic uncontrolleable fracture follows. As

discussed iIn the preuious-chapter, the stress concentration
. . ¥

at the chvroﬁ notch tip reduces the danger of overload and

incrgeses the fracture stability, ’ ' n

\ The wuse of the CN specimen in constant strein rate

. k|
experiments is not sufficient to maintein Fracture stability

~

fQr certain materials and testing systems. In these jcases

———-'
-

the alternative LR test should be considered and was used in

this thesTs. The thépretical analysis of the LRHCN test is
: ’ a .
not available in the literature and is presented in the next

chapter.

'

Although the LA configuration is wunique in its
stability and ability to identifyg crack-microstructure

interactions (the crack velocity is measured in the LR test),

the anelysis requires the assumptipon of ideal elasticity.

This is questionable for ceramic and composite materials at

rocm temperature ‘Jand 1is né* true at elevated temperatures.
. 4
Moreocever, aa the{1deal LR test proceeds to full fracture, it
<>

LN

-

does not allow t:§ exper*menter Gte interveme in case of
. Lo .‘

undeSiraale developments, eg:, c?@ck acceleration towards =
cri{ical veoleity. In 'such & cgse he strain energy‘_nalease.

+
-

rate could be reduced (i.e

e g
(or all) of‘wme load is decre%sed ‘ThlsJ’s tha‘chaég::ariatic

the craf} deccelerated}’i? part - -~

W . - . . .
CF . -~ . . N

L : : . -
- h c. ’n-‘_-\ ' A SR : \ - o

~ . i ..
.
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of the LFU experimental routine. Properly 'chosen- unloading
points allow one go preserve the condition Gy<Bjyp and so
maintain fracture stability (this task is not easy Faf‘ high-
stiffness brittle ceramics}. The variation of the crack

driving force in LFU experiments 1is modelled in the next

chapter. Guidelines for the experimental procedure and

dgsign of the testing system are developed therein.

The room temperature Z2r0p tests wutilised specimarn
complignce aggiysis {CA) as an indicatiaﬁ’;; the creck length
(through_'equations 2.38 and 2.42). This technique is
c;nvenient and accurate [aslshown by the calibration results)

if the load, P, and load application point displacement, D,

cean be messurad acgurately (at 20.1N end %0.1um respectively

" the accuracy of the compliance celculatdon is better than

3%) . , .-

2 To use the CA technique ot elevated temperstures

N
requires’ the wuse of an extension rod Ffrom the specimen

surface inside the furmace to the diasplacement measuring
- ,

S

device ocutside the furnace. If Um-range distances are to be
F

measured, this technigque is difficult to dimplemenf and

unreliafle (instead, direct crack observation was recommended
‘e,

I . .
[162,163]17) . An alternative p:ocedure involves utilization of

the hiﬁh ,temperatﬁre'ioniz conductivity of ZrOp caramics in

atmospheres conteining oxygen {02 ions diffuse through

. .
oxygen vacemcies). If this conduction i3 described by Ohm’s

<@

+ law (di.e., there 1s no. interference:- from glacﬁiode
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-

polarization}, the crack length can be calculated from the
increase of the resistance (or the potential drop at constant
curfent] due to reduction of the specimen cross section

available for conduction as the crack grows.

Potential drop (PD) applications have been reported in

"the  literature for ST-notched electronically conducting

N
specimans. New theoreticel end experimental developments

were required for CN spécimens utilising ionic conduction.
This analysis is praesented in the next chap?ar.

From the above discussion, bqQth 1low ond elavated
famperatura experimental dasign  with chavron—-notchead
speciméns required a number of new thecoretical analyses. .As

.

these anaiyses constitute a significant part of the original

research reported herein, they are included in a separate
4
chapter
\
e
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. ; CHAPTER 3

"THEORETICAL STUDIES OF THE CHEQHDN—NOTCHED BEAM BEND SPECIMEN

The energy analysis of brittle fracture requires, thet
the crach driving force be within the limits of the threshold
(K¢ or G;J and critical (Kyp or Byp) values. Equivelently,
ost iﬁformatiue experiments are performed in the sub-
critical crack.growth-range. This was the prgmary reascn for
cholce of the four-point-bend chevron-notched specimen in the
present thesis.

A fundamental deficiency of the CN-analyses aveailable
in the literature is the neglect of subcritical creck ax-
tensien. Simplified two-state analysis is.preFErred, i.e.
the crach 'is assumed to be stationmary at Kjg < Kic or the
crach propagates catastrophically at Ky = Kyp. This is hardly
applicable as the CN specimen was originally designed for

worh—-of-fracture (WOF)} tesats which intrinsically regquire the

whole experiment to be performed in the subcriticel crach

.growth (SCG) regime.

In this chapter the CN specimen 1is sgtudied assuming
that the crack wvelocity for Ky < Ky < Kygc is governed by @&
widely accepfed power law (2.4). Recognition of SCG in the CN

specimen results has important implications for the fracture
73
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.Y
éesting techniques. It will be shown, that the WOF technique.
results in values characteristic for the material ana noct for

the experimentll conditions only if the WOF values are anal-

- ysed against the crack extension up to complete fracture.

The Fr;cture toughqess can be! calculated Xrom the maximum
load'ohly if a specific displecement rate is utilised.

Section 3.2 of the.present cgapter is devoted to sté— f
bility analysis of the CN specimen as a function of a number
of experimental parameters in the load-relaxation test.

Finally, an original method is proposed for the appli-
cation of the electbi;dl potential drop (PD) techniqde For
crach length measurement in test specimens exhibiting not-
ﬁtraight—through crack AFronts {in particular for the- ?N
specimen). The technique is verified by calibration experi-
ments and used for the first time for ionically conducting
materials ,i.e ZrOs-based ceramics, (Chapter 4}.

Sections 3.1 to 3.3 present the results ‘published in
references [95,586,98,112,172,173]. 2
3.1 Subcritical Crack GBrowth in a Constant Displacement

Rate Fast

An empiricasl law (2.4) governing subecritical crack

growth can be expressed as;

v v = VC'(KI/KchN (3.1)

where v is the crack velocity (v=vp at Ky=Kypg)l ond N is o

-



parameter characteristic of the material and the environment.
At crack initiatibn, Kry«Ky, and the crack vgiocity can ba as
low as 109 m/s or “zero" in experimental practice. In a
constant displacement-rate test the specimen is likely to be
loaded in an aepparently lipear-loadrdisplacament regime (Fig.
3-5), before apperent fracture initiation at Py (70 to S0 %
of the maximum load value, Pml. The apparent fracture
initiation p;int indicates that the crack has élready grown
by & certain 1eng;h ax. (x=a/W, according.to the standard
notation in Fig. 2-12). The true fracture initiétion which

‘occurs at loads between Pj and O (i.e. at Ky=Ky and load.Pp)

must be located by some other technique. .
As indiceted in the previous chepter, the "ideal;
chevron notch shape implies, ;hat the strain energy release
roate at the tip tends to infinity ot any opplied load (eq.
2.50) . Accordingly, the closer the notch is to the idesl
lshape, the more probable it is that it will spontaneocusly
precrack [(blunt) during the specimen machining and handling.
The resulting blunted tip is equivalent to the ideal shape

when the initial crack xg has extended by ax.In the present

thesis ax=0.002 is arbitrarily assumed such that the apparent

fracture initietion load, Py, 1is within the values observed
experimentally. This is equivalent to assuhing that subecri-
tical crack growth starts at some non-zers load velue, Pp,

and thus a real description and analytical treatment 4&°f

fracture initiation and propagation in the CN specimen can be

-
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Qndartaken.

Usually fracture is out of control when.the crack ve-
loc£ties reach 1073 to 10! m/s. In the present work the CN
specimen performance 1ia analysed at wvp/vyp = 105 to 108,
Despite the fact that N can vary widely, the fastest change
of materiall properties occurs if N varies between "2 and 40
[145]. 1In the present thesis ualHes of N ¢ 35 are consid-
ered. -

Knowing Kipo (from literature data or independent mea-
surements), vp/vg and‘ N, the threshold stress intensity
factor, Kt, can be obtained fram eauation_[3.1J. Integration
of this equetion gives the time - dependence of .the crack
length. The CN specimen compliance is calculated via the
slice model proposed by Bluhm [115], eq.(2.38-2.46), Appendix
1. _ The load 1is ob;ained from the displacement and compliance
data and the crach driving force follows Fromleq. (2.50) and
Ky from eq. (2.12).

3.1.1 Model and Numerical Analysis

The total compliance of the system is ;omposed of that
of the mechine (Cy) end that of the specimen (Cg),sc that for

.

the constant displacement rate conditions, the laoad is given

by,

P = (Dg+*Dy) /(Cg+Cy) = D-t/(Cg+Cy) (3.2)

whare Dg is deflecticon of the specimen (or the load applica-



??

tion point displecemenf), bu is deflection of thé mechine, Q
is the displacement rate, t is time of loading and P is load.
Assuming the ;eality of a blunt chevraon tip, the specimen is
initially 1loaded in a linear regime (no crack gfowth] up to
time t=tpy. At this moment (point T, Fig. 3.1), K=Ky, the
total deflection 1is Dp, the load is Pp and a new count af

time, T, ig initiated. Equation {(3.2) now bacomes;
P(T) = (D-T+DQ) /(Cgl T1+Cy) (3.3)

where bD-D'tO.At P=Pg T is taken as zero and at fracture
initiation the specimen compliance, Cg, is taken as the
imitial value, Cgy;

—

\\ P{ T=0) = Dg/(Cgy +Cy) = Pp (3.4)

As the crack propagates, the values of Ky and Gy are
obtained from standard fracture mechanics formulae (2.7)..
Equations (2.51, 2.50) will be utilised for the CN geometry.

The threshold velues aof load (Pp), time (tp) and def-

lection (Dp) are obtained from equations 3.3 and 2.51, 1.e.;

Pp = Kg B yW/Y¥(xy) (3.8)
4

tg = Pg*(Cgy + Cy) /D (3.86)

Dp = 6't0 (3.7)
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gSubstituting (3.3) into (2.51) and combining with (3.1);

D-T + Dp N E Cr*(xq = KDJ N/2
v o= vt ] mmmemmme— - . ——— v mm————— e ———— (3.8}
KIC'{CS"'?M) 28w {(x - on

where C’ = dC/dx for simplicity.
Rearrangement of the parameters in equation (3.8) to

assemble together the constants, the variables with T and the

variables with x gives;

dx/dT = F=fq( T} /Falx) (3.9
where;

F = const = vo/W-{E-{xq-xg) /(2B -W-Kyp2)IN/2 (3.10)

F407) = (DT + DI N (3.11)

fa(x) = {(x - xg) *(Cg +Cy) 2/Cc N/2 -(3.12)

Separation of "the variables in (3.8) and integration yields;

-

X T .
f’f’g(x)dx - F-‘/‘ﬁ('r)d-'r (3.13)
or; X=X T=0 T
| I(x) = F-(B*7T + DQIN*1/{D-(N+1)} (3.14)

=0
- wherg I(x) is the left-hand side of equation (3.13), solved
numerically i1in steps of x = 0.01. Eveluation of (3.14)

between T and T=0 gives the time ofter which the crack would
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extend from its initial length xy, to x, i.e.;

T o= D771+ {[0-(N+1) ~I(x)/F + DoN*111/(N*1} _pg3  (3.15)

The .time T can only be obtained by proper integration

of I(x). To simplify the problem, eoch parameter was
normalized using "the following constants : time(1 sec) ;
length [1mm)_ ; .deflection rate (1 Um/sec) ; compliance
(1um/N) ; Ky (1MPaJ/m) ; G (19/m2) ; E(1GPa) ; The Poisson’s
ratio was assumed constant ;nd equal to 0.3. This p}ocadufa

resulted in dimensionless formulae suitable for numericeal

analysis. The specimen compliance and its derivative,
required for numerical representation of eg. (3.12, 3.13)
were calculated via the Bluhm slice model, wutilizing & crack

increment between slices of 0.002 {subroutines XCOM, COMX,
Appendix 1) . I(x) was obtained numerically following the
trapezoidal rule witﬁ ax steps of 0.002.

The primary purpose of this analysis is to madel the
fracture toughness and work-of-fracture tests wutilising CN
bars of ceremics. The veriable perameters were chosen as
characteristic of the three main groups of ceramic moaterials
(Young’s medulus E is given in GPa, Kyp and Ky in MPaJm) i.e.

: Type I, high stiffness end medium toughness (Alpo05, SiC),

.

E=40Q0, N=30, Kip=3, Ke=2 Type II, medium stiffness and en-
hanced toughness (PSZ), &=200, N=25, Kip=4, K¢=2.5 ; Type
III, low stiffness and toughness (microcracked ceremics, ’

4
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grophite}, E=11,N=10, Kyp=1.1, K¢=0.3. Some results are also
presented for glass (E=?0, N=15, Kyp=0.8, Ky=0.4}.

Unless octhewise stated, the testing system parameters
are fixed at Cy=0.1 Hm/N, the bend span ratio n=S54/55=2, the
specimen depth and width B=W=4 mm and vclvt-los. The results
are presented as a function of specimen deflection, DS‘[pm],
or the fractured areas, A, normalized to the maximum area
available for fracture. For example, in ?13.2-12 ﬁt a crack
extension of x, A = ORP/MNOPRST.

3.1.2 Implications for the Fracture Toughness Test

Figures 3-2 A,B show the veriation of Ky for material

Type f with crosshead displacement ratés between 0.1 and 2.0

um/ &’ The. "hump"” on the Ky wvs --Dg graph (Fig. 3-2A)
:._.:-’_ \ ‘-,’ ‘ .

originates from the characteristic variation of the geometric

¥

factor Y®(x] for the CN specimen, (eq. 2.52, Fig. 2-14B).
Initially Y®(x) 'is large and constant since there is no crack
gro‘th. As the crack /initiates at K=Ky and‘gr0ws, Y¥( x)
dro[s to & minimum value, Yoo and then increases again. The
combination of load, .P, specimen compliance and Y*(x) varia-
tion results in K1 curuiffzg‘shown in Fig. 3-2A.

It is clear from Fig. 3-2A that the maximum load, Py,

can only be correlated with Kyp for a displacement rate of 2

ph/s. For slower cross-head velocities, critical conditions
occur after P, has been passed. The complete load-displa-
cement curve is only drawn for ﬁ-2ym/s, but the displacement .

at maximum load is. independent of the cross—-head velocityh
TS

-
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(Eompare the two dashed P-Dg curves for D=0.S5 and 0.1
Hm/s, Fig. 3~éA]. If equation (3.1) holds true above Kr=Kyc’
(i.e. the fracture toughness is larger, than the assumad 3
MPaJ/m) or if the criticel velocity is larger than the assumed
1073 m/s (continued dashed lines, . Figs.3-2 A,B), the maximum
value of Ky is reached after the maximum load. Since ao ;harp
increase in N i3 expected in this range, quantitative con-
clusions are MEaningless. However, . a qualitative description
of atick-slip crack motion haes been attempted [ 18].

The correlation of P ang Kic proposed by Munz et al.

[126,127,148], requires P=P, and Y «Y®_  at xe=x, (Fig. 2-14),
m m m

resulting in equation (2.5&);

~

KIe = PpY¥n/(B<JW) (2.51)

.
Y”m can be conveniently’'calibrated [146), simplifying frac-
ture toughness testing of ceramics. According to Fig. \3-2A,¢;
it subecriticel crack growth is taken into account, the above':
procedure is only correct when a certain value of displace-

-~

ment rate is utilised.

In Fig. 3-28B Ky is plotted vs. the normalized fracture
area A (A=Ag at Y*=Y®_ ag indiceted), %or the seme experi-
ments. .The calipbration procedure [ 146] demands are only met
for & discplacement rate of 2 Um/s. This conclusion oagrees
with the experimental observation that, upon decreasing the

cross—head speed, the slow fracture renge incresses beyond
. ' :

-

rd



the maximum load (sometimes up to complete Ffracture, as
required for WOF experiments).

Figure 3-3 duplicateg Fig.3-28B for the Typé II moteri-
al (PSZ)'. Below D=0.5 Um/s, it is impossible to measure Ki1p
with the present experimantal peremeters (n;2, Cuy=0.1 Um/N) .
This situetion makes the WOF experiment attractive, but the
value of resistaence-to-fracture calculated therefroﬁ" will
depan; on the displacement ratg. For this case, the fracture
toughness can be calculated from the maximum lo;d via
calibration utilizing D=4 Hm/s, i.e. twice the value for the
Type I material.

4

Similar plots for Type III materials are shown in Fig.

3-4A,B. The most striking difference between this material
e N
and the previous two is the slow K3 v;hiation with A. The

i
cross-head velocity must reach the high 'value of 20 ¥m/s (1.2

mm/min) for critical conditicons to be attained ah‘bﬁe maximum
load value in the constant displaceﬁent rate axper}ment. The
dashed lines in Fig. 3-4A,B show the variation of the load
and stress intensity factor assuming & wider range of

subcriticel crack growth, i.e. ut-10_10 and vc-10'2 m/s. In

* .

< :
such cases even higher D values are necessary to measure the
b 1

Kip (now defined as Ky at a crack velocity of 10 mm/s).

o ]

The stress analysis error for the four-point bend bar
(discussed in detail in Section 4.8) cen be reduced by in-
creasing the bend span ratio,n [147). The influence of an in-

creased n ratio is shown in Fig. 3-5. Increasing n promotes

\



fracture stability and this must be condide;ed in the Kjxp
te;t. The cross-head velocity for Kip measurement at n=2 is

2 Um/s,- Fig. 3-2A,B. If the span ratio is incressed to 4,
thi%- uelocify must be doubled in order to meet tha‘calib;z}V/r
tion procedure [ 146) requirements. .

In the following analysié, an attempt is made to esti-
mate the eé;ur resulting fraom the application of equation
(2.581), if the subcritical crack growth that occurs befora
the maximum load Py is reac%ed, is different from [ xg=-xp). if
the true value of Kyp is known, the relative error, e, iﬁ the

fracture toughness messurement can be obtained Froﬁkthe for-
mula;-

e = (EIC - K1gl /E.IC (3.186)

A

where EIC is calculated from eq. (2.5%)}. It is assumed that
fracture initiates at the chevron tip before P, is reached.
The cases of difficult fracture initietion due to,for ex:ﬁpla,
aé excessively wide notch [125i, are not considered relevant
here and will be discussed in Section 3.2.
Consider the load-displacement curve, Fig.3.1, as re-
corded in - the fracture toughness test. At a slow loading
rate, the Ky=Kyp condition will be reached (if ot e1l),
somerheré between points M and Z. An increase in the loading
rate reducés the subcriticel crach growth to such an extent

that Ky=Kyp ot PeP, (i.e. the condition which allows

aplication of eq. 2.51) or even at some load, P, such that

' >
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Pp<P,<Py somewhere between poinfg T and M _(?ig. 3.1). The
‘record maximum load is now, Pz. In both cases equation
- 4

C2.513 results in & velue of EIC ;maller than the true Kiypo.
It 41is characteristic of the-CN s%eéimen that suppression of
subariticél crack growth in fast-digélacement rate fracture
toughness test would result in erroneous meagurements tquite'
.the opposite for ST specimens). The reason is - that the CN
specimen requires a ﬁrecisely determined (and not minimised)

amount of subcritical crack growth &x (=xg-xpn) at TRE moment
't

of catastrophic fracture to utilise the calibration equation

(2.51).

-

Generally the  fracture toughness test wusing the CN
specimen with an easily-initiating crach gives a conservative

estimate of Ky,

-

This discusgion is quantified by numericael simulation
for the ;hree types of materials and glass. EIC was obtained
from eg. (2.51) w;erein Pm was taken as the true maximum load
if the specimen Fracéured catagtrophically between pbints M
end Z (Fig. 3-1) or as P, at catastrophic fracture between
points T ond M.The Kip value-is assumed to be the true one ot
the outset of the madel colculations. The results, obtained
#rom gq. r(3.16], are plotte; against the expanent N, Fig. 3-
6, agoeinst the d;;placement rate in Fig. 3-7A and against the
displacement rate and machine comﬁliance {for gicss anly) in

Fig. .3-786.

Figure 3-6 shows that the fastest changes of e occur



S

-
-

for materials of Typé I or II when N<30 whilst for graphite

. -

or glass they éccur for N<15. These observations satisfy the

choice of N values in the simulation experiments.The value of

-

e levels at -B% and N>40 for Type I and II materials and at

-2% for glass and grephite with N>20 . (Fig. 3-6 for typical

experimentsl conditions). -
In slow displacement rate tests, the underestimation,

e, is linear with log D and can reach -20 to -30 % (Fig.3-

7A) . As D increases (the branches A;By, 1i=1,2,3), the curve

-

reaches a maximum [(e=0) for the conditions predicggd in Figs.

3-2 to 3-4. As D further increases, the increase of the absor

~

lute érror v?due is predictable as’ long as the fast displace-

ment rate does pot hinder fracture initiation at the chevron

e

tip (in this cese, an overload results and the calculated Kip
is an overestimation, [125]). If the idesal displacement rate
(resulting in e=0) is wnhnown, the ini:ial values of D should
be such that catastrophic fracture tokes place after Pg is
reached }branch A;By of Fig. 3-7A or MZ of .Fig. 3-1) .
Subsequent experimentation- with increased O values should
result in‘f coineidenc% point where P=P, at x=x, @s reguired
for aCCuﬁpte Kip celculatien from equation (2.51).

Figure 3-78 shows curves for glass similar in shape to
those in Fig. 3-7A. The testing™“System compliance, Cu,» cen
have a profound effect on the oeccuracy of the fracture

toughness test. A displacement rate of 2 dm/s will result in

an accurate measurement for & stiff system (Cy=0.1 Um/N) but
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in an underestimation of 15 % for a soft system (Cy=10 um/N).
Use of a gsoft testing system requires faster loading rates,
sincé an iﬁcreased portion of the cross-head displacemant i;
expended on machine deformation. For large Cyq vealues (i.e. a
soft sysfem], the error of messurement is less saensitive to
Tchanges'of the displacement rate.

o

3.1.3 Implications for the WOF Test

-t

-

The idea of the WOF experiment is to convert the work

done by the loading system exclusively to an increment of thae

ﬁurface' energy of the broken specimen. In practice, it ig

either performed in one cycle to yield an average value ovar’

the entire surface created [114j or by repeated loading-
fracture-unloading cycles [96, 120, 130] resulting 4in the
resistance-to-fracture as a function of the crack extension.
Both types of work-of-fracture experiments are
modelled in terms of the stress intensity factor. Considering
the constant displacement rate test, curves similar to those
in Fig. 3-2B, but for increasing initiel crack " length are
presented in Fig. 3-8A for a Type I material. The consecutive
Kz vs. A curves, numbered 1 to 7, represent variations of the
stress 1intensity factor during hypothetical WOF tests for
specimens having an ipitdal cra;k length x; egqual to 0.42,
0.50; 0.55, 0.60,-0.65, 0.20, 0.80 respéctively (et constant
xg=0.40). The broken curve (#8) is expected when x;=0.90.

Conseguently, the. curves also represent the variation of the

stress intensity factor in the loading-fracture-unloading

,
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experiment.

For samples #1 to #5 it is not- possible | to Lperfnrm

continuous WOF tests since the crack accelerates to a

critical velocity (points M,N,S, Fig. 3-8A) and Faildfe
follows. For an initial crack length larger than 0.65 {curve
#6}, Ffull stabilitg. is expected for a4 continuously loaded
specimen. Tge."efféctiue-surface enerzy“, 2f; calculated from
such an éxperiment will be equivaleﬁt te the area under “the
curve type 6,7,8, expressed in terms of the .strain energy

release rate Gy, divided by the toteal <fractured area. The

resultant value will depend on the initial crack length and
it seems will approach the threshold Ky or Gy as defined by
equation (2.12), for crack lengths approaching 100% of the
specimen width. This result explains the depandencé of the
WOF-2C on the crach le?gth [120,1307.

Considering theJrgpeated loading-slow fracture-unload-
ing gxperiment for oneL;pecimen,a similar set of curves ,Fig.
3-BA, would be generated, but cut at wunloading points
Ug,Up...Uj (i.e. after crack extension in ‘cycle #1 by 0.08,in
cycle #2 by 0.08 etec.). The experiment proceeds in sequence
Aq=Uq-Ap-Up-A3-Uz~ etec. It is asssumed that unloading is fast
enough to suppress eny accompanying subecritical crack growth
and proceeds at least tao the poinmt when K=Ky (in the present
thesis wunloading was performed dewn to Ky=0)}. The danger of

uncantrolled fracture appears on cycle #5 when UgxS (Fig. 3-

8A). For suoh & sequence of repeated load-fracture-unload
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(LFU) tests, the calculated 2 will initislly increase and
subsequently diminish (after cycle #S) to the limit, G¢.

Te illustrate this point quantitatively, the following

numerical integration was performed;

Aiet
WOF = ( f GrdA) /aA ¢3.17) .
Y
where &aA '.Ai+1 - Ay is an increment of the fracture ares *in

subéequent LFU cycles. Gy was obtained from Fig.3-8A  wusing
equation [2.&2). Equation (3.17) is valid for a pérfectly
elastic materisl or for thet part of the totel work-of-
fracture which w;s caonverted into fracture surfaece energy.
The results ahgpresented as curve F (at Cy=0.1 Um/N and
displacement rate 0.1 Mm/s) in Fig: 3-8B. ,It appears that
the WOF values deérease towards Gy as fj;} fracture 1is
;;;;oached. If an iéfinitely stiff testing sgystem is
considered (i.e. Cy=0, curves B, C), the predicted values of
WOF are different. The WOF values alsoc change for varying
displacement rates [chpare curves B, C and F in Fig. 3-88).
As A=100% is approached hawever, the d;fferences daecrease and
all the curves appear to approach WOF = Gg.

Similar plots for Type III material are shown in Fig.

3-9. None of the curves {numbered 1 to" 8) cross the critical
fracture line (KI-KIC) so the test is stable both for con-

tinugus ,and intermittent WOF experiments. The resulting 2I

does not increase in the initial LFU cycles due to the flat
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Ky vs. A gu;ve. .As noted for the Type I materiel, 2 tends
to Gy in the limit. A“Lniférm deﬁrease ofiihe quantities
charac terising the frecture of Type III materi;ls with crack
extension suggests thet the threshoid values Gy and Ky can be

determined by simple extropolation {32]. Integreted Gy curves

-for graphite for (Cy=0.1 Um/N and Cy=0) are shown in Fig. 3-

98. As full fracture is approached:‘ the differences between

~

the two plots decrease and both.tend to Gg. P
o

The variation of measbred resistance-to-fracture with
crack extension predicted by the present qnalysiQB(Fig. 3-88,
3-98) was recently reported for glass specimens {130). Since
suberitical crack growth was neglecfed (i.e. during crack

-
propagation Gpy=constant=Gip), the decrease observed in the

calculated values of Grp was inexplicable. Characteristi-

cally, the effect was more profound in air than in an inert
\ “

atmosphere. Correlations between the present model and

éxperimental results far fully and partially staebilized
zirconia, SiC and Erahhite- are in press [986] and are
presenfed in the experimental sections of this thesis.

It must be emphasized that numerical analysis cannot
be performed at A>80% {or x>0195) due to uncertainties in the
compliance equation. Therefore,the limit of the strain energy
release rate {or WOF) curves cannot be unequivecocelly defined.
The expected variation for A>80% is indiceted by broken lines
in the figures.

'

It can be concluded <Ffrom the above analyses that the
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octurence of subcritical crack growth during constant dis-

Ylacement rate experiments eon chevron-notched beams explains

the observed -specimen behaviour and influences the fracture

testing routines.

o
—

~The mein advanfage of the CN semple over other confi-
gurations is the in-situ initiation of & sharp cragk. The
fulfillment of.t;o exclusive requirements, (i.e. sherp, semi-
static crack initiation followed by propagation) is intrinsic

te wvalid fracture toughness tests. For metallic spaecimens

Y

thig has résulted in two stages to the tests, i.e. fatigue
erack initiestion followed by loading to Ki=Kyp. For CN
brittle specimens the two stages can Iﬁmediately follow o©ne

another but & predetermined displacement rate must be

utilised. The less-than-ideal shape of the real chevron notch

tip requires- that an overload be applied to initiate
fracture, especially if there are any compressive surface
stresses or an eicessively wide notch. This is the main

reason that most experiments on CN specimens are confined to’
relatively low displacement rates (0.02 to 0.05 mm/min).
Such conditions pramote Qubcritical crack growth but, once
fracture has been initiated, the displacement rate must be
increased to relate the maximum load to the Kip.

If the gtress intensity factor at "fast” (i.e. criti-
cal)] fracture is to be measured, the following steps must be
taken; (A) a stable crach must initiate before "~ the maximum

load is reached ; [(B) ceramics Type I ( Alp04g, SiC ) must be

-
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tested at a cross-head speed 0.12 mm/min for §549/Sp=2. IF the

»

bend span ratio is increased, the displacement rate must 53&
increased by the same factor ; (C) for Type II (partially
stabilized zirconia) specimens to yield velid Kyp velues, the
displacement rate must be 0.24 mm/min at an assumad velue of
N=25 ; (D) the testing pf low stiffness, low toughness
ceramics (Type IiI} r;qu;res extremely high displacement
rétes 2 1.2 mm/min. f -
_ The above conclusions evolved from the assumption of
numerical values to simplify e analysis. Whilst N$35 may be

Justified (Fig. 3-6), the’ratio vp/vy can be larger than

assumed (105). Such would increase the range of subcriticasl

crack growth (Fig. 3-4). The ﬁéoposed displacement rates must

only be considered therefore as guidelines. In ° mast caseé,
the coincidence point of maximum load at Ky=Kyp for given
experi‘fﬁtal conditions {i.e. leoading rate, geometry, machine
stiffness etc.) is not known. Therefore a series of fracture
toughness tests must be performed at constant dispiacement

rates such that instability occurs after the maximum load is

reached. Subsequently, the displacement rate can be
increased so that instability occurs at the maximum load

value ond equation (2.51) is valid.

-

It is not possible to measure Kyp via & WOF experiment

beceuse the two quantities are Jjuxteposed. A knowledge of

g

the crack growth hinetics and the parameters of the testiﬁg

system are an essential factor in the experiment. Subcriti-
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cal <crack growth is responsible for thHe decreasing “"partisl"

work-of-fracture, 2I, with crack ‘éxtension in multiple

[

loading-fracture-unloading dests. In the limit as the crack

length approaches 100% of the specimen width, the work-qf;

fracture seems to approach the resisthce of the material to

fracture initiation, b

= s
- -
3.2 The Load Relaxation Technigua
. \
The constant displacemeﬂE rate experiments, discussed
above, are wused for fracture toughness or WOF meas mant .

If the testing system is not hsard enough however, destdbili-
zation and catastrophic frecture can occur at an undesirablae--

moment.
* : !

In order to increase fracture stability, the energy flux

from the\:esting system into the specimen must be reduced. In

the limit of an ideally stiff machine, no external work is

performed on the cracking material during a zero-displacement

rate test (hnown as & load relexetion, LR, or fixed grips
test). Since this technique provides & record of load relax-
ation ageinst time, it is possible to determine the crach

velocity vs. the externally applied stress intensity factor.

Some consideration of fracture stability was presented
Y

in Section 2.1.3. In the present chapter the general
expression (2.26) is anlysed for the LR test on & CN specimen

.

for-particular experimental conditions.

The bending geometry and the testing system stiffness

-
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will receive particula;‘attention. It is assumed that & non-

ideal chevron notch influences the load ot apparent fracture

initietion. Equivalently, a larger dev;ation of the notch
from ideality results in a larger averload ai‘the moment of
fradfura initiation.
3.2.1 Model and Calculations

Consider .the load relaxation egﬁériment (Fig.3-10A,B).
The specimen is loaded at a constant deflection rate abave
the fracture initiation point M. The mechine crosshead
movement is stopped after the crack has extended from xg to
xy (point Y),i.e. after devietion from linearity of the load-

deflection curue.Sin?e the crack has moved, the condition for

crach position insqégility ig satisfied,i.e.;

-

Gr 2 Gy (3.18)

At the moment the crosshead stops, the specjimen is loaded to
Pi and deflected to D;j=D:(x;,P3). Subse ntly the apecimen
deflection increments are taken up by the machine [33]; .

\ .

1

D(x,P) = D3 + Cyu~{Py - P} (3.19)

If the compliance of the testing machine, €y, 1s constant,
the deflection of the specimen increases linearly (eq. 3.19,

Fig. 3z'0A). Since the total deflection Dyyey 3is constant,

the relaxation load, P, is governed by the equation;

-'g"f'.r-h_"J .
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Dtot = P-[Cy + Cglx)] = Dy + Cy*Py (:‘3.203
N ,Jt:“’.. Td“:';.-\‘

- N

o

where Cg(x) 1is the compliance of the sample with arbitrary

crack length x. Equeations (3.19,3.20) define the hypothetical

load-daflaection curve in terms of tha machine characta-

ristics. According to the definition of compliance, at the
outset of the LA expaerimant; ”\
D;y = Py Cglxy) (3.21)

If the creck moves to x=x3+a&x, then, from eq. 3.2d;

P = [Dgy + Cy-P3l/[Cy + Cglx)] \ (3.22)

The compliance Cg is obtained from the Bluhm slice mo del
(115] (Appendix 1). The strain energy release rate is
determined using eq. (3.22, 2.50).

~8ue to the notch blunting (qiscussad in tha' pravious
section) fracture initiation requires a cartsein ovaerload, tha
value of which depends strongly on the specimen préparaticn
routine. In the present a;alysis values of Gy were calculated
at varieble frscture initistion leoceds snd compared with the
arbitrary fracture resistance function R{A). Following the
discussion of fracture stability (Section 2.1.3), thrae types

of conclusion can be drawn regarding the crach extension: (A)

-
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that frecture arrests ot Gy(A)<Gy; (B) that fracture advances

at Gy(A)2Gy, stably et dG/dA<dR/dA and wunstebly at dG/dA2
;RYdA. For simplicity, it will be assumed that H(AJ;Gt-Hi
for most cases ond oll Gy velues will be normslized to Rj.
For the 'che cf an increasing frecture resistance #CQrva,
both'GI and R{ A} afe normalized with respect to Ry (Fig. 3-
:11]. Tha testing' system parameters are similar to those

”assumad in the previous section (S4/55=2, S5/B=S3/W=2). The

moterial pafameters are those of an average PSZ [ 148]

"M agi

(E=170GPa, RA;=21J/m2, v=0.3). Unless other statad, the crack
Ieﬁgth at the load relaxsetion start is xy=xg+0.1. The wvari-

\__

ation of Gy is plotted against the normalized fracture area,

AfAg, counted from the LR start. In Fig. 3-108B A=MNPR "and
AQ=KLMNOPRST at x=x4. Therefore, atfthe fracture initiation
moment A/AQ=0 but st thgﬁgd;pléte?\F‘ectura A/Ag<1, depending
on the initiation crocg‘iength Xy .
3.2.2 DisgLssion of Resulbg

gig. 3-11A shows the influence of the appareﬁt
"fracture initiation load, Py, on .tha shepe of the Gy/Rj
cCurvaes. As previously discussed, for & non-ideal CN
specimen, P; is sensitive for the notch preparation routines.
At constant reletive mechine compliance m=Cy/Cgy (where Cge
is Cg &t "x=xpg} the value of P4y would not influence the amaunt
of stable crack extensioﬁ s all the curves have a minimum at

constant (A/Ag)min. The magnitude and slope of Gy/Rj changes

markedly. When P; is increased, only those specimens with



96

significant R-curve behaviour (at. each point’ dR/dA>dG1/dA) or

high frectura toughness Grp (ot each point greater than Gy)

will survive the crach acceleration region (between MIN
[

MAX in Fig.3-11A}. For such & spacimen, once the fracthre

-
L ] .

area is bigger than (A/Ap)gnax, the crack will proceed otably

up to the arrest point at GI/Hi-H or complete fracture,

whichever comes first. - s .-

The two doshed-line curves in Fig. 3=1tA repraesent ™
deviations from the “standard” test conditions. The curva

A/Ry=Ff(A) simulates a hypothetical rising fracture resistance

for the material which will survive the crapk acceleration

N

region MIN to MAX, i.a. the slope of the dottad line is

greater than that of the Gi/A curves. Now the earrest point
(.

(AR) ot Gi=R %ﬁ_:eached sooner end addigional flux of strain
energy is required to continue the ?raq@ re. Tha sacona,
opposite type of behau;our is expected }or the‘spacimen
suffering constant load, Pi, {here- P;=80 N} giving the

.relative strein energy curve G1/R. According to raelation

(2.7), this curve is obtained simply as;

v

’ —"
Gy = Gp-{P3/P)? - (3.23)}
After a short period of stable crach exfbnsion, the Gxy/R

curve soars steeply ond the creck accelerates to e criticel
velocity imméiiﬂggly sfter the minimum point.

: N\
As the fracture initiation load, Py, 1is lowered, the

s

-, a
R



' - a7
& ’ 7

differenca between the meximum and minimum velues of Gi/Rj3

diminishes, giving an almost flat curve at Py=50 N ([eassuming
nb arrast dua to an i;:reasing frecture résiéfance). So
carsful p?operation of the experiment can result in crack
- propegation undar opproximately constant (within S%) G

A .
conditions. This is particulsrly attrective in view of the

simpliqigy of CN specimep preparation when compared with
other "consﬁant-GI" specimen geometrie; (teapered or constant
momant - ODCB, "double torsion}. Certainiy, one can aexpect
~extremely slow creck propeageation for Gy velues ciose to Rji.
) Foar a stiffer testing system relative fo the initial
stiffness of the sample (m=1, Fig. 3-11B}, the instabilixy
region disappears andlan iAitiation load of 50 N will resulé
in quich fracture arres{. Such behaviour opens up the
possibility of repeated fracture initietion-errest studies on
one sample. After appsarent crack arrest ot point 8, the
cresshead is moved to the apparent initiation moment C and
stopped. Agein the GI/Hi~CUrue will follow a decreasing path
CD to the naxt arrest momqnt at Gr=B;. Of course, the dead-
load curve Gy/R; is uninfluenced since, for these conditions,
m is infinitely large. \

Substantiel crack extension befora tha start of LA can
couse destapilizetion due to croessing beyond tha minimum
paint on the Gy/Rj{ curve. This effect is shown in Fig. 3-11C,

ot xy = 0.5, 0.6 and 0.7. 5Stability cen be regained if the

crach is deep enough to initiate the test after the maximum

- —
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on the GI/Hi curve.

: An increase of the depth of tha initial notch, xn, by
‘0.2, results in a twofold increase of the crack driving force
for the same fracturé’igitiation load.This effect 1s compared

in Fig. 3-110 (xg=0:3, x34=0.4) and Fig. 3-12A {xg=0.5,

—r

x;=0.6), together with its dependence on the machine compli-
ance. The crack extension before arraest for a stiff testing
system dis larger in the second case. The critical value for

the system stiffness agoeinst frecturs stabi;ity is m=1.

Figure 3-12B iliustrates the‘effe;t of-increasing the
bend épan ratio, n=S54/So, .for constant Cy=0.15 Pm/N. A de-
crease of n at constant Cy causes an incregse of m and da-
creases the stability.

Finelly, Fig. 3-12C shows the effect of the side notch
length, x4. This is the only cese where the discontinuity in
the G curve ot x=x; (due to the assumed constant value of
the shear correction factor Kk, even at x=xj, i.e. the ST
specimen) is observed. The shorteé x1, the lass the influence
of the chevron notch shape and the Gy/Ry curve becomas
similar to that of a straight-through-notch speciman.

It can be concluded that, for the CN-LR test, there is

o«
always & stable crech extension regime at. the beginning of
the fracture due to the negative slope of the Gy curve. For
specimens which survive the fracture acceleration region, the

crack is inevitaebly arrested at Gp/Fi=1. The slope of the Gg

curve can be controlled by choice of appropriste X0, Xy, x4,
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Psyy Cmy 54752 ualués. This anal&sis provides an essential
datae for aexperimental designﬁ
3.3 The Electrical Potential Drop Technique to Follow Crack
érouth -
The potentidl drop (PD) techniqua has attracted inte-

rest ip the study of fracture and fatigue in alectrical

s

conductors for more then 20 years . The first calibretion

results were reported by Anctil et al. in (1963 [ 149]. Tha

\

dna®ytical solution of Laplace's equation, governing the
ne=y

elaE&pical potaential distributieon 'in the vicinity of & crack
wos attempted by Johnson in 1965 [ 150] and Gilbey and Pearson

in 1966 [151}. Since that time numercus works have appeorad
. [
utilising the enalytical solution for the PD and caomparing it

with axperimental results.

N The alectrical equipotential line distribution//g?i:zd
& crack was investigeted by Richtie et al.. [152]. y

suggestioed opti mal conditions for current input end pofential
probe posi tion. Aronson and Richtie continued by optimizing
the tech nigue via finite element analysis {153].

The nonzero ' velume crack effect "was considered by
Clark and Knott [154] and Knott { 155] and tha sources of ar-
ror 1in the technique gere reviewed by DOruce and’épotp'[156].
The imporfent conclusions from thasa‘inuestigations are, that
the method is highly sensitive and Eariation/of the potential
probe pasition close to the crack has relatively little

effect.
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The cited works ossumed a straight-through crach front

excapt [156] in which the arrors resulting from erack bowing

=
ware considered. The solution for the Laplace’s aquation for

polygonal domains was undertaken by Papamichael and Whitemen

'[159,160]. These authors admit that complicated boundary

-

conditions (e.g.\For a three-dimensional solution) may result

in serious difficulties for the analytical approach. As an
altlernative, a finite element method [168] or a purely
experimental celibration’is suggested [ 155, 186, 161] as

being-more viable.

Frequeﬁtly, the crack front canncot be approximated by
the 5T shape. Tha most obvious case is tha CN sample (Fig.
3-13B) uvtilised in this thesis.

3.3.1 Ploane s;lugkon for Potential Drop in a Notched
Conductor

Modification of the solution of the Laplace equation

for the electricel potential distribution around a crach

[157] gave the following eguation for dimensionless crachk

length ,x; (\v

x = (2/®) rcos™ (1 - P42) /(P - P12:P3)) (3.26)

where;

Pqg = [exp(U/2h) - 1)/[expl(U/2Kh) + 1] (3.27)

Po = sech2( Ty/2W) (3.28)
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Py = sech?( Td/2w) - (3.29)

The perameters in this equatic; are described in Fig.

3-13A shoéing the geometry and cross-section of 5T sample.
U=U(x) 1is the electrical “potential drop “batween surface
points E,F [(distance=2y) for a normalized crack length x and
constant direct current applied between the surface po;nts A
and G (distance apart=2d). The proportionality constant k is
found by measurement of U(xg), for & kno@n initial creaeck
langth x=xg. In particuler, it follows from eq. (3.26) that,
if  d>2w (the normal experimental situation for bend bar),

then for xgp=0;

ho= U(0D) "W/ (2 T"y) - (3.30)

Equatiens (3.27, 3.30) imply that drop of potential-
croach growth dste should be stored in the dimensionless form

suggested by Anctil et al. [149]; -
Q=) = w(0}/U(x) = R(O)/R(x) (3.31)

where R(0) eond R(x) ’are the electricel resistances of the
refaraenca, unnotched end notched (S5T) samples respectively.
A(x) is measured ocross the crack between the lines Y-ty
(current is applied between lines Y=xd), Fig. 3-13A. AR(0) is

meosured eithar as ﬁ(x) if the initial notech has nat been cut
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yet, or between any lines C,D (2yc distance apart), whila the
current is epplied between lines Y=0 and Y-fd.
Further simplifiéation of the numericel analysis and
date collection procedure results if the distances 2d,2y’ and
2y ere normelized to the semple width W;

Cqy = 2y"/W ; Cp ="2y/W ; C3 = 2d/W (3.32)

with the result that;

-~

Py = [exp(7-Cq/2°Q) - 1]/[exp(W-C4/2°Q) + 1] (3.33)

Po = sech2(0.25+m-C5) (3.34)
Py = sech2(D.25-T Cy) | {3.35)

The agreement betwean this theory and experiments is

good [ 149,151] .
3.3.2 Chevron-Notched Specimen
Consider the hypotheticel process of slicing the BT

specimen in the direction normal to the crach front (Fig. 3-

13A). The system can be tréated as & set of resistors con-
nected in perallel. Cleerly, the process neglects the inter-
actlion between "slices" in contect in real semple.The validi-
ty of this assumption is tested by exﬁerimental calibration.

Due to the specimen symmetry, the interlaminer current
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density in the Z-direction should be negligible. The proposed
equivalent circuit would there?oré possess‘intarlamindr resi-
stances much larger than those along the slice, i.e. the
parellel configuration. The appropriateness of this analy-“
sis is vindiceted by the g&od exparimental agraeement obtainad
{Sactlion 4.3.2). The simplicity of the final formula Tfacil-
itetes its application (the complex three~-dimensional finite
element analysis requisite for e;act solution is avoided).

If the SY semple is "sliced” into n slices in & direc-
Jrar - )

tion normol to the-crack front, “éach slice having the same
notch length x ond resistance Ry(x), then, from eq.(3.31);

Q{x) = Qgr = R(O)/RA(x) = R(O)/[n*Rj(x)] (3.38)

Since the "‘ecurrent density in any plane parallel to the XY
plene is the same in aach point along an arbitrary line (xg,

¥o. 2}, the following relation is valid;
1/n = A3 /Ag (3.37)

where Aj is the ores of the uncracked section of slice i and
Ag is the ares of the uncracked part of the specimen (Fig.

3-13A) . Accordingly;

Ugr(x) = [R(O)/R(x)1-[A;/Ag] = n-[R3(0)/R3(x)1-[As/AQ] (3.38)

-~

~
?-

~
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Fl

or Qgy(x)= i§1 Q151¢_'whera QiST(“)3" Qgr(x)/n = H(ﬂ)lﬂi{f].
For the ST sample, GQgT = Ri(OJ/HIIxj aﬁd'equat}on (3.38) is
always fulfill?d. | o - l 3

However, the sliecing procedurse for.:-the Cg speefmeé
(Fig. 3-13B) results in a series of:qpproii@dfalyA'htraight;
through samples aof changiné ccnductioﬁ.braa A?txi)laqa ;egif.
stance Rj(x4y). For esch slice therefore aql:[3.383'i; Pppli;d“
with a particular RQigT(xy) and a particulé;iﬁitxiJ: ‘. . ‘

Defining the Q parameter faor the CN sample as;

Qpn x) = A(0) /A( x) ' (3.39)

and approximating the system as a set of parallel resistan-

ces and applying Ohm’s loaw, gives;

n n
Qenl x) ‘_E1R(DJ/Hi[xi] '.:1Q15T(X13 (3.40)
= i=

or, from eq. (3.38);
n
Qenl x) -_E{QST'Ai/AO (3.41)
i=

It con eesily be .shown (far notation see Fig. 3-138),
that, for xixg;
Ag = O.S'B'W'[E-x-x1+(x-x0J‘(x1—x)/(x1—x03] (3.42)

or; Ag = 0.5-B*W-v({«x)
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and for xixq;
Ag = BW:(1 - xq) , (3.43)

ond; . ' Ay = 8B W+(1 - x4) (3.44)

. For =x¥xq the plqné solution (3.268) is applied directly.

)

Tha.inflﬁéhce of the chevron shape notch on the specimen pro-
. parties is..proﬁortional to the difference, (x4 — xp). "The

limiting cese (xy = xg) 4is the ST semple. The number of

S "glices” necaessary to approximate the CN bar properties is

therefore ﬁrobortipnal to (x4 - xqg);

-

n = B/aB = 2*'N-(xq - xpg) (3.45)

where 2N is the number of slices necessary to epproximata th;
iongest chevron, i.e. xj1-xpg=1. Thus the nstch length incre-
ment, (x{;49-xy), between slices is always equal to (1/N). N
was chosen in this thesis as 100 or 500. From eq. 3.41-3.44;

: n
Qon(x) = I {Ag7lxg) "(1=x3) /IN-Cxy-xg) *V(x)]) (3.46)
i=

-

L L]

As the crack grows, a fraction of the "n" slicaes [np say)
have a constant notch length, xj=x, and Q=Qg7{x) (for any
other known or assumed crach-front-shape this 1is simply
replaced by x=f(z) and eq. 3.42, 3.43 modified accordingly).
For the rest, (nq=n-np} slices, xji changes linearly up to x9q.

Therefgore;
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n -
2 .
Qonix) = i§1 {Qe7(x) *(1-x}/IN(xq=-xg) "V(x}]} +

-

ny

+ ., {Qgr(x3) *(1-x4) /IN*(xq9-xg)*V(x)] (3.47)
i=n5+1 . _
and, since;
b/B = (x -.xg)/(xq = xpg) .48)
" then; no = b/aB = (B/8B) *(x - xg)/{xq - xg) (3.49)

or, according to eq. (3.45),;
-

no = 2:N*(x - xqg) . (3.50)

Ny = n = np = 2:N=(xq ~ x) (3.51)

Substitution of eq. (3.50,3.51) into {3.47) gives;

e,

Qen{x) = 2+[(1-x) *N [ x=xp) *QgT(x)J/IN-V(x) *(xq~xg}] +

™

+ T [QSfoil'(‘l-xi)]/IN'(x)] (3.52)
i=n2+1 )

Finally, replacing the summation in aq. (3.52) by H(x) and

s

letting x3; wvary from x to x4, the finel formuletion is

ocbtained;

Qen{x)=[2°01=-x) *( x=-xg) *Rg7( ) +H{ x) /N] /[ V(x) *(xq-xg)] (3.53)

where Qgr{x3) for xi=% to x4 are evaluated via eq. 3.26-3.35.
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Equation (3.53) has been verified Ffor -a number of model
graphite chevron-notched samples of different geometry and
prdae location.” The numaerical procedures used are prasented
in. Appendix 2. The results are discussed in Section 4.3.2.

The proposed semiempiricael approach laeads to & simple
ralationship between the potential drop and the crack iength
for a not-straight-through notch in a bar sample. The re-
;;lting equation was worked out for the particular case of o
CN specimen and was suitably normelized for computer rou-
tines. .

Despite treatment of the non-straight-through notch
specimen as a set . of electrically-indaependant resistances,
experimental calibrations agreed with the numerical fesulta
with an accuracy comparable to that for the ST crack-front
cage. -

The results presented can be applied to any electri-
cally-conducting m;;erial and any defined crack front shape.
The method is potentielly powerful for fracture studies of
materials wherein initiation of atomically sharp notches 1s
difficult. 'Application of the method to the study of high
resistance ceramic conductors i1s particulary attractive.
Such require a relatively low, constant direct current {1 to

300 mA) to obtain an easily-measurable drop of potential (0.1

tg_TOO mv] .
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3.373 Sensitivity Analysis of the PO Mathod-

In 'ihis section the relative é&iantial drop for a CN
gspecimen is calculated via eqyetion (3.53) and plotted in
Figures 3-14A to D. The numaerical procedures ara outlined in

-~

Appendix 2. Typical é}pgrimental conditions were used to
construct these figures, i.e. fixed xg=0.4, *1'1-0- excapt
for the ST case where xpg=x3=0.4, Fig. 3-14D. C4 is veriled
from 0.1 to 1.1 in 0.1 steps, Cp from 0.2 te 0.8 in 0.05
steps and Cq from 2.0 to 12.0 in 1.0.stéps. x is varied from
0.4 40 0.95 in 0.05 steps. Sincae thesse thrge—dimonsional
plots show general trends only, & sensitivity peremater S;
(=aQ/5x) and an error paramegér A (=aR/Q) were also defined.
For simplicity, S end B are calculated at ax=0.1 and in the
middle of the scanned x values ([ i.e. x=0.6 to 0.7), Fig. 3-
14E. S £ndicates the change of Q for crach growth ax= 0.1.
Analysis of the variation of § with Cyq, Cp and C3 facilitates
estimation of the consequences of erroneous measurments of Cy
(i=1,2,3) in relation to the crack‘ length, x, calculated
therefrom. The parameter R indiceates the Q—readinglarrcr that
would give an x error of 0.1, The optimum combination of Cy
should result in maximum é and R values.

The variotion of Q with Cj is shown in Figuraes 3-{3 A
to C for CN specimen and in Fig. 3-14 D for ST specimean. The
corner A is common &nd x is plotted to the left and Cy
(i=1,2,3) to the right of A. Q is plotted verticelly from A.

The sensitivity,S, and error,B, poremeters for the respactive



- R

-

D

plots are compiled in Figu;e 3-14 E. ) L

( Considering Fig:. 3-14A (%.e. plots E1, E2, E3) and tha
respective first section ofLFigure 3-14E, the sensitivity im-
provgs markhedly as £y increases and less markedly os Gp

Jdecreases. The error -in @ which results in uncertainity in

-

"

“~the crack langth calculations of &x=0.1 is approximately
constant and equals 13 to 16%. The sensitivity of the PD

technique to detect crach initistion in a CN specimen is low.

This is indicated by the leveling of the @ vs. x curves at.

xxxpg {(i.e. at point A).

Figure 5;748 (plots E4, E5, EB) shows that an increase
of Co (at constant C4) decreases 5 slightly (see also Section
I1 of Figure 3-14E). Variation of the voltage probe dis-
tance, Co, by 100% (from 0.25 to 0.50) causes a decrease of
the output signal Q of only 4%.” In other woras a large error
in the CE measurement (resulting, for example, from a large
area of contact between thé probes and the material) only
causes small errors in the crack length calculation, x. -This
is an 1important feature of the PD technique and was pointed
out previously for the two-dimensionel specimen [1886]).

The last section (III) of Figure 3-14E and Fig. 3-14C
{plots E7, E8) illustrate the uariationAof R, S, eand output,
Q, with the current probe distance,l3. S and @ are constant
as long as C3>3 (e slight bending of the Q vs. Cqg lines is
evident in Fig. 3-14C for Ca<3). Thus it is concluded that

precise measurement of the distance between the current leads

109
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is also noen-crucial.
Similar graphs <for the ST specimen are shown in Fig.
3-140D (plots E1A te E4A). The effect of variation of C4y and

Co is similar to that for the CN specimen. Small Cz and

large C4 hinder detection of fracture initiation in the ST

specimen. This is indicated by the leveling of the graph EéA

.at x % xg and Cq = 0.8 to 1 and Cp = 0.25. In othar cases,

c;rvature of the graphs is consistently positive..

It is instructive to compare the sensit%vity of the PD
technique with that of compliance analysis (CA). In the
lattgr the basic parameter utilised -as.indicetors of the
crachk length, x, 1is the\slope of fhe load-displacement line
(i.e. the compliance C(x)). The potential drop across the
crach U2(x) is used ;n the PD technique. To compare the

response of the “indicator"” C{x) or Uo(x), to the crach

length increment, two dimensionless functiens are defined;
Sg = log{d[C(x)/Clxg)]/dx} (3.54)
Sy = log{dlUp(x)/Ua(xg))/agx} (3.55)

Sep and S are plotted in Fig. 3-15 Ffor typical
experimental conditions (xg=0.4, S4¢/Sp=2 to 4, B/W=0.5 to
2.0, E=100 to 200 GPa, Cq1/Co=0.5 to 2.0). The evaluation was
performed numerically. {Appendix 1, 2)  using o crack length

increment dxxzax=0.01,
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It turned out that .the assumed veriation of Vtha
spacimen parametaers dcoes not influence the reépop;a curves Sp
and S;. Sy drops to small values on initiel crack axtension,
es expected from the flat portion of the surfaces ip Figs. 3~
14A to C. It increases significantly only at x>0.9. Over the
whole range of the crack’ lengths, the raspanse of the
compliance function Sc. i's larger than the p;tential drop
function Sy (Fig.3-15). Therefore, whenaver the CN specimen
compliance can be Eeasured with sufficient accuracy (for
example at room temperaturel], CA is favourable over the PD
technique. The potential drop method should be applied if
compliance medgurements are difficult or wuncertain, i.e at

hiih temperatures.

The new approach tao- the CN specimen, taking into
account the subecritical. crack growth, discussed in the
present cheopter, facilitates explanation of the experimental

data and results in a better understanding of _specimen
behauiodq. The theoretical s?udie§ provide invaluable guide-
liﬁés for the design of the testing system and techniques,
the ;hoice of the -+specimen geometry and exparimental
planning. These, ~subjects are addressed in the follouing

chapter.



CHAPTER 4
. EXPERIMENTAL PRPCEDURE

4.1 Hateriqls Fabrication and Choracterization
8.1.1 Zirconia-Hafnia Solid Solutions

.Tw techniques were em#loyed to _prepare Zr02;Hf02
solid solhtions. Tge traditionel, more efficient and
economical ﬁethod‘is based an the mixing and sintering of
Zr0s, Y203 and Hf0p. The main drawback of this route is the
long-time/high~-temperature sintering required to ensure the
formation of a dense,-uniforﬁ solid solution from the initial
> 20 Um powder grains. The maferial is therefore subjact to
excessive grain growth ané strength deterioratgpn. The
second, more sophisticated technique provides for intimate
component mixing before the sintering stege. This route
starts with soluﬁle salts of Y3+ zr8* and Hf%* 1in the
required preoportions in &+ common salvent. These are
subsequently converted to the oxide form without—elemental

- a—

recdistribution.
For the oxide-mixing (OM) route, Hf0y (97%+, Alfa
Prod.), Ys0g (99.99%, Nucor) and ZrOp [(99+%, Alfs Prod.) were

mixed with 5.5 wt% polyvinyl acetete binder ({Gelves,
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ﬁultipolyMer solution, ﬁonsanaéo) and 1.5 wt¥% of polyethylene
glycol lubricent [Flucﬂi Aé) and dispersed in methancl. The
slurry was vibromilled (Vibro—énerzy Grinding Mill, Sweco)
for 3 hours_a; room temperature in & plastic jar. S;abilized
zirconia cylinders were introduced ;nto thé slurry to ensure
non-agglomeration, intimate mixing and binder and lubricant

distribution. Subsequently the solvent was e}hporated at &60-

-

BO*C under reduced pressure {Rotovapor, Buchil) and then at
120°"C ond otmospharic pressure. overnight. The resulting
powder was sieved through 120 mesh, mould shaped into bars at
30 MPa pressure and isostatically pressed at 350 MPa. After
shaping the binaer angd iubricant were carefully burned-oyt
increasing the furnace temperatufe 40°*C/hour to 400°*C over-—
night. :

The wet chemical (SFFD) route started from the water
soluble sulphates of yttrium {99.9%, AEFa Prod.), zirconium
(Alfa Prod.) and hafnyl chforide (reactor grade, Atomargic
Co.). The chemicals were dissalved and thoroughly mixed in
deionized water in proporticns to obtain the oppropriate
oxide content after calcinetion. The solution. was filtered
and gelled with ammonium hydroxide. The gai was allﬁwed to"
settle and was washed *five times with distilled water to
remove S0427, NHa* and Cl17 groups. The resultant milk-like
hydroxide slurry was spray-frozen into liquid nitrogen to

avoid redistribution of the chemicals dwuring drying. The

water was then vacuum ( 0.1 Tr) resublimated for 72 hours end



the dry gel calcined to oxides at 1200°C for 1 hour. Tha
mixture of oxides was treated with biﬁdar and lubricant and
shaped in the same fashion as the oxide route. The motarials
contained 4.5 mole ¥ YoD3 and O, 10, 20, 30 and 100 mole % of

the irﬂg-replacad by HfOz. The compositions and sample codes
are compiled in Appendix 5. s

Two fimilér sintering schedules were followed for both
groups of solid soiution, High-temperature sintering was car-
ried out at 1800zx10°C for 2 hogrs in a gas furnace.The tampe-
rature was controlled pyrometrically on the sample surfoceae.
The tamﬁerature—composition‘coqdit;ons assurad fTormetion of
single cubic phase during sintaring. At the end of the scha-
dule, the specimens were guenched to 1000°*€ in "4 minutag and
to room tempa;ature .in 40 minutes. The phesa diagrams,
{Figs. 2-8, 2-8), predict tetragonal phase nucleation within.
the large cubic grains during quenching. These nuclel were
subseguently grown by heat treotment at 1400°C for 4  hours.
As the high-temperature sintering was followad by quenching,
this route is celled HTQ.

Lower tempereture sintering was carriea out at I1500i
1°C for 6  hours in en electric furnoce within the cubic +
t;tragonal stebility coexistence field. The resultant
equilibrium mixture of tetragonsl sand cubic g}ains did not
require additional heat traatment. Aftaer sintering tha

specimens were furnace cooled to room temperature to induce

further precipitation and growth of tetragonal phasa within



‘tha cubic greins. This log—témparatura sintering Folloyad by
cooling route is called LTC.
4.1.2 Zirconis-Beta-Alumina Composites
The prepcratioﬁ af the Zr0p-p—-Alp03 composites was

based on commercially ovailaﬁla ceramics; zirconia stabilized
with Bwt.% and 12wt.% Y503 (type ZYP, 99.3%, Zirﬁar Prod.
Inc.) and refractory single phase P-Als03 (type Monofrax H,
93.9% AlpD3, 5.6% NapD, Sohic Eng. Mat.). The ZYP powders
are Fine“grained with > 90% 0.1 U4m agglomerate size and &
specific surface area of 40 to 60 mzfgram. No binders or
lubricants w;re necessary for shaping. The high surface area
of the starting powder triggered sintering at S00°C and a S9%
dense body of average greain size < 5 ym was achieved aoftear
sintering for 6 hou?s at 1500°*C {LTC routa).

. The beta;alumina particles waere obtained by.crushing
and grinding fusion-cast Monofrax H in an alumina lined
vibromill with alumina balls. After milling, the powder weas

sieve-separeted into fractions.of the grain size d < 45 Um,

53 > d > 45 um, {(callaed fraction "S50"), 75 < d < 106 uUm

{frection "90") and 106 < d < 150 Hm (fraction "120"). The
consecutive fractions (50, 80, 120} were mixed with the
stebilized zirconia (ZYP) powder to give composites
containing 20 wvol.% particles. The compositions and code

names of the investigeted specimens are listed in Appendix 5.
To essure intimate mixing of the constituents whilst avoiding

reduction of the poerticle size of the brittle §-Als05, the
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batch was loaded into a plastic jar and vibro illag { Sweco
vibro-mill) for 2 hours with no milling maedium. It was)\found

that dry or wet (the constituents suspanded in aldohol)

—_——

milling/mixing resulted in equal mixing and similar ﬁéﬁ%i_

densities of the fired composites. Test bars waere mould and

isopressed. The sintering cycle i%volvad the heating: at

200°C/hour to 1000°C and soakiné for 8 hours. Subsequently

the temperature was increased at the same rate to 1500°'C and

‘the material sintered for & hours. The samples were cooled

tc room temperature at‘ -200°*C/haur.

4.2 Preparation of Samples for Fracture Tests :
The as-sintered specimens were };’fizﬂ:Brm of rectan- P

guler plates ( 30 x 30 x 5 mm} or barﬁ'[ S x 5 x 30 mm). The

plates were cut into bers using & high speed diomond sew and

the load-epplication feces were polished with 400 grit GiC.

Thae grinding and polishing of the sas-sintered bers was more

elaborate as some samples warped after isopressing and sin-

tering. The grinding time of the individuel bers was raduced

substantially 1if the 1isopress woerpoage was corrected before

the sintering stage. The isopressed bers waere strong enough
to be dry poclished on 600 grit SiC paper. Thus tha
parallelism of the loa. pplication faces was assured beforae
sintering. This “was e pﬁ?ially important in case of the

partially stabilized zirconias as surface grinding triggers
the tetragonal-to-monoclinic phase transformation and the

resulting compressive surfece stresses inhibit furthaer



grinding.

The majority of the fracture tests were performed on
‘chevron-notched, four-point bend bars (Fig. 2-12). The notch
was introduced using o 150 um-thick diam;nd coated blade in a
slow-speed cutter [(type Isqmat, Buhler Inc.). The specimean
wos positioned ageinst the blaede in such a weay that the side
arms of the chevron triangle (AB and AC, normel to the redius
OR, OR‘ ot R and R*, Fig. 4-1) resulted in an initiel notch
langth of xg = 0.3 to 0.5. With typisal arms length of ™ 4
mm, the 39 mm curvature radius, OR, resulted in concave cuts
of maximum devietion from lineerity of 50 dm. This devietion

-

is considered negligible for the purposes of the present
N
thesis.

Since easy fraecture initiation is cruciasl for stable
fracture tests, the compressive surface stressas introduced
during tii/pthh cutting process wera relaxed before the
testing. This can be done by heat tresating the semples above
1000°*C or by etching the machined spacimen in cold concen-
trated hydrofluoric acid for 20 minutes. The latter teach-
nique was used. Microﬁetric measurement (Mintutoyo Micro-
meter type 293-301) indicated theat & surface leyer of ZrQ0p
10 Mm deep was uniformly removed from the specimen surfacse.
After HF etching, the load-applicaetion faces ware re-polished
on 400 grit SiC peper. The etched surface layer depth was

neglected in measurements of the initial notch length xg.

The exact geometry of the chevron triangle was determined



after the fracturse tests, wusing & trovelling microscopn wit£
an accuracy better than 0.1 mm.
4.3 Calibration of the Fracture Mechanics Techniquas
4.3.1% Complianée Analysisa

It was 'shown. in  Chepter 2 that - tha machanical
compliance of the four-point bend CN specimen can be related
to the crach length through equations {2.38) to (2.45).
Impleméntation of this technique is now described - and tha
calibration results presented.

. The experimental setup for the room temperature com-
pliance analysis and fracture testing is shown in Fig.4-2. CN
bar (1) is seated onto free-tao-rotete sapphire rollars (2),
3.2 mm in diameter. The lower plate [(3) is fixed through a
stiff, piezoresistive load cell (4} (type TC-2000-500, Kulite
Semicond Prod. Ltd.) to the movable crosshead (11) of a
uniuer;al testing machine (typa WF 10052, Wykeham Farreonce
Inc.). The core (8) of a'high-sénsitivity linear variabla
differential transformer, LVDT, (6) (type 100 DC-D, Schaevitz
Eng.} is olso etteched to the lower plete (3). The  upper
loading plate (7] is free to adjust viq a hemi—sphariéal

——————

lubricated joint (8). HReteoiner spréfgs (957 provide minimal
force to keep the plete (?7) and joint (8) in éontact whil'st
allowing for self-adjustment of the plete to the spaecimen’se
surface. The displacement transducer (6) end ball-joint (8)

are attached to the immabile wupper c¢rosshead (10) of the

testing machine. The LVDT was calibrated by o micrometer ond



its sengitivity w?s 0.264 U4m per 1 mV of the output signel at
£ 15 V dinput.Similar velues for the load celi ware 14.8 N/mV
at 10 V input.The LVDT ond load cell outputs were recorded on
the X and Y respectively of an x-y recorder (12} (type PL3,
JJ Instruments). The resolution of tha-recorded signal was
0.3 N and 0.02 Um.

Pressing of the upper (7) against the loger (3) plate
with noc specimen geve the bgnding rig compliance, Cr- The
results of five repeated loadups are shown in Fig. 4-3 (the
coincident loasding-unlcading paths prove elastic behaviour of
~the testing system). The loed vs. displacement line reaches
‘@ constant slope soon after loading commences (at P > 2 NJ)
and gives.Cy = 0.04 pm/N. This value of compliance of the
bending device is corrected into the actual speciman

N

compliance analyses. The displacement obtaineé\\jigm the
machine crosshead displacement rate and time gives tﬁé total
machine compliance, Cy. Although Cy does not enter the com-
plience analysis, it characterizes the stiffness of the
testing system and lends perspective to the fracture
stablization and thus alsc must be determined. In order to
determine Cy, it was initially assumed that thg displacement,
o, inéicated by the celibreated LVOT was much more accurate
than the simple multiplication D=0+t of the fixed displece-
ment rate, 6, and the time of displacement t. Subsequently,

the machine settings were calibrated using the LVDT {measured

displacement 0y) and a travelling microscope (measured
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displacemgnt DTH)..The difference betwean the three values of
displacement, 5-t, Dy and Dy was laess then 2% so the machine
settings were considered sccurate enocugh.

D was typicelly set ot § pm/minrond the increase eof
loed ageinst time was recorded (Fig. 4-4 for thres loading
track;). These graphs ere nonlineer up to Eb N. Above this
value Cy st;blized at 0.07 ym/N., This wvelue is still low
enough to guarantee successful Fractqra stablization. The
lines shown in Fig. 4-4 weraea figled by linear, multiperameter
lesst squares regression onelysis into the polynomial axpres-
sion, D=D(P) . The instantaneous machine compliance was
obtained &s the derivative of this function, dD(P)/dP, and is
plotted vs. load in Fig. 4-5 (curve A). For comperison, curve
B presents similar results for the high temperature testing
system (boased on & different dasign, load cell and discussed
in Section 4.5) . The increased sophistication of the high-
temperoture testing system resulted in a twao-fold increasa of
its compli;nce.

Once E€g was determined, the compliance equations for
the CN bers were verified using graphite (type AXM, POCO,
E=10.5 GPa, NV= 0.18) ., These bars were cut and polished to,
10 x 10 x 100 mm and chevron-notched to obtein & 0.8 mm wide

slot. The specimen was positiconed between banding spans, Sy

= B8.9mm and Sp = 38.1 mm, stressed at & displacement rate of

-

gqpm/mfh up to the linear portion of the load-displecement

line ' and then unloaded. The specimen complisnce was deter-
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mined from the inverse slope of the load-displecement curve,

reduced by Cr. The notch was than saw-extended and its ' new
length measured by travelling microscope with 0.2 mm
accuracy. The loading-unloeding cycle was then repaated.

The experimental results were compared with celcu-
lations for the CN bar using equations [2.38) to (2.45). A

Fortran IV program was campiled to generate the compliance
values as & function of crack length and test geometry, for
various values of the shear correction écctor, k. ‘The
central part of the program is the subroutine XCOM that
returns the compliance C{ x) and its derivative dC/dX as a
function of the crack iength, specimen properfies and test

geometry. The flowchart of XCOM is listed in ndix 1.

The same appendix also includes the complementary s utine,
COMX which returns the crach length, X, and the compliance
derivative, dC/dx, using as input the complisnce values, C;
the specimen properties and the test geometry. Both
subroutines are univ;;sol for any CN shape wup to the ST
configuration. XCOM was utilised for the compliance
calibration {(i.e., the crack length was measured by methods
other then the compliance, eg. opticel or electric potentieal
drop)], whilst COMX was vutilised for fhe compliance analysis
(i.e., the crach length and driving force were obtained from
the compliance measurement).

The experimental and numerical results of the

compliance calibration for two samples coded I and II are
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compared in Fig. 4-6. Curve A was obteined Iassuming no
"interslice" 5Heor, i.e., Wk = 1, curve B assumed Bluhm’as

-

carrection factor of k = 1.35 (equation 2.39) and curﬁo c

used the Sakei and Yemssaki analysis, & = f(x). The experi-
mental results are shown as open circles. All curves and
points converge at . X>0.8. Bluhm’'s approximation seems battar

for short cracks whilst Sakai and Yamasakl‘’s is superior for
intermediate crack lengths.

The Bluhm approach will ba/used in this thesis as it
3

provides an analytical expression’for the correction factor,

k, and the accuracy of tha analysis was confirmed.

4.3.2 Use of the Potential Drop Technique For Crack Length

Determination

The validity of the carrelation between the relative
potential drop {PD) across a.crack with the crack length for
ST semples (eg. 3.26) was verified at room temperature using
aluminum foil and graphite bars and at elevated temperatures
using stabilized zirconia. CN samples [(aq. 3.53)  were
caiibrated at room temperature (graphite bars). As the plane
solution (3.26) for the PD technique is independent of the
specimen depth, B, notched eluminum foil was first
considered. 20 Um thick foil of resistivity 2.7 Ufl*cm was
cut into strips with proportions similar to the real test
bars-(3 cm wide and 20 cm long) and glued to & stiff surface.

Current and potential probes were poaitioned as schamatiéally—
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shown in Fig. 3-13. Electrical contact was made by pressing
capper leads into the Al foil. The “ecrack"™ was introduced

with ;\ razor blade ana the notch length was maagggfd by a
travelling micrqscope with 0.1 mm eccurecy. The potentiel
drop, Us(x), wes meesured acrbss:the notch at o constané
current of 20bdﬁA {dreawn from a Precis?on Potantiostat type
251 of H.B Thompson and'Associateﬁ). The values obtained
were 0.1 mV at ; = 0 and 2 mV at x = 0.97. The refereaence
paotential, Ug, was .measured between the sams ppints as Usp
before the initial noteh was cut, i.e., Uq = Up(0) and Cy =
Co "(for notation, see Section 3.3). The measured values of
UQ(;) were normalized to Up(0) and the ratio Q(x)=Ux(0)/Ua(x)
was plotted ageoinst the crack e#tensicn, .

In order to compare exberimental results with theory,
a Fortran IV progrem was compiled based on solutions for the
potential drop in the vicinity of the notch (equations 3.26
to 3.53). The program was universal for any CN géometry and
in the limit geve & solution for the ST specimen. The
centrsl part of the program is & subroutine XDOP which
returns the relative potential drop, Q %), as a function of
the crach length, x, and test geometry (especially, the
inter-probe distances Cy, Cp, C3). A flowchart of XDOP is
listed in Appendix 2. The same appendix includes a
complementary subroutine DDOPX which raturn% the length x at a

given relative potentisl drop, R, and test geometry. XDOP is

utilised for the PD calibration whaerein the creck length is

“Fe,
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measurea by methods cother thon; the potential drop (i.e.,
optical or compliance ana&ysis). DOPX is utilised for the
crach fength determination at high temparatures. Aséambly of
the two subroutines {DOPX cﬁd XCOM) ellows detarminetion of

the specimen complianca C(x) and its derivative dC(x)/dx st

high temperaturas. This provides a method of analysis of the
high temperature fracture experiments (program LFUHT,
Appendix 4). -\—\

3

As the normalized interprbbe distances Cy, 02,.03;2e;a
never known exactly (especielly where a metal-ceramic connac-
.tion is concerned) en essential part of the calibration pro-
gream was the calculetion of the effaective distance betwean

the reference probes, Cqgff. JThe accepted method is based on
the adjustment of C4 (resulting in Cqgpge) such that the erack
length celculated from the measured initial pstential drop is

equal to the initial creck length meesured opticelly.

In the celibretion program, once the Cieff velue has
been obtained, the simulated crack is extended in ax= 0.01
steps and the expected Q(x) velues are calculated. A number

of such calibrations were performed and the num;rical regults
(continuous curve A) are compared with typical experimental
date for an ST aluminum foil (circles) in Fig. 4-7. The
largest aiscrepancy between the theory and experiment is < 4%
for short crachs. Curve B was obtained by & similar nume-
récel  procedure using three-dimensional grephite specimens.

This materisl was suitable for PD celibroation procedures (as
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well as for <compliance anelysis and model fractura experif

-
AT

ments), since it is-easy to machine, isotropic and possesses

a reasonably high resiétiui{y'(320 jSicm) and a grain size <

~25 Um. The bars weére cut and polished to - 10 x 10 x 40 mm

. . -

w -

and ST notched with a saw.to give en 0.8 mm wide slot. The

current and‘ potential ‘probes (copper) were electrically

contected with the grapnite surface by mechanicel pressing.

The reference potential.drgp,_u1, and Cyefy were obtained in

the sama-” way as for the aluminum Foilsl The notch was saw-

extended to simulste .an ad¢ancing crack and the new length
was measured by a trauvelling microscope to 0.2 mm accuracy.
The drop of potential across the crack, Up(x), varied between
0.1 and 2.0 mvV for a constent OC current of 200 mA. Several
calibrations were performed and the triangles of Fig. dﬂé are
typical -rE5ults. The  scatter of the experimental meagsure-
ments 1s larger than for the aluminum foils and 4is attrib-
utagla to the difficulty of optical creck length determi-
nations, Agreement between theory and experiment is: still
satisfactory.

The next step was the calibration of CN specimens of
graphite ot room temperature. The sample eand ,nﬁtch prepa-
ration, the electrical ﬁrobes introduction and the data qal;

lection.were the some as for the ST caease. Numerical analysis

involved epplication of the same calibration program

utilising the full chevron notch (equation 3.53). A wide

spectrum of specimen geometry and interprobe distence was

—~

f'
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in!qstigaﬁed.. The Celibrations gave satisfactory results and
tybical values . for four QN specimans ere shown in Fig. 4-8
(ihe lines represent the theory and the points‘ the expeari-
mental results). Asg expecfed, during the initial stages of

crack extension (x-xg < 0.05) the areas lost for electriceal

‘conduction was smell ond the output signal changed slowly (in

contrast’ to ST case). The PD method is therefore not
suitable for fhacture initiation investigations of CN
semples. Following the initisl stege the slope of the Q( x)

curve for the CN specimen is similer .to that of the ST

'scmple. The results shown in Fig. 4-B vindicota tha slice

analysis of the PD technique for the CN spacimun ([Saction
3.3) and application of its solution (3.53) to crachk langth
measurement.

—- All the . above experiments involved mfteria}s with
purely electronic canductien. The final fracture experiments
were performed on e purely ionic conduct;r, PSZ. .Since the
validity of the PD technigue vis o vis the geometry of theA
test speciﬁens has been proved, calibration wutilising
ionically conducting PSZ was performed et 700°C using the
simpler-to-menipulete, ST specimens.

A technique of providing reliable elqctrical contact
Satween the probes (Pt wire) and the ‘ceramic q&?pface was

'

developed (Fig.4-58). This figure showsasthe bottom, 8, top, T

and two sides, 5, of the specimen. Before cutting the main,
B
fracture-initiation noteh, four grooves 0.1 mm deep end 0.3
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mm wide were introducaed into the bottom face of the specimen,
for the current (1) and voltaﬁa {2) ﬁrbbes. As tha final test
notch was much deeper, it was assumed that the 2% reduction
of speqimenr;idth due to the grqovinﬁ doés not influence the.
compliance anaiys%s and fracture process. ﬁggiangular Alolq
plates {3),4 x’?mx 41 mm, greooved on two sides were positiona?
on top of thq ;Eecimen ovar the probe grooves. Subsequently
these pletes were attached to the specimen by.wrapping 0.3 mm
thick Pt wire probes such, that the only contact line of the
probe aid specimen was the groove (d],'Fig. 4-5. The proba
wires were additionally mechsanicaelly pushed into thé grooveas,
guided and isoleted from the specimen’s top end side surfaces
Qy the grooved alumina plates. In this way, good machanical

contact was provided betwean the probe and specimen’s tensile

surface.
!

Electriceal contcct. was astablished by opélying
conducting high-temperature platinum-based éncmel (type E-
l831, Johnson-Matthey Chemicels Lfa.) over the wire-filled
grooves [(4) and over any other mecha;ically-supported
electrical contacts: [ for example contacts {S5) between the
tempor&ry specimen prnbes- and the permanent Pt laads
providing connection betwean the furnsce chamber and the
exterior electronic instruments). The platinum enamel was
ollowed to dry, razor cufl to give uniform edges in the

contact aree and sintered immedietely priocr to the test to

.give & porous electrode (the porosity is necessary to allow
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free penetration of oxygen into the contact areal. .Theﬁ_
enameled surface e;tendgd 1 to 2 mm ainng the specimens’ long
axis such that the trueqintarprobe distence was difficult to
define (th;s was the mainvraoson for implementation of thae
Cieff Colculation routine). Thé.interprobe disteances Hy, Hp,
Hs, (eﬁuivnlent te 2y*, 2y and 2d raespectively in the
theoretical analysis, Secticn 3.3.2, Fig. 3-13) ware meosuraed
betwean the inner .adges of the platinum anamal contacts.

The ref?rencelpotential, U{, was determined after the
’calibrotion (or fracture) experiment was completed. One half
of the broken specimen was additionelly grooved and the
voeltage probes for the U;q determination waere aottached ot
lines (6}, Fig. 4-9, whilst current was psssed betweaen lines

(1) end (2). This method sssumes homogeneity of the specimen

and &n insensitivity of its properties to multiple heating

and cooling. Far the purpose of analysing the fracture
experiments, the reference voltege mesasuraments, Uy, were
=

performed up to 1300°C. Typicel results are shown in Fig. 4-
10 for partially (A) and fully (B) stebilized zirconia caram-

ics. The DC current wused was 3mA. The temperature was

increased at S5*C/min.

The plot of 1ln (Up) vs. the inverse of absolute tempe-
rature at constant crach length (Fig. 4-11) is chearacte-
ristic of ionic conductors. The change of the glopa of the
lines at 1100°C hes been reported in the literature os
evidence of a chenge of the ionic tradspoft mechanism. At —-
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higher temperstures the conductivify is thought to be con-
trolled by lattice diffusion with o higher ectivetion energy
than the lower temperature grain-boundery diffusion with its
lower activation energy.

The zirconium oxide specimen for calibration of the PD
technique at eleveted temperatures was attsched to an alumine
rod by permanent Tcurrent and voltage probes. All high
temperature electrical conﬁactions were anamelled and tha rod

slowly introduced into the furnaca at 700°C (these operations

ware repeated aofter each notch extension and optical
measurement}. The calibration results are compared with the
‘numerical calculeations in Fig. 4-12. The functional

dependence and scatter 1is similar to the rocdm temperature
graphite calibration. An  exceptiona&lly high value of
distance between the voltage and refaerance probes
(Cqy = Cp = 1.17) resulted in an aimost—linear relationship
between { and x. Tﬁe broken line at short crack iéngths
rapresents tge expected varistion as, for this particular
specimen- geometry (large Cq, Cp'j s;all x), the Q(x) response
cannot be obteined nﬁmericélly.

The current density increases in the specimen’s web as
the notch is oartificielly or naturelly extended. At o
certain cﬁrrent density, polarizetion problems can arise as
the amount of oxygen entering specimen aé.the cathode ca&not
be transported lsuFFiciently fast through the bulk eof the

“narrow throat™ that constitutes the uncracked cross-section.
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As o result, ths surfece eond bulk gradient of oxygen
vacanciles causes non-ohmic current—vdltega behaviour. Effec~
tively, ot constant current the potential drop across the

crach increases disproportionally (faster) when compered with

thg increase expected due to the reduction of cond;cting area

alone. This effect was investigated between 700 Aﬁd 1300*C

The currant density was incressed for constant conducting

area (the notch web). The Voitage, UQ; Vs, the current was
S

recorded across the crack.-.

Typicol results for a Z4A120 type specimén are shown
in Fig. 4-13. The linear, ohmic current-voltgpge dapaendencae
was verified for a total cérrent up to 40 mA. The curreaent
was increased in 5 mA steps and the potantisl (Up) increasa
followed immedistely and was stable for > 0.5 hours (thae

typical duration of a high temperature fracture experiment),

The polarization-free current density 1s B8 mA/mm?  for a

specimen cgoss—section of 4 x 4 mm, an initial notch length

of xg=0.4 and & chevron notch wab area of ~ 5 mm2. Since

most of the high-temperature frecture experiments were
b 4

conducted at a constant current of 3 to S mA, the curreant

density only reached B8 mA/mm2 at & relative crack length >
0.95 to 0.98. This value was therefore sat es the safety
limit for the polaerizetion fres, chmic behaviocur of the

specimans tested at high temperaturas.
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4.4 Fracture Tests at Room Temperature _

Two types of fracture tests waré performed at room
temperature, 1i.e., load relaxstion, LR {analysad in Sectian
3.2) and load-fracture-unload, LFU (snalysed in Section 3.1).
Although both techniques heva some deficiences and eaéh
provides deata unﬁvailable by the other, the majority of
expariments wera parformed using the LFU method.

A schematic of the variatioé of the load vs. time for
the LA technique is presented in Fig. 3-10 B. The specimen
is prepared and positi&ned in the bending rig (ss described
in Section 4.3.1) and loadéd at a low crosshead displacament
rote (typically 1 to 5 Um/min.). The first daviation of the
apparently lineer load-displacement record is noted at point
M ond represents en incresse of crack length and compliance.
Immediately after point M, the machine crosshead is stopped
(point Y) and the load relaxation vs. time recorded. The
total displecemant D (i.e., that of ffa semple Dy and machine
Om) up to thae point Y is é-t, where D is the displacemant
rate. The losd relexation starts_ ot t=tg, P=Pj and Dg=Dj
(Fig. 3-10 A). Subsegquently tha load-applicetion point
‘bfgplacemant,(i.e. Dg), is governed by equation (3.19), where
Cw is & function of the load ( of Fig. 4-5};

-

Ds-Di +CM'[P1—P) (3.19)

As the displacement Ds-ﬁ't-Cu'P and load P ara known,

'
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the specimen complianca C4o(x) can be obtained and wused as
input for the COMX subroutine (Appendix ). As & raesult, the
crack length, x, and the compliance derivétive, dC/dX, 1is
returned and the crach driving force can be calculated from
equation (2.50). The advantage of the LR over tha LFU
technique is that time enters the celculations and therafore
the creck velocity can be analyzed. This is conveniently
dona by differentiation of éhe ralaxation curve. Equation

{3.18) can be expressed as;
< .

| AL

dDg/dt = d(Cgq°P)/dt = -Cy*dP/dt (4.1)

where Cy=const. Since both the specimen compliance, Cg, ond

the load, P, change with time, rearrangement of (4.1) givas;
da/dt *dCg/da*P + dP/dt-Cg = -Cy-dP/dt (4.2}

If the crach velocity, v, ;;\defined as da/dt, then transfcr-

mation of equation (4.2) results in;
v = -dP/dt*(Cy + Cg)/(P-dCq/da) (4.3)

The load-time relaxeation curve was digitized and
compiled into en input dete file for the main analysis

program called LR (for flowchart see Appendix 3). The output

data file was plotted as the strain energy relesse rate and

.
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the crack velocity vs. the percentage of the fracture area.

| It was found in numericml practice thet it is more
convenient and acqurate to analyze the speciman’s complience
in increments relative to the initial valua rather than the
absolute velues. This is because some scatter and daui;tions
from the model are to be expecfed. This is especially true at
fracture idinitiation, despite the compliance calibrations
(Fig. 4-6) and their wverificetion by the numericel calcu-
lation. The most accurate way to determine the initial crack
length, xpg,: is by post fracture optical measurement on the
fracture surfaca. Knoging X0, the initial compliance Cp is
coalculeted wusing subroutine XCOM. As the LR eaexperiment
progresses, increments of creck length are obtained by adding
to Cg tha increments of the compliance recorded by load-
ralaxation curve and utilizing of the COMX subroutine. This
technique assumes ideal elasticity and is therefore limited
to certein types of ceramic whigh axhibit negligiblae
permanent deformation. Difficult fracture initistion in the
LR test will ceuse overload and prompt catsstophic fréctura
(as discussed in Se;tion 3.2). If the machine crosshead is

stopped too soon, the crack will arrest, if too leate - it

will propagate catastrophically.

If the ' maoterial wunder test exhibits nonelastic
deformation, the LR technique overestimates the crach length
and crack driving force values. It is also difficult to

conduct this test if the material exhibits R-curve behaviour.
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These were the main reasons for tha davelopment of the LFU
routines used in- the present thesis. This techniqus
facilitates determination of the true compliance and the
elastic and nonelastic input into the fracture anergy of a
partially cracked specimen (see literature review, Section
2.1.2). The test specimen was prepared and the axperiment
initiated dsing the samg equipment as 'For tha compliance
caliLration and LR tests., The sample is lo;ded at‘c slow
rate. Immediately after loading ceases (point Y in Fig. 3-10
A), tha crosshead movement 1is reversed and the specimen 1is
unloaded at a much faster rate (105 pm/min. ve. S5 Pm/min. for
loading). Thus crack growth during the unloading cycle can
be neglected. Théée fast changes of the crosshead direction
and veiocity were possible as it was driven by & variable-
speed, DC motor.

| The load~fracture-unload cycles were repeated,
typicelly S5 to 15 times for esch spaecimen. Load vs.
displacement was plotted and corrected for the bending rig
coﬁaiiance, Cqn. The experimental date read from the loced-
disploacement record, Fig. 4-14, was inputed for the a;;Iynis
program LFURT (a flowchert is presented in Appendix 3). Tha
data file contains the value of permanant deformation at zaro
load, z=Dg-0p, the maximum loead in a given ?ycle, TR the
load at the unloading moment, Py, and the 103ding compliance

(i.e., inverse slope of the DaM line) reduced by)\ the rig

compliance Cp for each loop of LFU (eg. loop #2). The ?1tia1
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compliance of fhe specimen, Cp, at x=xg, was obteined vias the
nslice model. The con?ecutiva crack length (ax) and fracture
araa [ aA) incramants wgra calculatad From tha compliance
increments. The total worg—of—fractura-lcop, DaMUDE, weas
divided into its elastic { &W, = ogux ) and ;onalastic parts
( aW,=DaXMUDE), Fig. 4-14. The respective areas were calcu-
'lated in micro-joules {the plot is vs. um), using the simple

geometricel relsations;

W, = 0.S"brc*sin(a - §) (4.4}

oW, = D.S'Z'(FM—Pu)+Z‘F’U - 0.5'(P"+Pu) (4.58)

-

where the parameters are shown in Fig. 4-14. Tha av rage~

values of the registance-to-fracture, Rg, and the nonelastic
energy dissipetion rate, HL, for each cycle were obtained
from equations (4.4, 4.5, 2.17, 2.18) and plotted against the

fracture earee corresponding to the middla of the increment,

&A . For an ideal elestic solid, H;/;; equal to the strain
energy release rote, Gy, in the limit as &A=dA. Rn cenncot be
related to any LEFM formulae however, as discussed in the
literoture review. As the experimental equipment allpys
complete control of the fracture process, the LFU technique

is unique for the determinatiod of the Rn of brittle

materials. This is aspacially importent if R-curve or high-

temperature processes are investigated.

.
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The overall error of the LFU technique is reﬂ{iod

primarily to inaccurate detarmiﬁation of the craék length.
Sigce the compliance of the CN specimen is not simply relatad
to its geometry, £he calibrations (Section 4.3) and model
experimants (Section 4.7) provided valuable complemaentary
informsation for error analysis, For short cracks (i.a., in
thé slow compliance variation range), the scoatter between the
measuremants and calculations réaches 15% (Fig. 4-8). For
longer cracks the agreement is within 5%. It will ba shown
in furthker model experiments with graphite (Section 4.7) theat
the discrepancy between the resistance to Froctura- cbtﬁinad
simulteneously by the potential drop end complianca snalysis
techniques is within 20%. This is irr;spectiue of the
relative immunity of the PD technique to the experimentasl
error oas discussed 1in Section 3.3.3 and estimates the
accuracy of the techniques under consideration. This problem
is discussed further in Section 4.8.
4.5 Fracture Tests at Elevated Tempersturss

The testing system designed for elevated temparatures
is schematically shown in Fig. 4-15. The distanca between
the * cross~heads (1,2) of the unive;sal testing machine
J(WF10052) was increased to a maximum of 1 m. An alumine
pushrod (3), 30 cm long and 1.2 cm diameter, was asttached to
the fixed upper crosshead (1). An alumina support tube (4),38
mm 00 and 25 mm ID, was connected to the movable crosshead

(2) fhrough a steinless steal rod (14) eand losad cell (5).
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Th;ﬂ.iload call was 'positioned at - the ‘bottom” to avoid
convection heating. Nevertheleass, the stiff pilazoresistive
call, succassfully émployad for room temperature testing wos
gound to be too unstable for use ot elevatad tamperatures.
It ue? therefore replaced by & standard cell (type'T263A5500—
10P1, Transducers Inc.) designed as o pair of cantilevear
beams with a puilt4in LVDT element. The responsa of the LVDT
was calibrated in units of Fofce. The load cell output was
fed into the Y-input of a recorder (10).

The specimen (S) was positioned between alumina
supporting plates (6,7), previously groovea by a circular
profile high-speed diomond sew Eo accomodate the sapphg?é
loading rods (3.2 mm in diameter) (8). The movablse upper
suppo;t plate (6) allowed adjustment to the specimen surface

via an additional sspphire rod Jjoint. Eleotrical probeaes were
attached to the specimaﬁ;s tensile surface (as described in
Section 4.3.2, Fig. 4-3) and connected to the constant
current source (9) (current probes) and the x-input of the
recorder (10) (Uo voltage probes).

A  tubular triple—-heating zone furnace (11} (Pt-30% Rh
heating elements) was movable along the axis of the support
tube (4). A uniform temperature distribution (centrollad
within * 2°C) was echieved in the central specimen chamber.
The core f{12) of the LVDT element (13) was attached to the

support tube (4) outside the furnace for approximate displae-

cement measurement. It was assumed that, at elevated tempe-
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ratures, the elastic deformation and craeep ' of the loading
slumina components’ (of smallest . cross-section > 1 em?) is
small compagagﬂﬁith that of the test speciman. Accordingly,

tHa crosshaéq displacement measured outside the furnace and

-
corrected for the machine compliance, Cy, ie the approximate
load~application point displecement. This method is not

accurate enough for crack length determination (this was
eccomplished at elevoted temperatures by the PD technique),
but was considered adequate ;or astimation of the nonelastic
energy dissipation rate in the sampla.

The specimen was poﬁitioned in the bending rig and a
small load (< 20% of the expected fracture load) was applied
to immobilize the spacimen and moaintain alignmentf The fur-
nace was slid into place with the hot centrel zone poqitioned
around the specimen. The temperature wes increosed ot 20
*C/min. Having reached the test temperature, a constant
curren; of 3 mA and & constant displacemen; rate of 5 Um/min.
ware initisted. The frecture experiment proceeded in the LFU
pattern recording loed vs. potential drop {(Ug) acrosa-tha
crack. A schematic of this output is shown in Fig. 4;16.
Fracture initiates at point S but, due to the slow initial
crack advance, the first incresase of Up is recorded ot Boint
I. A period of stable crack growth follows (Degwaén point §
and T) and the sample is unloaded at point 7. Tha potential

.drop can decrease during the last staga§ of unloading due to

partiasl c¢raeck <closure and restoration of elaectricel contact
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between the fractured surfaces. This phenomenon depends on

the test temperature and is absent in the case of extensive

permanant sample deformation.
‘The da£a file is extracted from the load-potential
dfcp recérd as input for the high taemperature fracture analy-
sis program LFUHT (Appendix .4). The dats file contains
values of the maximum load, the load at the moment of unload-
ing and }he increment of potential drop aUp for each cycle.
C1éf§ is dftermined os described in Section 4.3.2. The crack
length increment is calcula}ed using szroutine DOPX knowing
aUp. The compliance is determined wusing subroutine - XéOM.
The loading aﬁd unloading uaiues of compliance IAm‘:i the
loading record facilitate numerical recreat;on of the elastic
part of the P-D graph. The resfétaéce-to—fracture, Reg, is
obtained 8s per the room temﬁeratpra LFU expariments_(Fig. a-
14) . " Since -ail ‘the fracture experiments were relatively

fast, the effects of creep and éreap daﬁage accumulation on
.+ * .
the test specimen properties were neglé;tgd.
The nonelastic energy dissipation ratb, Rh,can only ba
obtainad if the displaceméant of the load—;pplication poiﬁts

is recorded. An LVDT element was mounted outside the‘€urnaca

(Fig. 4-15) for this purpose. Thus the load vs. displacement

Y

ond load vs. potentisl drop was recorded simultenecusly. The
increments of fracture area, &A, were obtained from the
potential drop in the usual way. Consecutive loops of the

load-displacament graphs were integrated pilenimetrically to

a»
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obtain the total work-of-fracture, aw,, for each,cyclg. At
elevated t;mperbture, OWp 2aW, and so the nonelastic anargy
dissipation rate’, R,, wes obtained as &aWg/aA.

It is_ interesting to compare the methods of fracture
enargy determination employad in the opresent thesis (Fig.
2.4, equations 2.17, ~2.18) with the techniques of elastic~
plasticAfractu?e mechanics utilised for metallic materials.

As pointed out by Turner [168), the effect of plasticity on

the elastic energy release rate can be analysed on the load,

P, "vs.  displacement, 0, diagram for en ,elestic-plastic
matarial (Fig. 4-17). If the crachk in the specimen extends
under fixed grips conditions, the drop of load for elastic

body would be equivelent to AB and fh;t for pla;tic body to
EC (generslly, AB is different then EC). Since the alastic-
plastic épecimen behaves as a unit, the drop of load (say EC)
must be the same for all parts. Accordingly, the peath for
the elastic bedy is ABT and thu;'the elastic contraection
AD=SR results. This must be accompanied by a plastic expan-
sioq of the same amount, §S°R’, since the grips are fixed.
The elastic contraction SA releases oddition;l strain energy
TBAS. The totel strain energy release rate, defined as I, is
proportional to sum of the areas 0OA8 and TBRS.

It is argued [166)] that G (i.a. the area OAB per unit
fracture araea cr;ated] is the frea potential energy rate

available for the crack extension, whereas I is thae totsal

{(free plus bound) potentisl energy rate aveilable, the bound

-~k
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component being rélated to the plastic wo;k done during the
crack growth.i The relation bétwaa; E and I dapehds_.on the
loading cohfigura;ioﬁ and.tba crack length. For three-point
bending (5/W=4 and 0.4<x<p.é) the elastic .contraetion te;m

can be neglected and I=G. Although deta for the four-point

’

bending are not Eﬁgilable) the two configuretions ere similar
enough to essume 126 alsc (especially &s x>0.4 for mest of
the testedispecimensi, Consequently, the guantity defined in
the prasent thesis as _the resistance to fracture Rg for s
"brittle-nonelastic ceramic is équivalent to the elastic aener-
gy relesse rate for metals computed according to the ﬁethods

of elastic-plastic fracture mechanics. -

-

The application of LFU and PD techniques to ionically-

conducting, viscoelastic ﬁaterials at high temeprctu}es has
> .
been undertakhen for the first time in this thesis. The glo-

bal energy_.cnalysis approach is considered appropriate and
'self—;onsistent enough to produce meaningful data. In fact,
the ;asults generatad by these ;achhiquas'Eilowad qLonﬁi-
fication of the energetics of high—températuﬁe creckfpicroﬁ
structrue interactions in the zirconium oxide ceramdics
studied.
4.6 The Determination of Phase Composition and Elastic
-lodulus of the Zirconia Cermics
The monoclinie content of" the Zr0p-HfOp solid

solutions and the matrix of the ZrOg—P-A1203 composites was

determined by surface x-ray diffraction and application of
b .
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equation (2.62). Specimens were tested as—sintered to avoid

the surface phase transformation wuwpon machining, ‘ i.ae.,

-

specimens were not ground to powdar. The bars were attached
to a glass slide in such a way that the scanned surfece of
the baf coincided with the surfece of thae alide. The

assembly was mounted in & Philips PW1220 diffractometer and

'scennad.'batween .26m27 to 33° by CU-Ka radiation at 1 deg}min.

The dintensities of the.[C + TI(111) and M(111), M{111) were
pl&nimetrically integrated and the releta ;subﬁtituted into
(2.62). Two to four samples of each materiél were scanned
and average values of the volume %ractioﬁ of moﬁoﬁlinic‘phase
were determined. -

The room—temperatﬁre elastic modulus was measured by
the four-point-bending of unnotched bars (static wvalue Eg)
and by measurling the transit time of an ultrasonic wave
through the material (dyn;mic value Eg) - Tha static
experiment was performed using eqguipment and' procedures.
described in Section 4.3.1. However, the specimen waé.
purposglg made thin {(W=1 to 2 mm). As the ccmpliance,c.d W‘3,

the reduction of W to 1.5 mm (on average) gave C21.0 pm/N;
i.;., at least order of magnitude larger than Cy, the-machine
compliance. Thua the slope of the load vs. displacement
record was linear and any machine nonlinebr;ty effects (Fig.
4-3, 4-4) were téken up by the compliant specimen. The

calculated total compliance (rig and specimen) was reduced by

CR and the static value of elastic modulus was obtained via
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-

equation ( ee to four specimens . of each material

were investigated. \The errors involved in the static bend

test are discussed in Séction 4.8. -

" The ;ransit tiple of an ultrasonic wave.was detarmined
using the pcrall;led and polished pieces of broKBﬁ-baré. A
diagrem of the equipment is shown iﬁ Fig. 4-18. The material
(1) was coupled through natural honey with commarciallnpiezp-‘
électric transducers {2) producing & 5 MHz sheer wavé and a
1S MHz longitudinal wave. The transducers ware excited by o
high frequency signsl from the geﬁerator (3). The main and
" reflected p%lses werae tr&nsmitted through the recaiuqr}ampli-
fier to the oscilloscope (S5) (Tektronix 2445), .tfiggered
through the synchronization line fﬁ]. The time begween the
consecutive reflectiogkaiiﬁgs was obtsined with an a&accuracy
better than 1%. Equations (2.65) and (2.66) were used to
calculate Young’s modulus and Poisson’s ratio.

‘The high temperature elastic (“storage") modulus was

estimated following the precautions discussed in Section

2.4.1.4. Unnotched, thin specimens were stressed in the high-

temperature, four-point-bend rig, described im Section 4.5

{(Fig. 4-5). Tne change of load P vs. displacement D was
' <

monitored ocutside the furnace. D was then reduced by the

bending rig deformation inside the furnace (Dpl) via:

Dp = P-Cp (4.6}
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For all elevated temperature tests O >> DR, 'i.e., the bending

: 7
\/;}g*ﬁﬁﬁﬁTT&ch can bt neglected as compered with that of tha

- specimen. The slope.of the tangent line DA on the load-dis-

-

placement plot was caleulated (as per Fig. 2-16). The static
'higg tempersture elastic modulus, Eg, was estimated from
equation (2.44) knowing the specimen’s storege compliance.
4.7 Model Fracture Experiments with Graphite'

-~ .
High gquality graphite {(type AXM, POCO Grophite Inc.)

 was used throughout this theais as a model matariasl for
calibration purposes. In this paragraph a comparison ia made
between simultanecus compliance and PD anealyses at room

temperotureh
- .
The experimental load~displacement output for graphite
‘specimen GR62 is shown in Figure 4-19. Some fluctuation of
the zero loed line (Fié.4—19A1 is characteristic for o piazo-
resistive load éell. Fracture energy analysis raesults for
spécimen GR62 and two &dditional specimens are compiled in
Figure 4-19B. Tne scatter of R, was X 15 J{mz and Rg
staadily decreased as predicted by thé model (Fig. 3-9),
appraaching a. limiting wvalue of 80 J/m2 at full frecture.
This result agrees with literature data.[32]. The scatter of
the nbnelostic enargy dissipetion rote, R, was T 20 J/m2 and
the average R, value decr;ased with tﬁe crack extension.
Similar LFU experiments were repeeated with graphite

whilst simultaneously monitoring load ve. potential drep end

load vs. displacement (Fig.4-20A and 4-20B respectively).
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Nineteaen cycles were parforﬁhd‘ﬂenerating'crack length data
from PD maasurements. The slope of the loed-displacement

curves at long creck langthé was 80 smal} that record overlap

excluded quentitative analysis. The crack length calculated

_vio the PD meéhod (xpp) for 12 cycles is compared with that

-

from compliance enalysis (xpal) in Fig. 4-20C.. Except for the
second point, the results agree within 3%. The larger

scatter is expected for short—cracks as both the relative

I3

poteqtial drop and compliance curves are flat in the initial

" creck extension regime. Conseguently small errors in compli-

ance or potential drap .measurement can result in larger

errors in the calculated crack length for short crachks.

The fractﬁre energy was determined from Fig. 4-208
(sond the &nslysis program LFURT) and Fig. 4-20A (and the

analysis program LFUHT) .The results for both methods are com-

pared in Fig. 4-200. The open circles (compliance technique)

and closed circles (PD technique)} are in satisfactory

agreement. An unexpected rise of R, was observed for A > S50%
A

(A is the percentage of available ares fractured). This cen

be explained by the influence of the ralativaly large
constant current of 200 mA ( ~ 10 A/em2 at A = B80%) on the
fracture process. , This c;rrent was necessary to obtein o
measurable potential drop of 1 to 2 mVv. The passage of this

current does not appear to influence the measurement

/
procedures as the results for both methods are in reasonable

\

agreement. Compliance analysis results for two other speci-
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mens (tested with DC=100 mA and without any ‘current) a;e algo
shown in Fig. 4-200 for comparison. It does appesar that the
application of high current densities doces change the Ffrac-
ture properties of grephite. These expariments illustrafgd
the caompsatibility of the two methods Jin a vie the geomaetry
of-tha spacimen.
4.8 Errors in Determination of the CFock Driving ;orca

The fracture mechanics and compliance derivations used
in the present thesis are ba§e; on simple beam theory and its
inherent assumptions. It is assumed that transverse sactions
of the gpecimen perpendicular teo its longitudinal axis remein
plane during behding, the the maximum deflaction is small
compared to the beam width W, ;nd thera is no twisting. It
is further assumed that the materisl is isctropic, homoge-
nous and of equal elastic modulus in bending and compresgzon.
Violation of aﬁy of these assumptions will resu;t in stress
analys%s errors. Further errors arise, if the locad applica-
tion or specimen geometry is non-ideal. The wuncerteinty is
increased by the gsual scatter of properties from sample to
sample, instrumental resding errors.end unstable exparimental
conditions ( temperature, humidity, power supply, atec.). In
the present paragraph, the overall ,effect of experimental er-
rors on the uncertainty of the calculated velue of the crack

driving force is estimated.

Suppose equation (2.10) is substituted into (2.12} to

»

give & generel formule for the creck driving force;
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G = ¢2-f(a)/E’ . . (a7

where ¢ ig a surface tensile stress in & bend ber, E the
Young’s modulus elready reduced by the Poisson’s retio term
[1-V2) and f(a) is some geomatric Ffunction of the crack

length a. For the 5T specimen;

f(8) = Y2(ea) "a (4a.8)
»
For the CN specimen an additional term appears. (cf. equation
2.50), i.e.;

i ° ’

fla) = Y2(a)-a-(aq-ap)/(a-ag) ' (4.9)

In equation fa.QJ it is assumed for simplicity theat the’giope
of the plot of compliance vs. crack axtension is the same fér
the ST and CN specimens [ 126]. The standard daviation of G
(4G} can be estimated frem +Formula {(4.7) using the error

propagation method [ 123];

(aG/G)2 = 4+(aG/0)2 + (AaF/F)2 + (aE/E)2 (4.10)
whera o0 ,af ond oE are estimates of the variance of
measurement of the stress, geometric function and Young’s
modulus respectively. The right-hand terms of equation

(4.10) are the errors in stress, stress concentration and
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stiffness measurement respectively. The covariance terms are
neglectéd. This is equivalant to assuming that the values of
o, f{a) and E were oﬁtained independently. This is true if
the PD technique is used to determine the crack length and is
used in the subsequent f{a) calculation. In the compliance
analysis however, the calculated crack langth fand éhua fla))
and the bend streés, g, depend on the same sat of pora;etera
(eg. specimen and loading geometry).l Therefore the errors in
fla) and ¢ are interdepaendent and.ihe covariance taerm should
be included in (4.10). The complications of this tash
however negate the provision of quantitetive covariance data
ot the present stage of analysis. In pertitular, it is not
known how non-ideal four-point bending is nor are violstions
of the simple'bending assumptions hnown which would influance
the geometric factor Y(a) and the complisance of the CN
specimen. Some indication of the variance @F the geometric
function, f(e), under non-ideal conditions should be given by
the scatter of the compliance celibration results {(Fig. 4-6)
and those of the relative potentisl drop (Figs. 4-7, 4-8}.
The coalculeted and measured values for compliance onalysis
agreed within 10% and far potential drop within 4%. FfFrom
equation (2.45} any errors in détgfmination of crack length
propegate into the determination of the geomaetric factor
Y(a). -

The s!;gle effect of an erronecus crack length deter-

mination on the resulting crech driving force determination



’149

was therefore modelled {(i.e., ~assuming errorless stress and
stiffness enalysis, a0=aE~0). As the accuracy of the compli-
ance measurement decreases with crack 1enéth (see Fig. _4=

Il

20), the relative error can be spproximated by ;
ac/C = Z-(x - xqg) (4.11%) \

For @ typical specimen with relative initial crack
length xpg=0.4, the error of the-complianca reading can reach
20% at long crachs so Z = 0.3 reflects the cepebility of the
present experimental setup for CN specimens. A program based

on subroutine COMX ( Appendix 1) was compiled and celculations

of the crack length and driving force perfarmed for -

compliance velues C and C*aC with Z = 0.1 to 0.5. The
resulting error of the crack length caelculation, ax/x, is
plotted in Fig. 4—21A. At'Z = 0.3, the maximum &x/x is 7% at
x-xg= 0.2 {i.e., in the early stages of crech extension).

Simultaneously, the relative error of the strein energy

release rate was (cf. equation 2.7);
AG/G = [dC/dx - d{C+aC)/dx]/[dC/dx] (4.12)

This term is plotted in Fig. &-218. Equetions (4.11) end
(4.12) result in almost identicel values as a function of
crack extension. Thus, for the room temperature compliance

analysis of the fracture test, th& single effact of erronsous

é

7
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crack length determination on the variance of the crach

driving force is; -

4G/G = - AC/C = &F/F = 0.3+(x - xg) (2.13)

Similer numericel analyses were paerformed for the FPD
techniqua. The porameters most susceptible to exparimental

error ara the intar-probe distancae 'C1, Co and C3 (the

sccuracy of measurement OFNthe voltage and current is high).

The simulation program, besed on subroutines XDOP and DOPX

) <
essumes a knowledge of the true values of Cq, C»p, 503 and an

array of crack lengths, xy. It then introduces a; “"arror”
into either Cy, Cp, or C3z. The routine for the calculation
of Cyesf is opplied (sese Section 4.3.2) and consecutive
"erroneous” values of the crack length, Xa, are calculated.
As expected from the sensitivity analysis of the PD
technique, [(Section 3.5;3), varisation of Cs 18 the only
sourca of siénifican; arror in tha crack length tal;ulation
(veriations of Cy or C3 up to + 40% give a &x, < 1%). The
effect of the voriation ;f the colculated value of xg vse. tha
true wvelue of x ot Cp=%40% is shown in Fig. 4-22. (x=-xg)}/x
vs. crack length (x) is shown in Fig. 4-23A at a4Co=+10%, +20%
and +40%. The estimate of Cp reflects in the «crack langth.
The dependence is similar for 4Cp < 0 and an underestimation

of the crack length rasults. It is interesting to note, that

now a relstively lerge error in x persists to longer crack



P ‘_~ - . 15¢%-
oy - -
Vet

v

S

langths (¢cf. compliance technique, Fig. 4-21%).'Consequently,
e

the simulated error of the creck driving force, Fig. 4-23B

v

(obteined by application of eq. 4.12 and the subroutine XCOM
{

for the "arroneous" crach length x) increases faster, than
-.observad with the complience technique (Fig. 4-218) .
Nevertheless, the error bG/G can ba approximated by & linaar
equation for the crack lengths xg < x < 0.9, , 1.e. ;
R : -
;/{ .
aG/G x af/f = 0.65*(x - xqg) (4.143)

where a ressonable maximum value of aCo=20% has been assuméd
(F;;; Fig. 4-23A, & cansistent error—in the cslculated cr;ck
length ot 4&C= 20% ,should not exceed 2%, in agreement with the
calibration data, Fig. 4-8)!

Fluctuations of temperature will cause a potential
drop veristion across the notch without crach growth. Since
thése fluctuetions are limited to = 2°C, the resulting
voltage fluctuation is less than 0.2 mV for a fypical spaci-
men at 1300°C and i = 3 mA, i.e., 0.01 in terms of the @
vaiues [coméore Fig. &4-10). This resulté in an uncerteinty in
the crack length calculation af 4%:?rom Fig. 4-8, 1i.e.,
within the limits of the above simuiqtion model.

Errors in the calculation of t;é tensile stress in a

bend specimen under non-iaﬂh#‘conditions have bean extensive-

%
ly discussed by Baratta [147]. He expressed the errors, e,

as;
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. ' e = (04 - G)/0, - _ (4.18)

where ¢y is cSiculated for ideél conditions (i.e., a aimple’
beam of _arrdrless geometry) ond 0, is close to the true
bendiﬁg "Stress including deviations from idaality. He
éabulated ‘results for a numbér of e;perimantal conﬁitionsr
eg. For-tha_bahding span ratio n=5,/Sos, for the qucimen';
depth to width ratio, m=B/W and for the span to width ratio,
l = S4/W. In tarm of the.prasent study appropriate wvalues
are :.n-2, 5-1, 1;6. Lo

If the stress Xgist;fbutfon.along_p cross-section of
the specimen is nonlinear (a possipiiity for the high-
temperaturs tests), |el<6% (and e<0) for 1>2. The effacts of
anisotropy end inhomogeneity were neglected, as specimens
were polycrystais with the largest inclusion niia (120 Mm
large p—A12d3) < 2% of the specimen width. If the specimen
ig’initially curved to radius r, an underestimstion of the
true stress can be expected. For an estimated.r/W > 45,
el <1% and'e<0 .

. ) &
. Errors also arise in the bend stress. calculation 1if
‘ -

the maximum deflection is significant compared with the beam
width, w, or if friction exists between the loading rollars
and the specimen surface. It has been suggestad [ 147] that
these effects are negligible if the slaope between the beam in

the loaded and unloaded positions at _the outermost support

point is <15 degrees. Simple trigonometric calculations show
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that tha_anglé is le;s than 15°* if the‘load ‘application point
displacement is <1.6 mm for the bending rig p}esantly qtili—
sed. This condition was met in all Trecture tests.

The transmission of tge load through the rollers
causes locel’  contact 'stregées but these decey quickly with
distence end do not caeuse errors in notched specimen testing.

: : )

L

It appears the most serious errors in stress analysis

are the - result of noan-ideal bending geometry, load
mislocation and beam twisting. The load mislocatieon (i.e.,
- shift of the centre of the upper bend span vs. the lower

span) is related to the precision of the bending fixture

alignment. The high-temperature AloOx3-set (Fig. 4-15)

limited alignment accursecy to £ 0.5 mm. The room temperaturs

steel fixture gave * 0.3 mm. These vealues normelized to
e

lower bend span ara 0.02, and 0.01 respectiuelf’giving a
possi;la stress ugderestimation of 15% Aand 8% respectively
[147].

I+t Fhe line loads between the pairs of load-contact
points are nonuniform or nonparallel or if the cross-saction
of tge specimen 1s shewed along its length, a net torque
(i.e., beem twisting) results. Input dats for the resulting
stress error incl;des the _shew angle olong the totel length
of the specimen and thg'displacgment angle elong the fixtures
from one support point to the adjacent ocad point. It is not
unusual for both angles to be within 2 degrees for the

ceremic specimen and fixture. For these values the resulting

.
[



154

torque causes a 15% str;ss underestimaticon.

To, determine the overall variance of tha gtress
analysis (a0)2 the square of each of the error spans were
added together. The maximum overall errﬁr (i.e. the square
root of the veriance) in the outer-fibre stress determination
at,poom-fempefa¢ure.was egtimated as 18% and at high tempera-
tures as 22%.

The last value requi;ed for the error progeagation
formule (4.10) is thé varisnce of the elastic méduius, E.
This is taken as the square of the standard deviation ( AE) of

measurements made at room [&E/E = 0.10) anmd high temperatures

(aE/E =~ 0.18). ’
. Compiling the estimated maximum values of the room and

high temperature variances, the respective formulse are

obtained from (a_ﬁp);
4G/G = [0.04 + 0.09(x - xg)2)0-5 (4.16)
aG/G = [0.07 + 0.42+(x -_xg)«?JD-S"' (4.17)
Equations (4.168) and (4.17) are plotted against the
crach extension, (*fxO)' in Fig. 4-24. The maximum standard

errar of the compliance technique increases slowly with crach

extension (x) and is within 20% to 30% as loné a8 x < 0.9.
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The maximum error in the crach driving force obtained via the
PD technique -incr;ases from 26% to 50% as the crack grows
from its initiel length, xpg, to x-ﬁ.g.

The evaluation of the standard arror herein prasenfed

perteins to the LEFM.formulas (2.7, 2.16) 2.1% aﬁd so0 to
(4.10) . {her resistance-to—-fracture for the high-tem;araturq
experiments is calcpiated as’ an increment of the work-of-.
fracture vs. the frecture surface, 1i.e., Awe/AA. Both of
these quantities depend on the crack length obtaeined vie the
PD technique.. Thus, the covafiance Eérms_inuglued will Mave
a significant effact on the baléulation of the creck driving
force. ,Conse&uently, it is @&assumed that the analysis per-
tains to room as well as high temperature testing.
) It is9 probable thet the determination method for the
hig temperature static Young’s modulus gives‘a lower—-bound
‘estimation (Fig. 2.19) and it-is instructive therefore to
consider' the effect of these underestimeted-values on the
calculation of tﬁe resistance to fracture at high tempera-
ture.

A schematicel load-displacement graph, recoenstructed

from the «creck length data, is presented in Figure 4-25.

This shdws .the variation of specimen complience with crack

.

growth! For simplicity, it is assumed that the crack axtands
.at constant load, P, i.ae., the fracture inftiation points are
A or F. If the static Young’s modulus (E) is known exactly,

the loeding &and unloading compliances are Cqy and Co respec-

{
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tively. If/an underestimated value E° i used for the calcu-
lations,: Cq’ and Cg'.rasult. The compliances can be expres-

- s
sed as;

Cqi=b4/E ;Cp=bp/E ;Cy’=b4/E’ ;Cn’=bh/E’ (4.18)

~

b .

where by, bs are numerical constants characteristic for the
specimen geometry (Equations 2.42 - 2.44). The worh-?f-
frecture for the first case is Wg = 0.5+P-D and for the
second is W, = 0.5PD° ,where 0D or D’ is & recovared

‘displacement of the loading roller during crack growth (not
measured in the high-temperature test). From equation (4.18)

and the complibnce definitiaop (2.8};

D = P-(bs -~ bq)/E \;4-19)
)
D’ = P-(bs - by)/E"’ fiia.aoJ
s0;
W/W* = E'JE {a.21)
i.e., the underestimotion of the elastic modulus results in a
similar overestimation of the worh-of-fracture. The erroras

introduced by the Young’s modulus measurement and those due
to nan-ideel bending conditions (discussed above) act in the

cpposite manner.



CHAPTER S

RESULTS AND DISCUSSION
Ihd '

5.1 Materials Characterization,
S.1.1 Zirconis-Hafnia Solid SOihtions

< The yttrid-stobilized zirconia-hafnia solﬁg solutions
wera obtained by simple oxide‘mixing {called OM techniquae)
giving materials type PO, P1, P2Land Fs ;nd by spray-fraeezing
?reeze—drying {called the SFFD technigque) giving materials
type POA, P1A and P2A (Appendix S5). For comparstive studies,
limited quantities of fully stabilized yttria-zirconia-hafnie
specimens were prepared. Two sintering routes‘ ware used,
i.e., 1500°C, followed by furnace cooling (called LTC) and
1800°*C, fcllowde by quenching (callad HTC).

The XRD phase analysis results as a function of HfOp
content are prasented in Fig. ©5-1, The HTQ route {open sym-
bols) resulted in low monpclinic (M) phase content for the
SFFD maeterials up to 20 mole % HfD0p. For the OM-type cera-
mics, the M-phase content was larger and increased with mole
% HfOp to & maximum of 40 vol.%. Incomplete stebilization of

the Zr0p-HfO, solid solution results when the stearting

powders are relatively coarse. SFFDO meterisls of the same
' 157
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composition are highly dispersed and homogenized ensuring a
uniform distribution of thg stabilizar  (¥3*). 0On quenching
'oF thesa materials from high tempereature, the singla—phnqe
cubic-field iphibits the nucleation of significant monoclinic
ansé.

Similer compositions prepqred b& the LTC sintaring
route exhibited high contents of M phase with the exception
of the POA samples (i.e., without HfQ0p). 1500°C is within the
cbe;istence field of the cubic (C) eand tetrmgonsl (T) phases -
and results in an sequilibrium composition of 60% C and 40% T.
Further T phase precipiateé within tﬁe C groins during
cooling. Large grains {1 to 5 Um) of T phase transform to M
upon slow furnace .cooling, the' driving force for this
transformation being proportional to drop of temperature aend
HfOp content. All LTC-OM mataria;s exhibited a'high M-phase
content. Typical XRD scans (26 = 28 to 32°*) for LTC-OM and
LTC~SFFD materials are shown in Fig. 5-2 and 5-3 respec-
tively. The high intensity centrel peak (111)p.7 hes Dbean
foreshortened far clerity. The %ully stabilized (with 6.9
mole % YpO3) reference specimen exhibited no detaectabla
monoclinic phese.

The microstructures of poliahed and HF-etched sections
of the LTC moeteriels are shawn in Figs. 6§-4 to 5-7. Tha
phases were identified via XRD data and similar micro-

structures reported in the literature. On the typicel PO

section (Fig. 5-4A), & mixture of T and M phases seperate the
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10-15 Mm size cubic grains.The estimeted porosity is 10 vol.%

and this wes verified by subsequent density measuremants.

The pores are dist?lbuted on grain boindaries -and trapped-
within the cubic grains. )
Fig.5-4 B,C and D show similear microstr;cturés Fo; the
Pf,P2 and.P3 materials respectively. Unlike PO, the ceramics
containing HFOQ suffer grain pull-out during polishing due to

waak and microcracked grain boundaries. The M phdse forms &

continuous layar between the cubic grains of ;hase'micro—

+

structures. The demage is most severe forvpura and partiaslly
stgblized hafnia (with 4.5 mole % Ys03), Fig. 5-5A. The
surface M phase is complaetely removed during cutting and
polishing. Porosity 1s located between and wiphin the large
grains, (20 to S0 um). Clusters of M phase can ;ﬁearly be
seen oé the fracture surface, Fig. 5—58; Full steblization
of« HfOp, by 6.9 mole % YpO03 results in pure cubic phase {Fig.
5-6A) with no grain pull-outs. The porosity pattarn{ is
similar to that observed in othar compositions. Fracture was
transgranular and revealed traces of M prég (Fig. 5-68).

The LTC-SFFD. synthesis route gove msterisal micro-
structuées summarized in-Figs.: 5-7 A, B and C (POA, P1A and
P2A raspaectively). The sample free of HfOp (i.e., POA, Fig.
é—?AJ is 97% dense with cubic (< 10 Mm size) and tetragonel
(< 5 uUm size) grain intergrowths (ﬁhe M phase content is < 8B

vol %). The cubic (C) grain size does not change with Hf0p

addition but the shear associated with the increasing M phase
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" weakeanad the grain boundaries and the ‘'specimen surfaces

crushed during polishing. P2A ceramics (Fig. ' 5—?C].e;ibitqd
mulgiple‘iﬁtergranular cracks.

The elastic constent§ {the Young'sgnSdulua, E, and
Poisseon‘’s ratio, V,] and densitiek,; d, for ¢the =zirconia-
ha%nie SFFD materials are compiled in Figs. 5-8 té 5-11. The

variation of room temperature E, VvV and d with Hf0s content is

shkown in Fig. 5-8 (HTQ) and 5-9 (LTC}. In order to separate

the density, and elasticity. effects, the longitudinel
ultrasonic wave wvelocity v) is also plotted. For clarity,
the average values are connected by stroight lines. These do

not however suggest & linear variation of properties.

The dynamic modulus ualqe, E, of 210 GPa was obtained
for pure 582 using HTQ-SFFD samples. This value agrees with
literature date. Unexpected behaviour was obsarved for the
P1A ceramics (HTQR-SFFD). Some samples had E > 200 GPa while
others had E < 100 GPa. Further increase of the HfOp content
to 20 mole % gave a  uniform low volue of E = 30 GPe.
Multiple cracks were detectable by eye on the P2A specimen
surfaces. Evidently, high-temperature sintering followed by
quenching thermally shocks these materisls. The resulting

properties were also found to depend on the sample location

in the gquenched batch. For this resson, frocture invasti-
ga%épns ware pursuéd cn the LTC meterials. The varietion of
density, d, for these materials (end HTQ@ for comparison) is

shown in Fig. 5-9. E end v; ore shown in Fig. 5-10. The
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properties scatter within ~15% and E stabilized at 150 GPa
for specimens conteining 20 mole ¥ HfDa.

) High temﬁeratura stat.ic modulus values were determined
for the LTC-SFFD ceramics containing < 10 mole % Hf0p (for
higher HfDo contents, the devasteting M-2T trensformetion
taﬂes place), Fig. 5-111. The rasulté5?or pure PSZ (semple
type POA), norﬁalized to the room temperature value of E, are
compared with literature date in Fig. 2-17. The results
ocbtained in this thesis are consistently smaller than the
d&namic measurements reported in the literature. It is felt,
that the static test provides & more reeligtic.result a; far
as the strain energy released in a fracture process 1is
concerned. Accordingly, the static high temperature velue of
E was messured at a strein rate sim?ler to that usad in the
fracture axperiments and is utilised in this thesis for the

crack driving force determination. The possible influence of

the underestimaetion of E on crach driving force calculations

: -

has been discﬁssed in Section 4.8.

Fig. 5-12 shows the effect of HFOQ content on the
elastic properties of the HTR-OM .caramics, partially
stabilized with 4,5 mele % Yp04 (PO to P3, Fig. G5-12A) and
fully stabilized with 6.9 mole % YoO03 (FO to F3, Fig. S5-12B).
The E values of the partiallg}stabilizedﬁmatarials drop from
180 GPea for PO and P! to 130 GPa for P3. The scatter is #15%.
The E velues for the fully stabilized samples increased F;om

140 GPe for FO (no Hf03) to 170 GPa for F3 (30 mole % Hf0o)
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(scatter * 4%). Similar trends que observaed for the
Poisson’s ratio. The sintering of fully stabilized zirconia-
hafnia is difficult ond” the. maximum density achieved was 87%
" theoreticel (Fig. 5-13). Pa;tially stabilized materials
sintered to > 90% density irrespectively of the maethod of
heat treatment. The elastic properties of the LTC-OM ceramics
are.consistant with their phase comppsition (compore Fig. 5-1
and 5-14). The modulus, E, 1is weakly dependent on the HfQs
content and equals “130 G?c. The sintering conditions of
these materials were such that their monoclinic phase content
was high ahd'independent‘of tha Hf0o alloying.

As the static Young’s modulus must be known to analyse
thé stable fracture experiments, itgs values are compiled as a
function of Hf0s content in Fig. 5-15. For the large-greined
OM-type materials the difference between the static and
dynamic E values increased with HfOp content, i.é&, with the
content of M phase which in turn increases the microcrachk
density (compere Figs. 5-10, 5-12A, 5-14 and 5-15. The room
temperature dynamic and statid values of E for the smoll-
grained microcrack-free S5FFD-type materiels were 1in good
agreement. Apparently time or frequency-dependant phenomana
(eg. the delayed frictional closing and ogening of ﬁicro-
cracks) is active in high monoc}inic-phase-coﬁtent materials.
$.1.2 Zirconia-Beta-Alumina Compositesg

The zirconia—-p-alumine composites were snalysed in thae

same way as the Zr0p-Hf0> solid solutions. XRD of the as-
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sintered surfaces revealed the presence of 19 to 31 vﬁl % -of
monoclinic (M) ZrOsp phose.' This level exhibited a weak
depandence on the size and content ;F $-Alo0g3 particles
(Fig.5-16,For the materials.type Z4, stabilized with 4.5 mole
% Yo03). The type Z8 materiols (stabilized with 6:9‘ mole %
Yo03) exhibited a single {111}7 ¢ peak «din the considered 26
range indicating no M-phase wag present. p-Alos04 peaks wera
not detected‘in the surface diffraction experiments at 20vol.

% perticles. XRD of high p-Als03 content composites [133]

revealed «-Alp03, g-Alp0a3, zirconia (M,f,C] and possibly

sodium zirconate. Since stabilization of the tetragonal
phase at room temparature involves constraint of the
transformation, the specimen bulk contains mostly tetragonal

and cubic Zr0Op phases (this was further wverified by the
elastic property measurements).

The chgnge of static elastic modulus with temperature
and B-Alo0q inclusion size is shown in Fig. S-17. The uncer-
tainty of the high—tem;erature measurements reached *Z0% of
the average value., A dramatic change of E was observed at
room tempesatura when the Pp-Alo03 particle size exceeded'SO Um
(E=175 GPa for pure 24, 150 GFPa for 2Z4AS50 and 75 GPa for both
" ZAASD and 24A120). The drop of static E for the large-
particle composites at high temparatures was slower when com-
pared with pure 24 {(Fig. 5-17).

The microstructures of the 24 series materials are

shown in Fig. 5-18A tc D. The tetragonal and cubic phases are

LS
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recognizable on the polished and etched section of pure 24
{i.e., poartially stabilized zirconi;, PSZ, Fig: S-18BA). A
continuous a-Als04 .iﬁtarfcce forms on tha - smo}l p-Alalq
particles {Fig. 5-18B8), whilst & discontinuous «-AloD; layer,
macrocrachks gnd,rpcrosity are eossoclsated with the large g-

- -

AloQ4q particlés {Figs. 5-18C, D). The micrdstructures of the
composites based on fully ;tabilized-zifconia, Fsz, (Fig. 5-
ng £o 0) show extensive mac;ocrack natworhs linking the
large $-Alo03 pearticles. It is clear thet the thermeal
expansion mismatchastrasses aexcead the strength of the FS5Z.
The microstructurel observations explain the measurad
elastic properties and density values (Fig. 5*2DAJ: Both
decrease with the particle size for the 20 vol.% p-Alo0j
composites. The data osre compered with that for fully and
partially stabilized matrices (28 and 2Z4 series respec-
tiJely]. The particle size effect is stronger in the ZI8-type

ceramics. For 20 vol.% of 50 Um sgize inclusions the drop of

E relative to the pure matrix material is 40% for Z8-type

A=
ceramics and 20% for the Z4-type ceramics. At eleveted
temperatures, E decreases 1in o similar fashion to the Z4

materials (Fig. 5-208).

The elasticity, density and microstructures of tha
zirccnia*p—aluminat%qmposites suggest that the inclusion size
should not exceed SO Um if spontaneous matrix fracture is to
be avoided (i.e., to maintein the high strength of the

material). As will be shown, the continuity of the a-Als04
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vlayer on the p-Alo0g inclusions plgys an important role inm
the higb—temperature.frocture characterist%cs of tﬁe Zrdg-p-A

-A1203‘ compasites. On the other hand, the porous and
discontinugt; interfaces associated with the larger P-Aléoé
peréicles promote their pull-out on c;ack ropagafion,at room

- temperaeture. The complete results of theD fracture studias

are presented in the following sections.

5.2 The Resistance—-to-Fracture at Room Taemperature

Determined via the load-Fracture—-Unload Technique
§.2.1 Zirconia-Hafnia Solid Solutions roe

A typicel room-temperature record of the load-
fracture-unload and compliance analysis expariment (reffered

: - ,
to es LFU-CA]) for the specimen type PO is shown in Fig. 5-21A

{for clarity only the loa;ing_ paths are plgttad]. The
maximum loead did not exceed 40 N and the maximum permanent
deformation was 15uUm (0.5 to 1dm ‘in- each cyclel). As the
crack length increased, the loading_path can be divided into
two choraéteristic stages: an initial one of higher slope
(i.e., lower specimen éompliance, path AB in Fig. &-21A) and
a final one of lower slope, i.e., higher specimen compliande,
path BC. The initial stege of lower compliance is related to
the opening of microcgacks generated in the previocous frac-
ture cycle. which closed during unloading. This interpre-
tation was verified bg simultaneous potential drop and com-

plience anelysis of LFU model graphite specimens (Fig.4-20).

Tha effective crach langth is represented by the slope of
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path BC. The méin-cpack starts to a&yance betwaﬁn B and C.
The results of the calculation of the resistance-to-
. ) .
frécture, Re, and the nonelastic energy disaipa?ipﬁ rate, AL,
besed on Fig. &5-21A (and for one another speciman typa PO)
ve. the percentage of the fracture are& are plotted in Fig.
5-218. Rg initisally incresses and the R, values scetter
between D and 30 J4/m2. This ;catter is.due to resl physical
effects and not experimentel error (the error in the R,
calculations should be similar to- that For‘ the more-
uniformly~varying Rg). As full fracture 1s approached; R,=60
and Rg=20 J/m<.

) The crach arrested after the last unloading cycle and
the fracture Surche of the PD specimen is shawn in Fig. 5T22
A,B. Thu c;ack opening displacement is > 10 Um, the fracturs
is intergreanular with extensive grein pull-out oand micro-
cracking. The crech front hes been deflected by as much as
80 degrees, implying mixed-mode frecture. The creck propaga-
tion path (Fig. S5-24A eand many ;Lbsequent figuraes) vindicotes
the energy approach utilised .in this thesis. The frecture
surfece of the PO materiel (Fig. 5-22B) indicetes a tortuous
crachk ﬁath with transgranular craching of the " C greins and
intergranular cgzcking of the M grains. The fracture morpho-
logy, expleins the large and scattered nonelastic energy dis-
sipation ra?pg. Crushed and microcracked M-phase debrig resist

elastic c¢crack closure resulting in permanent deformation of

the specimen and thus large R, values.
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presented in Fig. 5-23 and 5-24. The R, valuss ere now more
 scattered and decrease to 20 J/m?. The dispersed Bp gg}dg;
oscillﬁte/ around 30 J/m2. The _arrested crack axhibits

multiple birfurcation with an Oﬁening displacement of 10 Um

(Fig. 5-24A) and mixéd trans-— and,fﬁtergranular propagation
modes (Fig. 5-24B). The origin' of the 'large Rn values is
- - \' -

gsimilar to that of the PO ceramics.

- 'NQ significant changeqin the resistance to fracture
waa ebserved when. ghe amount of ZrDo replaced by HfUp was
ipc;eased to 20 and 30 mole % (mate;ials Péﬁqggd P3 respec-
tively, Fig. 5-25 and 5~26i. If maximumﬂ$20% arror bands are
impgsed,‘the limitiné Re values ore between 10 ;nd 30 J/m2 as
full fracture 1is approached. The unusual variation of %e
observeﬁ for the specimen coded P351 (Fig. §-28) is
attributed +to crack brenchigg (the Re calculated at A=S0% is
80 J/m2 instesad of the expected 40 J/m2). The high Rg values
for short cr;chs decrease to a limiting value-of “20 J/m2 for

the P2 and ~30 J/m? for the P3 type ceramics. This does not

indicate VTnegative" R-curve behaviour but rather manifests &

[N Y
_cﬁénginjfstroin genergy ralease rate with crachk propagetion.
F .

'X@e geometry aq?-stiffness of the testing system and

»

spaciman results " in a X&xeriable crach driving 'force, as
- -
predicted in  Section 3.1. As the static Young’s modulus of
- -, -~ 4. . '

-

ma;érials PO to P3 decraase?B the Ry vs.
| it "a m&ximum as predicted

. s R . .
. P . . .

variation does

A similar set of figures ,for the P1~ty6e ceramic. 1is
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Figs. 3-8, 3-9. During the initial stegeg of fracture, the
large driding force couses fasteor ér;ck propagation, thae
excaess energy baing dissip;ted as heat and process-zone
creation. The smallest By value still capable of driving tha
crack’ should be censidered as the resistance-to-?racture.
Such Ry values are Teached as full fracture i; approached ang

these values are 20 to 30 J/m2 for the materials under

consideration.

¥ Fractography of P2 and P3/ﬁ:tarials (Fig. S-27"and S-

28) .shows features similar to those .for PO and P1 type

ceramics. The grains are seperated in a 20 Um-deep damdje
layer below the crack plane. The permenent opening dis-
placement‘is 10 gm. This go-called "process zone” <contri-

butes to the increased resistancef}o—€racture.

A  typical LFU-CA recora for the SFFD material with
‘zerd HfO0s content (1.e., PO& type) 1s shown in Fig. 6-29.
Jhe permone;t défcrmation " after the last cycle does not
Exceag 32 dm. The two-stages of loading compliance discussed
prev%ﬁbsly. are absent for this material. The resulting re-

F
sistence-to-fracture, R,, compiled for two specimens (circlas

~and triengles in Fig. 5-29A) increases and subsaquently

'decraese% tg 40 J/m2 ss full fracture is approached. In tha-

.seme figure the red8ults for two semples of the P1A meaterial
are plotted (squares). A qualitetively similar variation of
Re ¢is observed giving & limiting value of 20 J/m?

. < .
(charecteristically, the less stiff materisl; P1A, results in

- S
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o more flat R, curve than the POA maoterial) .-

The difference between the fesistence to fracture of
the two types of ceramics 4ds determinad by their M-phase
content (Fig.5-1).., This ig;barified by the microstructural
observation-of arres;ad crack;-[Fig.S—3DA for POA and 5-308B
for P1A). The crack opening displacement écr P1A is at least
-fwo times that for‘PDN'(B vs.4 Um] . The prsence. of H-phase
facilitates seperatio; eéd pull-éut of the cubic grains
giving predominantly intergranular Erack propagation for P1A.
The fracture of POA is of mixeé*type, i.e., transgranular
. N _
craching of the cubic grains and intergranular cracking - of
the tetragonal/monoclinic mixture.

Incresse of the HfOo content of the SFFD ceramics to
20 mole % causes the generated microcrachs to influence the
load-displacement curves and giva the characteristic two-mode-
loading compliance {(Fig. ©5-31A). The effect is similar to
that observed for the other high M-phase content moteriasls
(PO to P3). The total permanent deformation exceeds 20 Um
and is "1 uUm in each cycla. The scatter of the celculated
values of Ry end R, (Fig. 5-31B, dompik@d for 23 sﬁacimens) is
attributable té extensive microcracking and crach branching.
Fractography indicates purely intergranular crachs as shown
?n Fig. 5-32 for P2A. Activation of these additional energy
sinks changes with crack” front position and from specimen to

]
specimen. R, ‘values vary around 40 J/m2 and R, arocund 30

J/me .
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Clearly, the fracture of stabilized zirconia-hafnia

sollid soluticens is closely related to the contenmt of mono-

clinic *phase and thus to the method of material fabrication

and Hf0s concentration.: - There is no single resistance~-to-

fracture value for these materials. The crach may propsegate
stably for & wide range of driving forces, the fracture mode

differing elong the crack front and with crach extension.

-

Microscopic enelysis of "arrested cracks snd fracture surfaces

undermine the single mode stress intensity factor approach of

.linear elastic fracture mechanics to ceramic fracture.

,Significant amounts of M phase’in the stabilized Zr0o-
Hf0s solid solutions is tﬁe-rgsuly_;¥ the increaseaed driving
force for the T=M tbans?ormbtioF of Hf0ps.The development of a
successful meterial fabricetion technique (i.e., one.that re-
tards''the T-M transformation to below roaom temperature) will
result 1in larger constraint stresses on the resultant tetra-
gonal grains than in the pure 2r0; based systems.One approach
would be to reduce the grain gize to < 0.5 um, i.e., by an
arder AF magnitude  compared with the presently-synthesized
materials. These confoined an excessively large amount of
monoclinic phase. Accordingly it 1is recommended that only
POA-type materials be utilised for Ffurther room-temperature
load relaxation (LR) studies as their analyvsis assumes perfect
elastic behaviour, i.e., no permanent deformation. Similar-

ly, POA and P1A-type materials should be utilised for high-

temperature studies as the high M-phase content of the other
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types rendered them sensitive to thermal ‘shock craching on
heating.
.
5.2.2 Zirconia-Beta-Alumina Composites

These campo;ites ware based an commerciﬁl zirconia
powdgrs p;rtially stabilized with 4.5 moie % Yo03 (the Z24-
series materials) or full& with 6.9 mole % YpO3 (the 28
series materials). Fracture tests weare perFormaa on the
compo &ites and pure matrix sampl;s. A typicsal LFU-CA record
for partial£; stabilized zirconies sz (coded_aé 24) is shown
in Pig. 5-33A and the resistance to fracture results for four
specimans eare compiled in Fig. 5-338. The pérmanent
daeformation woas 2 Mm, a portion of which is attributable to
thea cFushing of thelspecimen surface by .the sapphire knife
edges. The linear loading plots indicate the insignificant
role of microcracking. Initially Ry varies ardund S50 J/m2
and drops to 30 J/m2 ;:‘?:11 fracture is approachea. Rn
varies around S5 J/m2 and vanishes as full fFracture 1is
approached. The crack opening displacement is less than 1 4m
QFig. §-38A). Fraecture is transgranular through the large
cubic grains and mixed-mode through the mixture of smellar
tetragonal onq monoclinie greins (Fig. 5-34B).

The .introduction of p-Alps03 into the PSZ matrix gives
the microstructures discussed previously (Fig.5-18). It wes

expected that the p-Alolg inclusions would provide effective

fracture initietion sites at the tip of the chevron natches

~
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in the initial LFU-CA exgeriments with the composites. The
specimens were therefore not HF “atched. However, only
partial fracture stebilization was thua achieved. The load-
displacement diaéram for composite 24A50 is shown in Fig. 65~
35A. The high fracture iniﬁiption load (> 80 N) suggesta thae
presénce of compressive sgrfece stresses and raesults in a
partial loss of stability in the second cycle. As the crosgss-
head was stopped at point §, the crack propagated unstably
unde; " fixed grips Conditions finally erresting at point M
( such conditions were numerically modellea in Section 3.2 and
the load-relaxation experiments will be discussed further in
Section 5:3).- LFU cyecles, are performad after the arrest
point M to a total permaéen; deformation of 8 Um. Micro-
cracking is suggested Sy curved loeding plots.

g and R, velues were compiled for two type Z4AS0
specimens and ere summerized in Fig. 5-35B. The iﬁitial Ra
is similer for both specimens ( 80 J/m2) but deviations occur
after A=40%. The scatter of results for different specimens
is characteristic of the PSZ-p-Alo03 composites and the
scatter scales with the size of the inhomogeneities (compare
with the uniform A, end R, bands for the four specimens of
pure matrix material, 24, Fig. 5-33B). The increasse of Ry
above 100 J/m2 ( specimen Z4AS3) sugéests crack branching and
tilting, = Funftian of the locéi fbccgure conditions. The .

crack tip bifurcated into branches as shown on the polished

section, Fig. 5-36A. The g~Als04 particles (sverage size S50
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Hm) aré.vgenerally traversed by the propagating crack but
pull-out and tilt/twist is recognizeble on the fracture
surface, Fig. S$=36B. The frictionsl pull-out accumulation is.
responsible for -the R-curve bahaviour (rising Rp) in the
latter stages of the experimént.
Increase of the average p-Alp03 inclusion size to SO
Hm produces a dramatic increase in the permanent deform#fion
of the composite (Fig. 65-37A) and the nonelastic enaergy
dissipation A@te increases to 300 J/m2 (Fig. 5-378, For two
\
spacimens). This phenomenon is related to & network of
macrocracks linking the‘ p;Algoa partiEles (Fig. ©5-18) and
also modifying the propegotion of the mein crack (Fig. 5-
,38&). The crach Follows the particle-matrix interfaces and
accordinély is tilted and twisted. The perticle pull-out {see
fracture surfa?a, Fig. 5-38BB) occumulates far back from the
crack front due to the large parti;le size. The net effect
is the material’s R-curve behsaviour {Fig. 5-378) .
This phenomenon is further magnified in the 20 wvol. %
120 um average size p-Alo03 composite. The two-stage loading
compliance and noncoincident loading and unloeding paths of
the full load-displacement record (Fig. 5-39A) indirectly
demonsﬁrate intensive microcracking in the materisl. The
fracture record is reminiscent of that for & metal or plastic
rather than a brittle ceramic. As the crach extends, an

increasing share of the energy dnput is disgipated non-

elastically and the total permanent deformation reaches 170
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Um. The totel energy consumption as the crack drives through
the composite increases ;ith crach langth ané reaches a Jaldg
an order of magnitude larger than that for pure PSZ. The
resisténce,ﬁﬁ fracture, Rg, dxceeds 200 J/me . whilst Rn
increases to 600 J/m2 {Fig.5-3%8). The tortuous path of tha
crack through the composite (Fig.S5-40A) is_'anhancaq? by the
pull-out of the pP-Alo0j3 particles from their kaying a—-Als0q
interfaciel reaction product (Fig. 5-408). Multiﬁla fracture
-accompanies the propagetion of the main crechkh, the R-curve
mechanism being gsimilar to that of the Z4A390 cﬁmpoaitea.

To identify the individual roles of the matrix and
incl;sions in the fracture behaviour of the ZrOp-pg-Alp0sy
compogites, similar materials were preparéd based of Ffully
stabilized (with 6.9 mole % Yo03) cubic Zr0s. The load-
deflection curve of the pure matrix material (coded 28) 1is
shown in Fig.5-41 and the microstructure in Fig.5-42. The
loading paths (Fig.S~-41A) do not suggest microcracking and
the total permanent deformetion 4is probably the result of
indentation of the soft surface by the sapphire knife adges.
Accordingly no A, values cen be determined. The A, values
varied around 11 J/m@ (Fig. ©5-41B). The crach opens to 8 uUm
fFig. 5-42A) and fracture is predominantly trans-granular
(Fig. 5-42B). The addition of 20 vol % ;§A1203 of 50 HMm
aberage size results in extensive nonelastic deformation (up
to 50 umt in Fig. 5-43A). The Rg values ve. crackh length ere

initielly dispersed around 20 J/m2 and incresss to 40 J/m2

-
&
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during the final staées of fracture‘(Fig.' 5-43B for three
specimens) .. The valua of R, is widaly scattered between 10
;nd 40 J/m2 being .higher in general than that for similer
composites b&sed on a partially stabilized zircbnia matrix
{(compare Fig. S-358 and 5-43B). The crack is twisted by—the
p-~Alp03 inclusions,. some of which are traversed and some
pulled-out (Fig. 5-44}.

The netwofk of macrocracks that develops and links the
90 pm P-AloD3 particles in the FSZ metrix results in a signi-
ficant drop of the maximum load maintainable by the specimen,
Fig. S-4S5A. Other fracture features are similar to thosa of
previous materials. A incresses from 20 J/m2 to 30 J/m? and
Ry scatters -between 20 and 40 d/m2 (Fig. S-458) . The main
crack Followé the- existing macrocrech network and thus is
subject to swudden tilt (Fig. 5-46). -~

The fracture behaviour ‘of composite type 28A120 (20
vol. % of particles 120 Um au;roge size) is similer. The low
fracturfe initiation lood,. the microcraching and the la;ge
nunafastic ‘deformation are observed on the load-displacement

record, Fig.5-47A. The resistance to frecture is similar to

that of the previous two composites (20 teo 40 J/m2, Fig. 5-

478 for two specimens). The nonelastic energy dissipation
rote, AL, increases with crach extension to 80 J/m2. This
incresase is caused by crack branching (in fact, several

cracks are being driven simultaneously through the specimen

os shown in-Fig. S5-48A). The p~Alpo03 inclusions serve to

'
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arrest and tilt the crack, Fig. SjQBA, B.

Summarizing thé experimental results prasﬁntad, Bg
values are comparable Tfor .most investigated p-Als04/2r0s
materials (with the possible exceptiocn of the strong Hjcurva
behaviour of type Z4A120). The tera "brittle fractura"fsaemn

: /
inadequate to describe these ceramics which exhibi%ﬁstrong

crach—-microstructure interactions. These_intaractioné‘datar-
mine the nonelastic energy dissipation rate ‘input into the
Fractureltoughness and resglg in R-curve beﬁ?uiour. The value
of the resistance to fracture ;haracfe;izes the combined
effect of the local conditions of fracture, which vary along
the crack front, and the changes that occur with crack exten-
sion. The less homogenous the material,the less meaningful is
an averaged, single moterial pearemeter conventionally terméd

the "frecture toughness".

As additional fracture energy sinks accumulate behind

and/or ahead of the main crack front (i.e., frictional parti-
cle pull-out, microcracking, branching, etc.), the total
resistance to fraecture increases. The crack growth kinetics

for such a material cannot be described by a single intrinsic
parameter but rather depend cn the local balance between the
driving force and the accumulating resistance to frocture. To
jédress this problem in more detsil, & series of exparimants
were performed in which the time variable was monitored
together with crack length and craqk driving force. Thesa

involved load-relaxation tests, the results of which will now

4
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be discussed:
5.3 Hasi$tanca-tb—Fracture at Room Temperature Determinaed
yia }oaa—ﬂelaxation Techniques
The basic assumption in the analysis of the 1load
relexation (LR) experiments is the ideal elestic behaviour of

the tested materiasl {Section 3.2, Fig. 3-10A). IFf & cartain

amount of nonelastic behaviour is present, 1.e. there is some

permanent deformation qtizgro load on the load-digplacement
record, the true <crack length and crack driving force are
smaller, than calculsted in the LR analysis. 'R experiments
were thefefore performed with samples of type POA and 24

(i.e.; pure PSZ}. Some results will be also presented for

the Zr0p/p-Alp03 composites to illustrate the nature of
S . ’ .

cragh-particle interections in this system. The errors re-
e

o .
sulting from the assumption of ideal elasticity are discus-

sed. Since LEFM techniques are employed, the crach driying

force, Rg, is equivalent to the strain ‘endgrgy relesse rate,
Gy, ond RR=0. The relative slope of the Gr and resistance-
to-fracture curves vs. crackh extension determine the crack

bropaéatipn séability (Section 2.1.3).

The results .%or five LR experiments on POA-type
ceramics are compiled in Fig. S-48A as Gy {or Ky, obtained
through eq. 2.12) vs. % fracture eree, A. In Fig. S5-49B these
results are ;epeetad e; the crack velocity v\vs. A. The

characteristic shepe of the Gy curves (discussed in Section

3.2} depends on the losd at the moment of fracture initiatios

-

-
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and the initial speciman compliance vs. that of tha machine
(this.ratio can be incressed in favour of stabla crack growth
by extending the initial notch langth, Xxp, Or increasing the
bending span ratioc S;ISQ]. For the specimen codad POA2,
large " initial Gy and dG7/dA values (perhaps due to the notch
bluntness) ceused temporary loss of stability an; crack aé—
celeration at Gy=104 J/m2, This value should bae éakan as the
"fracture-toughness” of the materisl. Stability is subse-
quently regeined at Gy=94 J/ma, suggestzﬁﬁ increasing inertia
.of the propa gating cra;k es discussed previously. The arror
in the Gy determination via the LR test -leads to an overasti-
mation of Gy and this error increases witﬁ the crach length;
' therefore,‘£59 crack inertia effect must be signifi;anti.

A sharp drop of the creck velocity is obsérved for all

. :

specimens at Gr=65%5 J/m2. This heralds the approach of
Fracéurg arrest or the threshold velue of G, i.e. Gt. The
two limiting velues of 65 and 104 J/m? agree with thq- .results
of LFU-CA experimengs (in Fig. $-29B the colcg;:}ed values of
Ry are between 50 ond 90 J/m2). The crack propagates with an
approximately constant:veloéity of 20 Um/sec for A=20 to 40%
for all the specimens tésted (Fig. 5-498).

Similar results for the commercial PSZ ceramic (sampl}
type 24, i.e. the matrix material of the.Zr02/p—A1203 compo-
sites) are plotted in Fig. 5-50. The crack accelerates beyond

G1=40 J/m? reaching a critical velocity at G1=60 J/m2 (=Gpp),

Fig. S-50A. The Z4-material hed & lower fracture toughness

s
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(éﬁmpored} Qith POA) so 1t was more difficult éo perForm‘a
complete LA test (i.é., up to the fractu:eparrast‘point). A
. modified LR test was therefore developed which facilitated
estimetion of the tﬁreshold (G¢) and criticel fracture (Gpp)
conditions. The resuifs of this test are shown in Fig.5-
50B. After the conventional load—fglaxatinn period (path IU),
the specimen was quickly unloaded (at point U). Subsequently
aﬁothep LA tests is ﬁerformed on the same speciman, the crack
growth velocity end Gy being monitored from the start point S
untfi the catestrophic fracture ot point C. The strain energy
releasase rate at the frecture re-initiation point (5) <cen be
obtained from the loading compliance and it,is nat "infinite”
as per a virgin CN specimen at the chevron tip. The sample
is effectively precroached .so overcoming fracture initiatioﬁ
!HifFiCUlties. Gy at the point S5 approaches the 'threshold
velue, Gy, and the criticel velue, GIC,cis;approachad at the
point C. yalues of 30 J/m€ and 64 J/m2 were thus obtained.
i
and are in good agreement with the results of the continuous

LR test (Fig. 5-50A) and the LFU-CA anslysis (Fig. 5-338}.

A series of LR experiments were performed to monitor

")

the kinetics of cq@ch-particle'interoa?ions.in 2r02/§-A1203
composites. The nonelastic behaviour of these materisls leads
to an overestimetion of the crack la%gth ond driving force so
the results, espeaciolly of the Gg caléulaticns, should be.
treated as quelitetive or upper l%mits. Astthe rasultg of

the crack veloeity calculations are plotted on a logérithmic

[
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scale, the'discrepency between the true and calculatad valuas
is less ap;erent. horeouer, for long crachs even large aerrors
in éhe compliance measurements result in naegligiblae errora in
the crack length calculations (but nﬁt négligiETB\/§; the
crack driving force Gy calc&letions, aé discussed in-Section
4.8). &

The normalized load-relaxation records are compared
for PSZ andlthe th}aa Zr0p/Pp-Alo04 composites in Fig. 5-51,
The wveriability of the record and the tendancy for the crack
to arrest is proportional to the inhcmogeneity oft the
materio}. PSZ . fracfures catastrophically when h;if,the load
has been reloxed. The «crack arrasts at P/Ppa.,20.25 for
Z4A120 end ot P/Ppax>0.05 for 24A50 (Fig. 5-51A). A similar
graph for Z4AS0 (Fig. 5-518) hag the crach valocity v results
also plotted. As expected, the variation of v follows that
of the load within at least two orders of magnitude due to
the proportionality between the crack velocity end slope of
the P vs. time curve (equation 4.3).

The tortuous wvelocity curve d;monstratas the crachk-
particle interactions which ragult in repeateaed accelération,
decceleration and finally arrest. This point  is.further
iliustrated if the crech velocity is plotted with the driving
force (taking into account the precautions previou;ly dis-
cussed) vs. crackh extension, Fig. 5-52A. The characteristic

shape of the Gy curve (i.e., the externally applied crach

driving force) detera@nes the different ranges of craeck-par-

t Ed
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ticle interaction. -;n the vicinity of the minimum Gy, tha
crack is likély -to oscillate between a;;est and an averaga
velocity of 30 um/s. Nesr maximum Gy the trand reverseses and
the crack accelerates from the average towards the critical
veiocity. It finally orrests as full fractufe is approaéhed.
This example cféarly excludes the application- of & sgingle
kinetic power law for crack growth [s&%ilar to eq." 2.4) for a
mater%al ‘exhibiting gstrong crack-m¥grostucture interactions.
;he accélerationfdecceleration eve‘ s scale oaspproximately
with the partiéle size, Fig. S-52B. The crach path between
arrest points is 240, 160 and 270 um for the p-Alos0n particle
size (245}66 composite) between 106 and 1S5S0 um.

AE hough quantitative analysis of the LR results

- b

requires theiwaﬁsumnxibn of ideal elasticity, gqualitativae ob-
servation provides insight into crack-microstructuré intar-
actions unaveilable by other tegging techniques. This‘proued
perticulary wuseful for the 2Zr0p/p-Alp03 composites. The
quontitotive results of the LR tests agree well with tha data
géﬁerated by the LFU-CA technique at room temperature for the
reference materials, POA and 2Z4. At elevated temperatures
neither technique cen be employed with sufficient accu-
racy. The concept aof the strein energy release réta-as the
crack driving force is invelid if frecture is eccompanied by
large-scale nonelastic deformation. The crack length calcula-

tions vie the compliance measurement are inadequate for

similer reasons. Therefore, load-fracture-unload end electri-

-
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cal potential drop anleses (LFU-PD) wéré conducted, as will

"now b® discussad.

5.4 - The Resiatance-to-Fracture at Elaevated Temperatures
Loading-fracture-unloading tests combined with potan-

tiel drop anelysis (LFU-PD) allow exclusive detarminatioﬁ of

that pert of the totel fracture energy responsibla for the

effective creck extension,i.e. Rg, ot elevated temperatu-
res. The value of Rg mey be much smaller than the nonelastic
energy dissipation rete RA,, at high temperatyres. The crack

cah extend at & variable velocity under the - influence of o
variable driving force Ry.The smallast recorded R; value that
can drive the ﬁrack is deffned as the re;istance to fracture
.initiatioh. The analysis pattern used hitherto is maintained
in this section. .The‘variation of R, with fracture area is
correlated with the microstructu;al intaractions.of arrested
“cracks.

-
5.4.1 Zirconia-Haofnia®Solid Solutions

The LFU-PD 1loed (P} wvs. potential .drop (Up) across

-]

e crack in a POA ceramics at 1000 and 1300°C is shown in Fig.
5-53A and Fig. 5-53B respectively. Crack closure and partial
reestablishment of electricel contact is responsible for the
potentia; drop decrease in the last stages of unloading. This
effect is more pronounced at 1000°C (compare to 1300°C) due
to the higher elasticity of the materiel at 1000°C. The
reopening of partially closed creacks-Tequires a higher load,

eg. by increment MN in the sixth cycle shown in Fig. 5-
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S53A. This Sgservation is éimilar to that for ' .room tampegaturn
experiments and suggasts that fracture a;argy is friciionally
dissipated in the ‘closing aond oﬁening of microcrachks.
Morequér, the shifting the ﬁeniaCus of liﬁuid grein boundary
phase# (known to be present in Zr0so ceramics) provides
;7dditionai energy dissipatioen, The high-temperaturae crach
closure effaects in aluminas containing glessy second phase
- were reported berromp and Pabst [61].

The wunloading and _reloading.paths deviata from each
other (for example the pathé TS and UW respectively in Fig.
5-53A) os the crack grows longer.The origin of this effect is
not clear at present. The period of crack reopening (peth Vw)
can be essily differentiated from the pericd of loading at
const;nt crack length (peth WU). The fracture re-initiation
peint is U. In subsequent calculetions, the potential drop at
the moment of unlopding start (point T) has bean takan as
indi';:ative"c-r the crack length. As the temperatura is in-
creased to 1300°C (Fig. 5-538), the effects of crack closure
and devioting loading-unloading paths are suppregsed.

At intermediate temperatures (1000°*C) a&and longer
cracks (for example cycles # 6 to 9 in Fig. 5-53A) the period
of loeding with & stationary crack is sherply distinct from
the period of ;rack movemant . This is in contrast ta the
pattern for shorter cracks [cyéles # 2 tolﬂ) or higher

temperatures (the first ten cycles in Fig. 5-~53B), where tha

start of crack motion 1is accompanied by & further load
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increase. This jump-like manner of the crack propagsation in a
uiscbalastic body was theoretically predicted by Nikitin and
Krayanov (1701, for sfacific values of aeaxternally epplied
load. However, the effect was not observed experimentally so

-far. It seems that the potential drop technique utilised in

this thesis enables observation of phanomena difficult to
record by other techniques.

- The resistance-to-fracture results (Rg) for the two
specimens are presented in Fig. 5~-53C. At 1000°*C .Ap

decreases towarcds 6 J/m2 and at 1300°C towards 2 J/m2. If the
error bands are imposed on these results, the re;istance-tc—
‘fracture-initiation at 1000°C is between 4 and 8 J/m2 and at
1300*C between 1 and 3 J/m@ for the POA ceramics. Micro-

structural! examination of the arrested crack at 1300°C

reveals an accumulation “of creep-like damage in the vicinity

of the fracture, Fig. 5-54A. The change of fracture
mechanism between room and elevated temperatures, from mixed
mode to pure intergranular, is illustrated by comparison of

Figs. S-30A and S$-54A, B. This change is accompanied by & 25
times decrease of the resistance~to-fracture (from 50 J/me to
2 J/m2) .

The presence of the monoclinic phase in the P1A type
ceramics increases the praobability of microcracking and crack
branching (the creation of multiple fracture zones). The M%7
transformation during heating mekes high-temperature experi-

maentation with this material more difficult. An LFU-PD record
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taken at 1300‘0. is shown in Fig. S-55A." The Vunexpéctad
increase of transmitted load (and thus the work of fracture )
during the Ffifth and subsequent cyq}as suggests that’fha
crack 1is twisting and/or branching. This appears as a
temporary increase of the ;alculated resistanca—to~?ractupa,
Rg, from 3 J/m2 to 6J/m2, Fig. S-S48. As the notch is

}urther extended, R, falls again towards 2 J/m2,

) Similar results were obtained for the test conducted
at -1000°*C, i.e. R, decreases_ towards 2 J/m2. It appears that
the grain boundaries which have been weakened by the
monoclinic-to-tetragonal 'Eﬂase transformation,determine the
low resistcnce;to—Frachre of the P1A type ceramics in _the

~range 1000 éc 1300°C. This v;lua of Bg is still an orde; of
magnitude lower than that at room temperature (Figs. 5-298B
and s—saax{ The mixed fracture mode 1is mainteined up to
1DQD°C, Fig. 5-56A. The purely intergrenular fracture mode is
evident at 1300°*C, Fig. 5-56B. The rounded grains, visible
on the - 1300°C fracture surfece, suggest that the low
v;scosity amaorphous grai; boundary layer is also playing a
roie in the material’s resiﬁtance-to-fracture.

The fabrication techniqués employed for the preps-
ration of the ZrOp-HfOp solid solutions proved ineffective in
.retarding the devastating tetraional-to-monoclinic phase
transformation din the Hf0Op-rich materials. This 1s not

surprising es the driving force for this tTrdnasformation is

much larger in ZrQ0p-Hf0p than for pure Zr0s. Accordingly,
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there??ﬁct of Hf0s content on ;he .high-temperature frpctura
characteri;ticg could not be determined.

-The épray-fraezing freeze-drying .of the stebilized
Zr0o powdergutPOA'mcterialsJ gave ceraq}cs with & resistance
to fracture 2x that of the commercisl powder, Zﬂ,lat room as

waell as eleveated temperaturas. At 1300°C the low viscosity

amorphous grein boundary phase still '_determines the

7

rasistance ‘to fracture initiation. (-2 J/mz). This result
stimulated an alternative approach to improving the high-
temperature fracture properties of ZrDé ceramics. This
involved the dispersion of a non-deformable second phase of
p-Als0y refractory particles.The results of the investigation

of this composite at elevated temperatures are now presented.

e g
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$.4.2 Zirconia-Beta-Alumina Composites

fhe Zr0p/p-Alo03 composites (ZBA) are based on the
yttria poertially (Z4-series) or fully (ZB8-saerias] stabili;aé
commercial zirconium oxide. The fracture properties of the
PSZ matrix (i.e., pure Z4 material) were investigated betwaen
éDO'é and $300°C.

It proved impossible to stabilize the fractura process

between .BO0 and 1000°C and so no ARy data were gatherad in

this range. The tetragonal phasa of the yttria stebilized
zirconia is steable above SO00°C and thus the transformation
toughening (which pradomiA::tly determines the motarials
resistance to fracture) is no longer ective. Since the
fracture stability at.a given crach-driving-force. 18 detar-
mined by the overall materisl toughness (i.e., Ry + R.), it
is the incresasing nonelestic energy dissipetion rate thaot
restores crach stability above 1000°C.

- The loed vs. electricel potaentisl drop cucves 24 and
POA are qualitatively similar for between 1100 and 1300°C
(compare Figs. 5-538 aend S5-S7C). The R, results ara sum-
marized-in Fig. §5-87 A, B, D (at 1100°"C, 2 specimens; 1200°C,
-2 specimens and 1300°C, 4 specimens). The minimum values of
Ae vary between 1 and 6 J/me but no significent correlatian
with test temperature was observed. It was concluded that

the resistan;e to crach propagation for 24 (i.e.,the yttria---

partially stabilized zirconia) is 2 J/m2 betwean 1100 and
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1300°C (note this wvalue does- -not include the larger non-

elastic energy dissipation rste, Rn- This contribution will

be discussed in subsequent perts of this section).
The associated fractographs are compiled in Fig. S5-58A

-« o

to G. At B00°C fracture is predominantly transgranular, even

for the mixture of small teﬁragonal and monoclinic grains,

5-S8A. As the test temperature increased, intergranulear

fragture increased. Initially it occured between .the tetra-

gonal grains exclusively (Fig. 5-58B8, at 1000°C} but for tﬁe
whéle structure between 1192 to 1200°C (Figs. S-58C, D).
Viscoelastic deformation at 1300°C caused cavity coalescence
in the crack plene, Fig. 5-58F fthe crack arrestaed after the
last LFU-PD cycle). Again the rounded grain aurfaces -are
evidence #of tgis phenomenon (Fig. 6-58E). Crack arrest at
1100°*C (Fig. 5-58G) involved branching and multiple fracture
but né viscoelastic deformation.

. Dispersion of 20 wvol.%, 50 Mm average-size B-Alal4
particles fhrcughout the PSZ matrix improved the fracture
stability and facilitated performance of the LFU-PD exper%-
mgnts between 1000°C and 1300°C. The 1000°C loed vs. poten-
tial drop record for the Z4ASO type ceramics is shown in Fig.
5-S9A. Fracture initiastion waes noted at point S and the
system quichly wunloeded thereafter. The Eigﬁtic energy
stored in the machine and the specimen was suffil cientiy
large however to drive the crachk at e velocity close to the

critical value thrdugh most of the cress-section in Jngccnd,
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giving abparent arrest at Z. Effectively the test was one of
load-relexation/vwith the_%:;ain-energy-réleasé-rata changing
up tq the arrest point as predicted in Fig. 3-11.
This.obseruation was further yarifiad by the resis-
tance-to-fracture results, Fig. 5-59B. It was assumaed in the
numerical analysis that the potential drob value at any point

along the 52 curve represents the crack length (as would the

unload curve at that point). The Rp, results ere plotted in

[

Fig. 5-5%9B for two specimens (triangles and circles). The

arrd®t point, Z, is reached at Rg=2 J/m2 for both samplés .

-
RN

Large vealues of R, before the arrest point are responsible
for the loss of stability and initial crack aecceleration.

It must be emphasized that, although R, i3 defined as
the "resisteonce to frecture”, it is actuelly the energy re-
leased from the testing system and the specimen per unit araa
of the created %racture surface. Large vealues of Ry, indi-
cate, thaé there is rapid energy release rate and this is not
necessarily equivalent to a large materisal toughness. Only
consideration of the crﬁck velocity at given R, values allows
one to drew conclusions about the material toughness. Conse-
quently, in the present thesis the values of Ry are investi-
gated whereat the creckh is being arrested. Fc; the compasite
Z4AS0 at 1000°C, A, in the range of S50 J/m2 caus;s near-cata-
strophic failure (i.e., the fracture-toughness is being op-
proached) whilst R, in the range of 24/m2 causes crack arrest

{i.e., the resistance-to-fracture—-initiation is approached}.
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A fractograph of the Z4AS0 composite tested at 1000°C
1s shown In Fig. ETGUA. The PSZ matrix exhibits the charac-
teristic mixed-mode fracture {cf. Fig. 5-58B). Most of the p-

Alo0q particles are crossed by the” propagating crack, sug-

.-gestina the presence of a strong G—Alagiéintebfoce between
£

the p-Alo0q and the matrix. As the test mperature incre-

_.rased to 1300°C, the interface weakened and complete p-Alo0g3

particle pull-out tgkés place. The cavity left by one such
pull-out is shown din-Figure 5-60B. The residue of p-AlosDy
grains con be ciearly seen at the bottom of the cavity. Fig.
5-60C shows the pull-out‘site left by the Pp-Alo03 perticle
after complete pull out from its-"coat"” of d;Al203. .
Examination og the surface normal te the arrested
crach plane (Fig. ©5-60D}) shows thet the B-Alo0; particles
provide sites of main cr;ch deflection and branching. The oc-
curence of these phenomena are reflected in the 1300°C laead
Vs, potential drép record, Fig. 5-61A. The drop of maximum
load in each cycle vs. crack extension is slower than that
for pure PSZ at 1300°C or Z4AS0 at 1000°*C (and, as will bhe
seen later, for the larger-p-Als0a-particle composite
24A120) . The unexpected iﬁcrease in the maximum load trans-
mitted in the 9th cycle is the éesult of crack branching and
this occurence 1s quantitatively reflected by an increase Bf
the calculated R, values from the expected & J/m2 to 8 J/m2
(Fig. 5-61B,. open circ}es). The R, values obtained for two

other specimens of the same material gave 2 to 4 d/mz, as per
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pure PSZ. It is therefore the nonelastic engrgy diaaipnt%bn'
rate, Rp, which is affected b;fiké,g;ipgrsiun.of rafractory
particles in a uiscoelastic matri; and 6Bt'the value of Rg.

The composites containing p-Ala03 particles of average
size 120 um (i.e., the Z4A120 series) were tough enough to
agsure fracture stability at temperatures as low as 700°C,
i.e., the temperature limit of applicability of the pgtential
drop technique fcf Zr0p ceramics. The 700°C load vs. poteﬁ—
tial drop record shows partial instability followed by
fracture arrest (point A, Fig. S-62A}. Several suﬁsequent
LFU-PD cycles demanstrate the tendency for crack'ciosura upan
unloadiné indicative of elastic behaviour of the specimen.
Since crachk closure does not continue with time for a com-
pletely wunlcaded specimen, no viscoelastic strain component
is involved. R, tends Jto 4 J/m2 as full fFracture is
approached, Fig. 5-628 (two samples).

‘The dramatic decrease of the resistance to fracture
between room temperature and 706°C (from 200 J/m2 to 4 J/me,
ef. Fig.S-398) is attributable to the loss of the transforme-
tion toughening and & change in the crach-particle interac-
tion mechanism. Frectography shows a well-developed «-Alo0q
interface on the large p-Alo03 particles. The crack traverses
mast of the particles, the rest are pulled out (Fig.5-63A,B).

Tested ot 1000°C, 24A120 (Fig. 5-64) exhibits a lower
tendency for crack closure but the viscoel&stic sfrain compo-

nent induces closure at zero loed (for example path YZ in

e—
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Fig. S-64A represents a crack closure o£'50 ym over three

—

minutes). The viscoelastic deformation component Iimproves

fracture stebility and so influences the- resistance-to-frac-
L : " ‘ .
ture. Re values for Z4A120 teated at 1000°C range between 5

and 12 J/m2, Fig. 6-64B {two specimeps). Microgrdphs"of

arrested crachs and fracture sdrfa&eg (Fig. S-65) show that

most p-Alp03 particles are Erauers;d. TQe crack opening
-&isplacement is uniform end = AG im .

Increase of the tgst temperature t; 1300°C eliminates

crach closure, ;.g., the stra;n is_ﬁow time independent an&

irrecoverable (plestic], Fig._ﬁ—Séﬂ; Calculated values of Re

~ -

decrease to 2 to 6¢/m2,Fig.5—S7B. Large discrepancles between

the curves for three samples're%lect the inhcmogeneity of thae
24&}20 composites (c%. simiia; curves for the more homogenous
24ASD, Fig. 5-618, and'the pure pPsZ, Fig. 5-57D).

Figuré 5—S7A is & polished seéﬁioﬁ micrograph of a
24A120 sample cut normal'éc the crack plané wherein the crack
was arrested after the last unloading cycle. The fracture
predcmiqutly Follo;sléhe'interfaces Petween the PSZ and Na-
p-Alol4 and the ﬁetwork of macrocracks linking the particles.
Examination of a fracture surface, Fig. 5-678, revealed the
crack-interface interactions. A B-Alp03 particle ha? pulled
out, leaving o sheared-off «—-Alp03 layer. It is charactér-
istic that the «-Alplsx éppears mainly et the Dbottom of the

original Pp-Alpo05 site. This indicates that this perticuler

Ne-g-Alp03 particle was oriented with its Ffast-diffusion
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"planes perpendicular to the frecture surface. - a—Algda'wirl
only farm at the ;dge'of these planes as the Na* is immobile
through t;e sp%gel blocks of the p-Alos03 structure.

From the results presented, the resistance to frec-
ture, Rg, of the ZBA ﬁeramics chqnges little with tempera-
ture and composition above 500°C (2 to 10 J/m@). It is clear

however,that the presence of the p-Alolg pagticles influences
the overall toughness of the composite materiels (i.e., PRg=
Re+Rnl . Therefor; Rn wés estimated for a limited number of
PSZ, Z4A50 and Z4A120 sgecimens at 1300°C.

The nonelastic energy dissipation rete, Rp, resulting
in permanent'deformation of the specimen, can be calculated

only if the load-application point displacement i3 simultene-

P

qusly recorded. For plastically deforming ceremics at high
~~‘tamperatures, AR, *» R.,, so R, approximates the total input of
work to break unit area of the specimen. At 1300°C the creep

deformation of the testing system (alumina tubes and plates
of the smallest cross-section 3 cm2) under the asplied loads
and time of test was insignificant compared with the specimen

deformation. Therefore the total input of work in each cycle,

AW, correspongds to the area under the 1load-displacement

curve. The displacement was measured outside the furnace.
N 4 .

Since the fracture area increment, 4A, was calculated from

the potential drop, R, for each cycle is obtained as &W/&A.

The load against displacement plots for PSZ end the

two p-Alo05 composites are shown in Figs. 5-68A to C (Figs.
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5-688, 5-61A; 5-68C, G5-66A anJ.S;SBA, S-57C are in pairs,
i.e., they are simultaneou; records for the same samples).
The draop . of load in consecutive.Cycles waS'fa5£ for 24A12D
and PSZ; the permanent deformation reached 200 um for PSZ and

400 um for Z4A120. A slower ‘drap of maximum load wes

observed for the Z4AS0 (demonstrated already in Fig. B5-61A)

and this 1is cccomphniad by o total permenent deformation of
600 Ym. The HRpq results are compiled_ in Fig. 5-680. The
values for PSZ or 24A120 [clcéed symbels) tend to - 300 J/m2
(i.;., -the range betwsen 2080 to 400 ":'J/m2 allowing for the
estimated error) whilst the values for Z4AS50 (open symbolsi
tend to ~700 J/m? (i.e., 400 to' 1000 J/m2) . 1. |

As shown above and in the discussion of the room tem-
perature results, the incorporation of $-Alo03 particles into

a PSZ matrix creates additionel- modes of frecture energy

-dissipétion at high and low temperatures. The fracture modes

change with temperature however. Strong R-curve bahaviour at

room temperature is attributed to the matrixfp—AléDa inter-

facial microcracking and frictional pull-out of the p-Alp0a3

particles.The small opening displacement of the creck at room

temperature keeps these mechenisms active far back from the
> "-— s
crack tip and causes an increase of Ry with crach extension.

~

The reduction of the Na-p-AlsO3 particle size to 52 Mm or
B - .

-

less prevents the matrix spontanecusly cracking and impfoves
the strength and centinuity of'thg &-Alo03 ot the interface.

- . .
Consequently, the presence of the- particles is ignored by @

.S
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crack running at Eoom temﬁerature and the strangth 1is im-
proved whilst the toughnéss deteriorates.

An increase of,temper;tura te 1300°*C ca;ses softening
of tQE hmprphous grain-boundary phase. Viscous éloy of the
PSZ matrix thus results in o la;ée crack opening disp}a&ement
soon after fracture initiatian, . Therefore, even large

N, .
particle pull-out can only take place close to the crack tip.

and’ this is now fecilitated by the weaker interface (espe- -
cially in the caese of 24A120). This eliminates the R=-curve
mechanisms of room temperature. Instead viscous flow close to
qnd ahead of the crack tip provides tﬁg prgdéminant portion
of the fracture energy. The presence of:SG um p-Alpolg pear-
ticles in the viscous zone appears to provide sites for crack
arrest, branching, microcr;cking close to the frecture sur-
face and particle Qull-out close to the <crack tip. Effec-
;iuely the 6;rticles "harden™ the viscousiy deforming matrix
N

egspecially if the interfecial product a-Aln0~ separates from
the p-Als05 during deformation.

It is expected fhat control of the Na-p-AloOy particle
size is as importaent \as congrol of the perticle-motrix inter-
face réactivity. with resbect to the latter, the system 1isg
very. flexible due to the easy ion exchange of the Na-P—A1203
perticles ot any stage of the processing and the possibility
of matching the properties of fhe particles and interfaces to

those of the matrix (not necessarily PSZ]).

It hos been suggested [110] thet the high-temperature



196

fracture of PS5Z monocrystala is influenced by the preéence of
o -

finely dispersed tetragonal (T)  phase precipiates. The .T-

phase in polycrystalline PSZ is present not only as indi—_

vidual grains 1 to 3 um lérze, Fig. 5—348, but also as fine

inclusions precipitated within larger cubic grains during the

cooling of the.cerqmics from sintefing temperatures [B82, B3].

It dis interééting therefore ta compare the energy for the

high-temperatufa fracture- of - PSZ and that for fully

- -

Qtabilized zirconia FSZ (i.e., that with no tetregonal phase,
type ZB;Eﬁﬂﬂ—fhe—fespective p-Alo0s composites {Z8-geries).

The 1000°*C results for 28 and the ZBAS0 composite are
L]

LY .

compared in Fig. 5-68A, B. The 1300°C results are compared
in Fig. S-70A, B. The initial unstable fracture of the Z8
ceramics at 1000°C (discussed alréady for Zd-ceramics) 1s
characteristic of haomogenous stabilized zirconium gxide ot
temperatures between the transformation toughening range (<
500°C) and the plastic deformation range (> 1100°C). The dis-
persion of p-Alo0q particles improves the overall toughness
of the composite sufficiently to control crack propagation
(Fig. 65-70B). The maximum load transmitted through the
specimen at 1300°C (Fig. ©5-70) 4is only half of thet ot
1000°*C, for both 28 and the pg-AlpO3 co%posite. A period of
accelerated fracture still occurs in the ZB8-material (Fig. S-
70A), although it is limited to shorter crack lengths and
slower propagation velocities.

Such instability was not observed in the partially
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s&abii}géﬁﬁ;irponia tegted at- 1300°C (Fig. 5—55C). This sugr
gests some interection ’‘between the crack and the stable
tetragonal precipitates during the'high—temperature frecéure
of Zr0Opo ceramics. The highar composite toughness enables con;
trol of the high-temperature frecture {Fig.5~7?0B). The resis-
tance to fracture data from Figs. 5-69 and 5-70 quanti-
tatively prove these conclusions. The R, value of 2B drops
tg Fractisns of J/me at temperatures ¢ 1000°*C (Fig. 5-71A)
whilast that of the composite (20 V%l.% af p-Alo0g particles
of 50 Um aversge size) is an order of magnitude higher (2 ond

4 J4/m2 at 1300 and 1000°C respectively, Fig. 5-718).

Fractography of the pure matrix,-28, (Fig. 5-72) shows

that the largg“prained (40 um average grain size) fully

stablized /zirconie fractures by grain separation at 1000°C
and 1304/C. High temperature grain-boundary cavitation
(especially visible on comparison of Figs. 5-72A and 5-42B)
is a chafcteristic feilure mechanism. It seems that the
resistance to fracture of the Z8-ceramics at 1300°C is deter-
mined by the surface tension of the liquid grein boundary
phase therein. Accordingly, the cracking of the p-AloD53 par-
ticles at 1000°C (Fig. 5-73A) or their cracking and pull-out
at 1300°C (Fig. ©5-73B) provides a relativéiy large increase
of méterial toughness. The result 1s therefore, that the dis-
persion of p-Als0s particles is more effective in increasing

the toughness of +fully rather than partielly stabilized

zirconia at high temperstures.

A
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Generally, any zirconium oxide ceramics are damaged at
high temperatures by crachs propagating under driving forces
of the order of 1 J/mé. The failure mechenism and pertition

oFf the totael fracture energy into crack extension and non-

. -
-

elastic deformetion is a strong function of the microstruc-
ture. Grain-boundary cavitation and coslescence seams to be
the primary high-temperature failure mechanism of materials
based on fully stablized zirconia. The continuous film of
amarphous grain boundary phase contraols the fracture of
ceramics based‘on partially stabilized zirconia. Thus crack
advance 1is dictated by the liquid properties and the balance
between the applied driving force and the lliquid/solid
meniscus curvature.

This effect appears responsible for the discontinuous
" crack propagation in the POA type ceramics under small
applied forces (Figs. S5-53 A tao C). The sharp, discontinucus
crack advance observed at point U (Fig. 5-53A) suggests
liquid meniscus breakage {(1.e., " an unbalancing of the equi-
librium between the s;rface tension and the externally ap-
plied driving force). Beyond this critical point, fast crack
penetration of the intergranular layer tahkes place. This
effect [predicted theoretically [170]) is less praonounced at
high temperetures (Fig. ©5-53B) as the liquid viscosity is
lower. Similar discontinugus crack extension has béen
observed in MgD/CoO-staebilized-ZrOp at S00°C [163]). The e%—

fect was not explained as the true rasistance-to-fracture
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fi.e., the energy input to extend the fracture surface by
unit area) and th; total “fracture toughﬁess" (i.e., in
practice, the nonalastic energy dissipation rate) were not
df%gérentiated.

The high—ﬁemparature slow crack propagation is
accompanied by damage accumulation. The damage zone extends

.

1S
-

further from the crack plane as the threshold value of the
-grach driving force is apprbached. This side damage and the

cavitatien lend to crack blunting and arreat [for example,
consider\Fig. 8§-54A) .

The results of the present study of the high-temperé-
ture resistence-to-fracture of ;rDQ ceramics is -diffiecult to
‘compare with literature data as there is little of the latter
-(limited results have been reported for M20/2;02 in terms of
the total workh-of-fracture up to S00°C [163]) or as the

“standard" Kyp test up to 1300°C [165]1). The general trend of

decreasing total work-of-frecture (i.e. in terms of this
thesis, Re+RL) with the crach extension for Mg-PSZ was
>

observed by Swain and Hannink {171]. If the 1300°C proper-
ties of =zirconias are controlled by an amorphous grain-
boundary phase, QFE order of magnitude of the,rasiétance-to—
fracture should be similar té that of glass-containing «-
AlpOs at 1400°C, Fig. 2.6B [164]. In fect, o threshold crack
driving force value of 1 to 7 J/me  was Abtoined for thase
materials {164]. These values are in agreement with the date

of the present thesis.

—
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
The frecture properties of pure and composite zirco-

nium oxide ceramics were studied. Chevron-notched (CN), four-

L. ... e
point bend specimen geometry was ufilised. The behaviour of

the CN specimen was numerically simuleted and guidelines were
developed for its use in the testing of brittle. materials
exhibiting subcritical crack grqyth. If the CN specimen is
to be utilised for Kjp determinations, Erack instability must
follow stable crack initiation and must coincide with the
maximum load on the load-displacement (or time) curve. Crach
instability at any other load (or catastrophic feilure
without & stable crqch growth period) will underestimate the
value of fracture toughness unless the precise length of the
crach at the onset of instability is hknown.

If the coincidence of Kyp and the maximum load is un-

hnown for given experimental conditions (loading rate,
machine stiffness, etc.), the fracture toughness test should
be performed in steps as follows: (a) perform initial tests

s ——

on & series of CN samples utilising & machine cross-head

’ 200
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displacement rate such that instability occure-—after the
maximum load is reached ; (b} increase the displacement rate

e

.
such that instability occurs at the "maximum load. Naow' the

standard LEFM formulee for Kip cantgipptilised.

The work-of-fracture (or effactiva fracture energy) i;
a function o; the notch depth in CN samples due to s;b-
critical crack growth. As the crackiextends (or the specimen
is notched deeper) a smaller porfion of the input eﬁergy is
utilised to accelerate the crach or is dissipa;ed as heat.
The work-of-fracture in multiple loading-unloading experi-
ments approaches the threshold crach‘??lving force (or the
resistance—Eo—fracture—ﬁhitiation) as the crachked area ap-
proaches .100% of the specimen cross-section.

The kineties of crach-microstructure interactions were
best observed via load-relaxation (LR) experiments. Numeri-
cal study of CN specimen testing via LR experiments resulted
in By curves as o function of specimen geomefry eond parame=
ters of the testing system. Stable crack extensioﬁ at the
beginniﬁg of the LR test (due to the negative slope of the Gy
vs. crach extension curve) is followed by periods of crach
acceleration and deccelereation. The LA experiment allows
determinaetion of ‘the crack driving force at arrest or
criticel fracture and generstion of full Ky-velocity curves.

A semiempirical spproach was proposed for the determi-
nation of the crack length in & CN specimen wtilising an

-

electrical potential drop method. The technique is appli-
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cable to;.any crack-frcn£ shape of known curvature. The
forgulafion of the cracz\ length as a function of the
potential drop was successfully verified at room temperatura
for model graphite specimens and at elevated temperatures for

-,

stabilized zirconia specimens (ionic conductors).

The experimental part of the thesis led te " the fol-

lawing conclusions:

1. The alloying of stabilized zirconia.;itﬁ hafnia
causes extensive microstructural damage via the detrimental
transformotiop from the high-tempe;;tura tetragonal phase to
the low temperature monoclinic phase as the material 1is
cooled from sintering temperastures. The transformation-
generated microcracking resulted in a decrease of material
elasticity and an increased ability to nonelasticelly dis-
sipate fracture energy.

Successful hafnie alloying must be accompanied by
imposition of more severe (compare to partially atabilized
ZrQ0s) traensformation constraints, Submicrgn grain size seems
a necessary condition for the proper synthesis of zirconia-
hafnia ceramics. In this respect an effective processing

route was spray-freeze, freeze-drying.

2. The dispersion of p-Alp03 particles in & partially
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~

~stobilized zirceonia matrix did.not significantly affect tha
laval of monoclinic phase therein. The alastic propaerties of
the material drcpéad due to ‘the network of microcracks
present in composites with > ;; Hm p-Als0~ average particle
size or with a fully stebilized zrfconia 7matrix.l Daplefion
of Na* from the periphery of the p-Als04 parficles led to
precipitation of «-Alz03 at the interface between the

particles and the zirconia matrix. This interface plays‘a

decisive role in the fracture properties of the compositas.

3. meaxe in the zirconia-hafnia solid solutions (dus
to the tetragonal to monoclinic phase transformetion) resul-
ted in large nonelastic energy dissipation rates, 10 to 60
J/m2. Fracture is arrested when the crack driving force, RA,,
_equals 10 to 20 J/m2 for materials obtained by oxide mixing
and at 20 to 40 J/m2 for materials obtained by spray-
freeze/freeze-drying.

4, 2irconia-g-alumina composites exhibit strong BR-
curve behaviour at room temperature. The nonelastic anergy
dissipation rate reaches 700 ;J/m2 for a composite with 120 um
P-Alo03 particles in a pertielly stabilized zirconis metrix.
The sccumuleted frictional p-Alo0s3 particle pull-out far bachk
from the crach front is the source of the R-curve behaviour.

These ceramics are expected to exhibit superior thermal shock

resistance.
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5. The loed-relaxation experiments resulted in the
praedicted variation of the strain-energy-releasa-rate. The

crack-arrest point for PSZ _was Gr=30 J/m2 and this result
agrees well with thecse of the room-temperature lopading-frac-
ture-unloeding technique. The loed relax;tian vs. time re-
cords revealed periodic crach acceleration and decceleration

in scale with the size of the major microstructural obstacles

(eq. P-AlpO3 particles in the composite).

6. The minimum crack driving force at arrest for Zrlp
ceramics _drops by an order of magnitude between room
tempersature and {bDG'C {for example from 40 J/m? to S5 J/m2
for POA). It drops further at 1300°C to about 1 J/m2. The
load vs. potential drep record at high temperatures suggests
a viscoelastic process of crack initiation, propagation end
closure in 2r0s ceramics. The materials crack intergranulary
above 1000°C. High-temperature fracture is accompanied by

damage zone accumulation and intergranular cevitation.

7. The presence of Pp-Alo03 particles in partially
stabilized zircania (PSZ) does not significantly influence
the resistance to fracture Ry (i.e., the elasticelly dissi-
pated fracture energy) at eleveated temperatures. However,
the frictional particle pull-out from the p-Als0x interface,

the crack tilt and branching and the plastic deformetion of
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the matrix increase the nonelastic energy dissipation ratae,
) .

An. At 1300°C crack arrest corresponds to an R value of 700

J/m2 for the Z4AS0 composite.. R, = 300 J/m2 at 1300°C crack

arrests for PSZ and the Z4A120 composite.

-B. At elevated tempera@ures, fully stabilized
zirconia expibité an excepticnally lSw resistance }o fractufe
st the creck arrest point (0.5 and 0.1 J/m2 at 1000 and
1300°*C respectively). Consequently, dispersion of p-Alo0j3

particles results in o significant increese in the crachk

driving force ot arrest (4 ond 2 J/m2 respectively).

Stable,slow crack growth was achieved over a wide ran-
ge of appiied driving forces in the 2r0p ceramics dinvestiga-
ted. The lcading-Fracture—unloadihg cycles repeated on one
specimen reveoled th? response of the material to externally
applied stress as a function of the crachk extensicn and the
materials microstructure anc¢—homogeneity. The globelly messu-
red response is an average of local donditions which vary
alang the craeck fron{\in proportion to the inhomogeneity of
the material. Since the measurement of the locel resistance
to fracture is exPerimenEe&ly impossible at present, efforts
were concentrated on Hetermination of the minimum force cape-
ble of driving the crach frént. Consequently less ottentian
was paid te the intermediate and critical values of the crack

driving forces. The theoreticeal " and experimental studies
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undertaken suggest a range of new directions for future
research:
1. Experiﬁental verification of the numerical simula-

tion of the fracture toughness test utilising CN specimans.

2. Extension of the sclutions of the potential drop
technique obtained for the not-straight—througb cra;k to cur?
ved crack fronts of arbitrary shaﬁe. This gesearch areea
bridges.the achievements of the present ?hesig {devoted
mainly to ceremic materials) with other earees of matgrials
scieéce (eg. Tfatigue of maetals, fracture of conducting

o

polymers, etc.).

3. Processing of Ffine-grained zirconia-hafnia solid
solutions to synthesise ceramics composed of single tetro-

gonal phase at rcom temperature.

4. Investipgation of the thermal shock resistance and
reliability of the 2r0s/p-AlpDy composites. Also the pos-
sible extension of the p-AlpOg dispersion technique to other

ceramic matrices.

5. The strengthening of ceramic composites containing
dispersed p-Alo03 by ion exchenge of the p-Alp03 in ionie

melts. The Na* residing on the fast-conduction planes of the
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F-Algﬂé can ba relatively easily sxchanged with /LEhar ions
(K*¥, Li*, sr2+, etc.)- and the reoectivity and physicel
properties_af the .particles can be contrnlled. Tha {fon
exchange Na*ak* results-in'ﬁ_#oLQma increase of the p-Alz03.
The ion-exchange of constrained, surface Pp-Alp03  porticles
will thus induce compressive stresses. in the composita. This
is an origin;l method of inducing compressive surface
stressas in brittle materials end it is opresently being

\

studied.
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Numerical Techniques for Complianca Analysis

.
i +

'

-

=

Subroutine XCOM(Sq,S3,8,W,E,V,xp,x1,N,Z,x)

Input : specimen and test parameters
B,W,E,xq,%3,¥,51,52
x(I] array (N values); Z(x} erray, eq. 2.43

L

&

Calculate the shear correction factor,eq.” 2.38
A Y
I -1
Exit

Return C(I),dC/dx

ST specimen.Calculate

C = C(x),eq.2.42
c* = C(x+0.002)
C- = C(x-0.002)

CN specimen.Calculate:
C = C{x),eq.2.38
C* = C{x+0.002)

C- = C(x-0.002)

:

Compliance derivetive:

gC/dx = 250-({Cc*-C7)

s

I+ 1

I =
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Subroutine COMX{ S, ,Sz,B,w,E,V;xg,x1,N,Z,C1J

-

Input : specimen and test parametars
B,W,E,xq,%xg,V,51,52
Ci1(I)-arrey(N vslues);Z(x) array,aq.2.43

:

Calculate the shear correction factor,eq. 2.39

- '

initialize
I =1, x = xqg -

v

Call XCOM(Sq,S52,B,W,E,V,xg,%xq1,1,2,%)

Return C(x)=C(I)},dC/dx=CI{1I)

x=x+0.002 \

X1{I) = x
CIt{I) = CI(I)

l

Exit
Return X1(I),CIt{I}
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APPENDIX 2

Numerical Techniques for Potential Drop Analysis

Subroutine XDOP(C1,C2,C3,xg,%q,N,x)

L%

Input : specimen and test parameters
c1,C2,C3,xg,x¢,x-array(N points)

i - J
Calculete P2,P3,eq. 3.34,3.35 ' v

v

Initialize abnormally large & :|
@ = Qg = 1.25+C1

!

Set crack length increment &x = 0.002
Maximum number of slices IM=500°( 1-xqg)

initialize
x = x5 , I =1

h 4

I>IM Continue a} A

on the next page

N

Calculate @y values for all individual slices.
Store Qy in QV(I) array,i.e.:
Calculate P1(Q),eq. 3.33;XV(P1,P2,P3),eq. 3.26

| 3=Q-0.00085




~

Subroutine XDOP continued :

©

Total '# of slices along chevron slopeE
M2 = 500_'(:(1 - xo)

bl —

oox = x(J)

/.J>N Y Exit

Return J,Q(J)

J=J+1 N
3
X 2X q Y » ST casa
Q J) -.QV(M1J
N -

Current # of slices out of chevron slope
(i.e. along ST front) M1=500°(x-xq)

v

Initialize sum ; SU = 0O
Initialize counter : K = M1

h

Summarize QV[K].velues alang chevron slope,K=M1 ta M2:

.

Final Qpy formuls,eq.3.53

SU=SU+2-QV(K) ‘([ 1-x)

:

K = K +1
x = x + 0.002




A

Subroutine DOPX(C1,C2,C3,xg,xq,N,Qd)

Input : specimen’s parameters
C1,C2,C3,xg,x1,8-array(N points)

-

initialize
Jd =1, x = xq

¥

Call XDOP(CY,C2,C3,xg,xq,1,x)

F 3

Return QV(x)

Av-R( J) <0.0001 x=x+0.002

Exit
Return J,X(J)
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APPENDIX 3

Numerical Techniques for Room Temperature Fracturs Tests

Program LA (Load Relaxation)

Input : specimen and test parameters RS
B,W,E,xy,%x,V,5,,55,C4,0,N,Z(x)-array

Aead data file : time AT(J),load AP(J) ,Jd=1,N
Calculate specimen displacement Dgl(J)

Calculate specimen compliance Cg(J) -

Da(J) =D AT(J)-Cy; Cgl J)~Dg( JI/AP( J)

v

\J
Celculate initial specimen complience Cq0=Cg( x=xqg)
Call XCUM(--.XO- ra)'

!

LA starts at J=J4S
Introduce new count I=1

:

Calculate compliance,load and time increments:
DELCG(I) = Cg(J) - Cgq(us)

L

—,
DELT(I) = AT(J) =~ AT(JS)
DELP(I) = AP(J)} - AP(JS)
2 LR compliance array
€(1) = Cg0 + DELC4(I)
J>N N =g+t I=I+1

Calculate arrays of crack lengths
and compliance derivatives :
Coll XCOM(...C(I)...). Return X(I),CI(I)

A\ v

, F%i I=1,N~JS calculatse

crech velocity,eq. 4.3
Gr,eq. 2.50

I

Print and/ecr plot results —¢G§ED




Program LFURT
{Loading-Fracture~Unloading at HAoom Temperature)

-

Input : specimen and test paramaeters
B,W,E,x,,xo,v,s1,52,q,2(x] array

l

LAY

o For I=1,N read data file.For each LFU cycle:
N Permanent deformation DP(I);maximum load PM(I);
E&' e ‘load at unloading PU(I);loading compliance CL(I)

Colculate initial spacimen compliance Cg0
Call XCOM(...xg...)

Ffor I=2,N compliance increments are:
DELC(I) = CL(I) - CL(1)

l

LFU compliance array

C(I) = Cgq0 + DELC(I)
I = 2,N

.Crack length for each cycle

Call COMX[...C(I)...)
I = 2,N

-J,

Work of fracture
WaolI),Wo(I),eq. 4.4,4.5
Re(I),Rn(I),eq. 2.172,2.18

I = 2,N

l

Print end/or plot results

T

@ .
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Numerical Techniques for.Elavatnd
Temperatures Fracture Taests

—
[V
-

Program LFUHT "
(Loading-Fracture-Unloading at High Temperatures)

Input : specimen and taest parameters
B,W,E,¥,xq,x9,5¢,55,C1,C2,C3,U0
Z(x)~array,eq. 2.43

!

For i=1,N read data fila.For.each cyclea:
Moaximum load PM(I);load at unloading PU(I);
constant (losding) potential drop UL(I);
colculate asrray Q{I) = UG/UL(I)

2

Calculate Cqgss by'§u§ﬁping range of C4 valuas:

initializae
Cqy = k*Cyqy , & < 1

4

Call XDOP(...xp,Cq...)
’ Return QV

215

Q(1)

Cq=Cy+aly

For I=1,N calculate crack length array X(I)
Coll DOPX{...Q(I),Cy...)

.

For I=1,N colculate loading compliance at x=X(1I)
Call XCOM(...X(I)...)
Return C(I),dC{I)/dx

:

Based on C(I),PM(I),PU(I),reconstruct elastic
part of load-displacement diagram
Proceed as in LFURT with Hﬁ calculations

:

Print and/or plot results

2
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APPENDIX S

. Symbolic Names of the Synthesized Materials

Zirconie - Hafnia Solid Solutions

Mole % of zirconia replaced by hafnias

Preparation —————— Ftomm———— Fm————— tmm—————— tom e ——
Method ] O | 10 I 20 | 30 I 100
tommmm———————————— m—————— fm—————— fmm—————— bmm————— o ——— +
| Mixaed Oxides (OM)]| | | ] | }
| stabilized by | | | I \ |
| 4.5 m% YoOg | PO I Pt | P2 | P3 ] PSH |
| | } [ | | !
| 6.9 m% YoD3 | F@ | F1 | F2 | F3 |  FsSH
| | | | } | |
et m e e — e —— m————— +——————— o ———— ——————— - +
| Spray-Freeze I I | | I i
| Freeze-Dry 1 POA | P1A | P2A | - i -
| { SFFD) ! | I I I i
e m dom———— tmm————— tm—————— tmmm———— m——————— +

Zirconia - p-Alumina Composites (ZBA)

m% YoO3 Average size of 20 vol.X p-Alp03 particles [ im]

in solid +---------————e——n o to——————- o ——— +
solution | O (pure matrix) | 50 | =]a] | 120 I
———————————— T T el ik et ettt o
4.5 | 24 (PS2Z) | Z4As5Q | 2Z4ASD | Z4A120
------------ Bt et ettt bt T T T Tt
6.9 ] 28 (FsZ) ] ZBASD | ZBA90 | Z28A120 |
———————————— D N e e
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‘Fig. 4-14 Schematic leoading-fracture-unloading (LFU) record
and method of the fracture energy determination
for general brittle nonelaestic material.



T 7.

~—

i I T T

Y
4 2
3 o
o] 3 -
T
=)
; T Ek-—-_.. J
- — ) ry | o
A
i 1 “"
) " ' / | /
| é- ."" \\ _
1 _“
_ w""
! o
“ . ;
I -‘ -
I
1
)
W |
| - < |
I
-
=
3
i

temperature losding fixture.

4-15 High-

Fig.



POTENTIAL DROP

50

|

-LOAD ) i= const

Fig.

——————

GALVANOSTAT

33

%

SPECI |MEN

Tt

U~A

POTENTIAL DROP U

4-186 Schemoatic load ageinst potential drop record for

LFU experiment.



51

.

fig. 4-17 Energy interchange for linear, fixed displacement
unloeding of an elastic-plastic elestic system,
[(166].
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Simultanecus results of Potential Drop and Compliance
Analysis for frecture testing of graphite specimen
#67,at 1i=200 mA :(A) Load vs. potential drop LFU
diagram;(B) Load vs. displacement LFU diagram;

(C) Crach length determined by PD ( xpp) against that
determined by CA (xpa);(D) Resistance to fracture

of graphite,datermined simul$éneously by PD (closed
circles) and CA (open circtEs) .Also are provided
results at i=100 mA and =0 mA, obtained by CA.
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Simuloated errcr ax/x in the crack length
determination by Compliance-Analysis (A) and
resulting relative error in the crack driving force,
4G/G (B), at increasing error in the compliance
reading &C/C=Z-(x-xg),-Z=0.1 ; 0.3 ; 0.5.

The results are plotted against the crack length.
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4-22 Scatter of the crack length values calculated
from PD, x,, at simulated error aCo=+40%,
plotted against true crach length x.
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Fig. 4-23 Relative error in the crack length celculation (A)
and resulting relative error in the crack driving
force, 86/G(B) at uncerteinity in the interprobe

distance aCo = 0.1

0.4. The results are

plotted against the crach length.
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Maximum total error of the crack driving force
calculation, &G/G, at elevated temperatures by PD
technique and at room temperature by CA technique.
The deta are plotted against the crack length
increment for typical specimen of xp=0.4.
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Fig. 4-25 Hypothetical calculated load-displacement graph
for one LFU cycle at true (1) and underastimated
(2) values of the Young’'s Modulus.
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X-ray diffractogrems for Zr0s-Hf0s solid

soluticons,

obtainad in LTC-0OM (mixed oxides) route.
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5-3

X-ray diffractograem records for /Zr0p-Hf0p solid
solutions, obtained in LTC-SFFY (spray-freezed

freere-dried) route.
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Microstructures of zirconia-hafnia solid
solutions:{A) PO ;(B) P1 ;(C) P2 ;(D) P3.
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Fracture surface.

(8]

1

{A) Polished section



HfOp stabilized with 6.9 mole % Yo03 :
(A) Polished section;(B) Frectura surface.
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Fig. S-11 Static elastic modulus of LTC-SFFD materials
N against temperasture.
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Fig. 8-16 X-rey diffracticon records for partially
stobilized rirconia-beta-alumina compasites.
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Fig. 5-17 Stotic elastic modulus of PSZ-beta-alumine
compesites ageinst temperature.

75



LRI -
R

TE
g

=

Fip. 5-18 Microstructures of PSZ-beta-alumina composites
centaining: (A) O vol.% PAloOq ; (B) 20 vol.% 50 um
large particles ; (C} 20 vol.% 90 um large parti-
cles and (D) 20 vol.% 120 Um large particles.
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5-19 Microstructures of FSZ-beta-alumina composites
containing : (A) O vol.% pAloO3 ; (B} 20 vol:% SO um
large particles ; (C) 20 vol.% 90 Um large parti-

cles and (D) 20 vol.% 120 um large particles.
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5—23 Fracture testing results for P1 type ceramics
{B) Resistance to
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5-28 Fracture testing regults for SFFD type ceramics

Load-displacemant record for POA
{8) Resistance to fracture compiled for POA and P1A
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5-37 Fracture testing results for Z4A90 type ceramics



5-38 Fractogrephy
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of 24A90 type ceramics :
crack ; (B) Frecture surface.
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5-39 Fracture testing results for Z4A120 type ceftamics
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Fig. 5-43 Fracture testing results for ZBASO type ceramics
{A} Load-displacement record ; (B) FResistance to
fracture compiled for three specimens.
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5-44 Fractography of ZBAS0 type ceramics
{A) Arrested crach ; (B} Fracture furface.
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S-45 Fracture testing results for ZBAS0 type ceramics
{A) Loadg-displacement record ; (B) Resistance to
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Fig. 9-46 Fractography of 28AS0 type ceramics :
(A) Arrested crack ; (B) Fracture surfece.
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Fig. §-47 Fracture testing results for Z8BA120 type ceramics
(A) Load-displacement record ; (B) Resistance to
fracture compiled for four spetimens,
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Fig. 5-50 Load-relaxation results for commercial PSZ:
(A) Continuous test up to criticel conditions ;
(B8) Specimen unloaced and relosaded.
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Fig. 5- 53 Elevated temperature. fracture testing results for
POA type ceramics: (A) Load vs. potent:.al drop at
1000°C, i=1 mA ; (B) Load vs. potential drop at
1300"0, i=5 mA ; (C) Resistance to fracture.
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Fig. 5-54 Fractography of POA type ceramics : (A) Arrested

(8) Fracture surface at 1000°C.
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5-55 Fracture testing results for P1A type ceramics:
{A) Load vs. potential drop record at 1300°C; '
(B) Resistance to frecture at 1000 and 1300°C.
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5-55 fFracture testing results for 24AS0 type ceramics
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5-80 Fractography of Z4A50 composite : {A) Fracture
surface at 1000°C ; (B,C) Particles pull-out at

1300°C ;
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(D) Crack-particle interaction at 1300°C.
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5-62 Fracture testing results for Z4A120 type
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5-64 Fracture testing results for Z4A120 type ceramics

at 1000°*C

(A) Load vs.

potential drop record

.{B) Resistance to fracture (two specimens).
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Fig. 5-69 Fractography of Z4A120 composite tested at
1000°*C : (A) Arrested crack ; (B) Fracture surface.
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Fig. 5-66 Fracture testing results for Z4AI20 type ceramics

at 1300°C

(A) Load vs. potential drop record

]

(8) Resistance to frecture (three specimens).
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Fig. 5-67 Fractography of Z4A120 composite tested at
1300°*C : (A) Arrested crack ; (B) Fracture surface.
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S-72 Fractography of FSZ at alevated temperatures
(A) Fracture surface at 1000°C ; (B} Creck
arrested at 1300°C.
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Fig. 5-73 Fractography of Z8AS0 at elevated temperaturaes
(A) Fracture surface at 1000°C ; (B) Crack
"arrested at 1300°C. -





