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Abstract—Analysis of microcrack toughening in Al,O;/ZrQO, is presented. The study consists of
experimental measurements of the microcrack parameters that dictate the predicted level of toughening,
as well as calculations of the toughness using microcrack models based on the microcracks observed in
the process zone. An effective comparison between theory and experiment is thereby achieved. The
comparison reveals moderate agreement, but also establishes that several aspects of microcrack tough-
ening are not yet sufficiently developed to allow prediction of trends in toughness with microstructure.

Résumé—Nous présentons I'analyse du durcissement des microfissures dans AlO,/ZrO,. L’étude
comprend des mesures expérimentales des paramétres des microfissures qui contrdlent le niveau prédit de
durcissement, ainsi que des calculs de durcissement a partir de modéles de microfissures basés sur les
microfissures observées dans la zone étudiée. Nous comparons donc réellement la théorie et 'expérience.
Cette comparaison révéle un accord moyen, mais elle montre également que plusieurs aspects du
durcissement des microfissures ne sont pas encore assez développés pour qu’on puisse prédire les variations
de la dureté avec la microstructure.

Zusammenfassung—Die Zihigkeitsverbesserung durch Mikrorisse wird in ALO,/ZrO, analysiert. Die
Untersuchung zieht experimentelle Messungen der Parameter der Mikrorisse, die die vorausgesagte Hohe
der Zihigkeit bestimmen, heran und benutzt Berechnungen der Zahigkeit, die mit MikroriBmodellen auf
der Basis der in der ProzeBzone beobachteten Mikrorisse durchgefiihrt werden. Dadurch kénnen Theorie
und Experiment wirksam miteinander verglichen. Aus diesem Vergleich folgt eine miBige Ubereinstim-
mung; er zeigt jedoch auch, daB einige Aspekte der Zihigkeitverbesserung durch Mikrorisse noch nicht
geniigend entwickelt worden sind, um die Tendenzen der Zahigkeit in Abhingigkeit von der Mi-
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krostruktur vorhersagen zu konnen.

1. INTRODUCTION

The toughening of ceramics by a microcrack process
zone has been extensively speculated upon in the
literature [I1-3]. The most recent and comprehensive
approach [4-6] establishes considerable similarities
between transformation and microcrack toughening,
by relating the change in toughness to the permanent
dilatation and the reduced modulus of the material in
the process zone. In microcracking materials, the
requisite dilatation arises because the microcracks
relieve local residual tensile stresses, caused by ther-
mal expansion mismatch [4, 5], transformation [7] etc.
Despite the extensive theoretical research on the
subject of microcrack toughening, there have been no
systematic experimental studies that attempt to pro-
vide the basis for a direct comparison between theory
and experiment. The purpose of the present study is
to provide a closely coupled experimental and theor-
etical investigation of this phenomenon.

tFormerly with the MPI fir Metaliforschung, Stuttgart,
F.R.G.

Recent studies on zirconia toughened alumina [8]
(ZTA) suggest that this material is an ideal candidate
for such a systematic investigation. Specifically, in
this material, there is a minimal effect on toughness
of the ratio of monoclinic to tetragonal ZrO, (Fig. 1),
implying that transformations and microcracking
have similar toughening potency. Furthermore,
transmission electron microscopy studies have re-
vealed the existence of a microcrack process zone in
ZTA containing predominantly m-ZrO,. Present
logic thus suggests that macrocrack propagation pro-
vides the additional stress needed to initiate micro-
cracks at thermally-transformed (but uncracked)
monoclinic particles.

The microcrack toughening models [4-6] indicate
that the toughening should relate to such quantities
as: the number density of microcracks in the process
zone, the microcrack length distribution and the
residual opening of the microcracks. Measurements
of these quantities are afforded primary attention in
the experimental component of the present research.
Thereafter, the toughening pertinent to the micro-
crack morphologies observed in the process zone is
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predicted, using established procedures [6,7]. The
comparison between theory and experiment then
provides the requisite assessment of the potency of
the microcrack toughening process.

2. EXPERIMENTAL

2.1. General features

The present microstructural studies were per-
formed on various ZTA materials [8). Each material
studied contained 15 vol.% ZrO,. However, by utiliz-
ing different processing procedures the proportion of
ZrQ, thermally transformed to the monoclinic phase
was varied between 14 and 77% (Fig. 1).

Transmission electron microscopy (TEM) studies
have revealed that all ZrO, particles and Al, O, grains
in these materials are facetted and that the ZrO,
particles are intercrystalline. The size distribution of
the grains and particles have been measured from the
projected areas, A, by estimating the radii, b, in
accordance with 2b =,/ [9]. The direct estimation
of the size distribution from the projected area is
clearly applicable only when the foil thickness ex-
ceeds the effective radius of the largest micro-
structural feature. Consequently, foils up to 0.8 ym in
thickness have been used for this analysis, to ensure
incorporation of the majority of particles (Table 1).
The radii determined in this manner were separated
into different nonlinear size groups [9] (Table 1). The

Table 1. Particle radius range (in pum) of the
different size groups—Ilogarithmic scale

Size group Lower bound  Upper bound
1 0 0.05
2 0.05 0.07
3 0.07 0.09
4 0.09 0.12
5 0.12 0.16
6 0.16 0.22
7 0.22 0.30
8 0.30 0.40
9 0.40 0.50
10 0.50 0.71
11 0.71 0.96
12 0.96 —
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Fig. 1. Trends in the strength and toughness of ZTA with
relative tetragonal content for a 15 vol. % ZrO, material.
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Fig. 2. ZrO, particle size distribution for the materials

having 14 and 77% of the ZrQ, in the monoclinic form, The

size groups are defined in Table 1. All particles larger than
b, are monoclinic.

resultant ZrO, particle size distributions are sum-
marized in Fig. 2, using the volume fraction per size
group as the ordinate. In accordance with previous
studies, ZrO, particles with radius b, > 0.3 ym were
found to be monoclinic, and contained twin lamellae.

All grains (AL,O, and ZrO,) were determined to be
circumvented by a continuous amorphous grain
boundary film, as revealed by dark field TEM [11]
(Fig. 3). Additionally, small interfacial microcracks
were usually observed between monoclinic ZrO, par-

b
Fig. 3. TEM micrographs indicating the continuous amor-
phous grain boundary phase. (a) Bright field image, (b) dark
field image: the bright lines at the grain boundaries are
indicative of an amorphous grain boundary phase [11].
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Fig. 4. Three examples of microcracks observed at twin
terminations in the Al,0,/ZrO, interface,

ticles and the Al,O, matrix grains in those regions
where the twin planes of m-ZrO, terminated (Fig. 4).
Occasional, thermally-induced microcracks were also
detected, remote from the macrocrack (Fig. 5). These
were invariably associated with larger monoclinic
ZrO, particles: the largest having a diameter of
~7 um. These cracks are believed to dominate the
strength, resulting in strength less than those appar-
ent in the predominantly tetragonal material (Fig. 1).

AM. 35/11—G
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Fig. 5. A TEM revealing a thermally induced microcrack at
a large thermally transformed monoclinic ZrO, particle.

2.2. Microcracks

Matrix microcracking caused by the growth of
macrocracks was studied by introducing steady state
macrocracks and preparing thin foils at four dis-
tances, y, from the macrocrack plane (0.5, 1.5, 3 and
6 um). The preparation of such foils required the
development of a special thinning procedure.
Specifically, a cylinder was cut normal to the macro-
crack surface. A prescribed layer (0.5, 1.5, 3 or 6 um)
was then sputtered from the crack surface by cali-
brated ion-thinning. Finally, back thinning generated
the thin TEM specimen located at the requisite
distance from the crack plane.

Radial matrix microcracks were observed, as
exemplified in Fig. 6. All such radial microcracks
occurred along grain boundaries in the Al,O,. Usu-
ally, the interface between the Al,O,; and ZrO, was
debonded at the origin of the microcrack (Fig. 7).

The detectability of radial microcracks depends
sensitively on their inclination with respect to the
incoming electron beam. In particular, the visibility
decreases strongly and the characteristic defocus
changes drastically when an overlap occurs with the
projection of the flanks of the microcrack. This
condition develops when the inclination angle be-
tween the flanks of the microcrack and the incoming
electron beam exceeds, tan~! (8 /c), where & represents
the residual opening and ¢ the length of the micro-

Fig. 6. A TEM micrograph revealing a typical microcrack
in the process zone.
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Fig. 7. A TEM micrograph showing the debonding of the
interface near a microcrack.

crack.t Trends in the visibility of microcracks upon
tilting around one axis (Fig. 8) indicate that, in
essence, because & /¢ is small, tilting in all directions
would be needed to detect each microcrack present in
the foil. However, tilting in the TEM is limited to
+45° in all directions so that only 0.3 of the solid
angle is covered. Therefore, the fraction of detectable
microcracks is limited to ~0.3.

Subject to this detectability limitation large regions
of TEM foils of known thickness have been in-
vestigated. One example is shown in Fig. 9, wherein

tIn cases where the microcrack extends completely through
the TEM foil, ¢ corresponds with the foil thickness ¢.

LAkl §

Fig. 9. A TEM micrograph with all observable microcracks
marked.

all microcracks observable under different tilting
conditions are marked. It is noted, on average, that
at least 2 microcracks emanate from each m-ZrO,
particle. In most cases, the microcracks terminate at
the Al,O, grain triple junctions. The associated
projected length, /, of each microcrack was nieasured
and related to the radius, b, of the originating mono-
clinic ZrO, particle (Fig. 10). Additionally, the re-
sidual opening of the microcracks, § was determined
at the ZrO, particle intersection, where the opening
is usually largest (Fig. 11).

Fig. 8. A tilting sequence indicating the technique used to trace microcracks.




RUHLE et al.:

Pamcle\ Microcrack
’E‘ 20 /\
ES Py 1
=z ~ .
c 156 .
E} .o,
c
T P
9 .
% 10 . ® . . :
I . - .
o
.

Soske o+ " *
= b .

0 bt 1 1 1

0.35 0.5 0.75 1.0

Monoclinic ZrO» Particle Radius, b (um)

Fig. 10. Trends in microcrack length, /, with the effective
radius, b, of the associated monoclinic ZrQO, particles.

The utility of microcrack length measurements is
facilitated by defining a representative geometry and
determining the related microcrack density parameter
[12].

e=N{» )

where N is the number of microcracks per unit
volume and ¢ is the relevant microcrack dimension.
Evaluation of the microcrack profiles observed by
tilting suggests that each ZrO, particle is circum-
vented by a radial microcrack [Fig. 12(a)], consistent
with the symmetry of the residual strain field around
each particle. The model depicted in Fig. 12(b) is thus
used for further analysis.

A number of difficulties exist regarding evaluation
of ¢ from TEM foils primarily because applicable
foil thickness (0.8 um) provide only limited sec-
tions through the microcrack/particle configuration
(Fig. 13). Sections that intercept the microcrack, but
not the particle (Section II in Fig. 13), would not
reveal the microcrack, because removal of the ini-
tiating particle eliminates the residual opening. Fur-
thermore, sections that intercept only a small segment
of the particle (Section III in Fig. 13) are also subject
to appreciable relief of the residual opening and
hence, exhibit restricted microcrack detectability.
Consequently, the analysis of microcrack densities is
essentially limited to sections that intercept the par-
ticle at both surfaces of the foil (Section I in Fig. 13).
For very thin foils, Fig. 13 indicates that the detected
fraction should be ~b/(b + ¢). Hence, studies per-

2
b
w .
=3 .
£ .
L .
O
x . - « ®
]
E « e . .
3 .
5 o002 * .
2 )
®
: Y
3 6
& | L I:*/
0.35 05 0.75 1.0

Monoclinic ZrO, Particle Radius, b (um)

Fig. 11. Trends in residual crack opening with particle size.

MICROCRACK TOUGHENING IN ALUMINA/ZIRCONIA

2705

ZrO, particle

Y Microcracked
‘grain boundaries

a. Suggested microcrack configuration

,Particle

Annular
microcrack |

¢. Micro mechanics model

Fig. 12. The microcrack model used to measure crack

densities and to analyze the changes in crack volume and

elastic modulus: (a) a schematic drawing of a typical

configuration; (b) the microcrack model used for analysis;
(c) the mechanics model.

formed on foils ranging in thickness between 0.1 and
0.8 um have been used to examine sectioning related
detectability,

An example of the frequency distribution, (/) d/,
of projected microcrack lengths, (governed by the
above restrictions) measured on a series of TEM foils
from the material containing 77% m-ZrO, is plotted
in Fig. 14. The microcrack density may be evaluated
from such a frequency distribution by using a pro-
cedure devised by Budiansky and O’Connell [12],

€= (6/7r)f Pr)dl/q 03)

0
where ¢ is the fraction of microcracks detected. The
results obtained are plotted in Fig. 15 recalling that
two traces constitute one annular crack (Fig. 13).

Several features are evident from Fig. 15. The
microcrack density diminishes with distance from the

RN

AR %{&zction i

Section |

Section Il

Fig.‘ 13. Typical thin foil sections through microcracked
particles. Only microcracks intercepted by sections of type
I are consistently detected.
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tances (0.5, 1.5, 3 and 6 um) from the crack plane obtained

on a material containing 77% initial m-ZrO,. Note the
position insensitivity.

crack plane. A maximum density ¢, adjacent to the
crack surface suggests a saturation value, governed
by the total ZrO, particle content. The decrease with
distance y is approximately linear, such that

¢ ~¢(1 — y/h)

where A is the process zone width.

4

3. SOME BASIC THEORETICAL RESULTS

The changes in toughness imparted by a micro-
crack process zone [4,6,13] are based on deter-
minations of the volume increase, AV, provided by
the residual opening of the cracks and changes in
elastic properties. The dilatation and modulus reduc-
tion can then be incorporated into expressions for the
microcrack toughening [4, 6, 13]. The magnitudes of
the dilatation and of the modulus reduction depend
both on microcrack geometry and the stress-free
strain caused by thermal transformation and thermal
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Fig. 15. Trends in the microcrack density parameter,
€ = N{c*), with distance y from the crack surface.
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expansion mismatch, as discussed in detail elsewhere
[6, 7]. The results presented in this section are special-
ized to the predominant microcrack geometry in-
ferred from the present observations on ZTA, [Fig.
12(b)] and expressed in terms of the characteristic
dimensions ¢ and ¢ = ¢/b [Fig. 12(b)], as well as the
residual opening, 8, of the representative annular
microcrack.

Analysis of the residual dilatation caused by the
microcracks commences with a determination of the
crack opening displacements, governed by the trac-
tion distribution depicted in Fig. 12(c). The analysis
reveals (Appendix) that the microcrack opening is
almost triangular, except near the tip, consistent with
the microcrack observations (Fig. 7). The volume AV
between the crack surfaces can then be derived as
(Appendix)

AV /b2 ~ 3.6¢. )
The dilatation, 8 = NAV, is thus
0 =g(&)G/b) (6)

where
g(¢)=3.6¢72

The modulus change can be deduced using the
method of Budiansky and O’Connell [12] utilizing the
strain energy removed upon formation of the micro-
crack. For annular microcracks having the geometry
depicted in Fig. 12(b) the reduced shear modulus, f,
of the composite is derived as (Appendix)

I —lp = (16/9)e(l + 227"
[_ 6.8[(27+2¢)" — EY(E +2) ]
n (@) (d/b) + (& + 280" <]
= eH(C, i/, d/b) ()

where y, is the shear modulus of the ZrO, particle,
and dis the extent of crack growth along the interface
[Fig. 12(c)]. For the modulus ratio pertinent to ZTA,
plup,~2,d/b = 1 (Appendix), and for £ characteristic
of the present material (£ ~14, Fig. 10),
H ~58— 8¢

The change in toughness caused by crack shielding
from a microcrack process zone is expressible in
terms either of the J-integral or the stress intensity
factor K, depending upon the criterion for crack
extension. The use of K is deemed most appropriate
when the microcrack density exhibits saturation
near the crack tip [4, 6, 13]. Consequently, since the
present results for ZTA exhibit a tendency toward
saturation (Fig. 15), the solutions provided by the
appropriate K analysis are used for purposes of
further consideration. However, this choice is not
critical to the subsequent comparisons between ex-
periment and theory. At lowest order, for small scale
microcracking, the shielding contribution from the
modulus reduction and from the dilatation can be
regarded as independent and additive. The steady-
state dilatation shielding AK, for sub-critical micro-




RUHLE et al: MICROCRACK TOUGHENING IN ALUMINA/ZIRCONIA

cracking when 6 — 0 at y = A is given explicitly by [7]

A+ v (1O

d=v) Jo

where y is the distance from the crack plane and A is
a coefficient that depends on the constitutive law that
characterizes the microcracking process. For phys-
ically reasonable laws, A ranges between ~ 0.4 and 1.0
{7]. The former obtains for microcracking controlled
by the mean stress, while the latter applies when
microcrack nucleation is dictated by the maximum
principal tension. The appropriate choice must be
consistent with the microcrack observations.

The steady-state shielding induced by modulus
reduction, AK,, is independent of the size of the
process zone, h [4, 6], but has some dependence on
zone shape and on the form of the constitutive law
that governs microcracking. A close approximation
suitable for initial purposes is [6];

AK,
e GREDITE)

+ (ky + 3/ u/i —IA =)' (9

where k; ~ 0.017 and k, & —0.043, as appropriate for
microcracks generated by a critical mean stress, and
K refers to the composite. Deviations from additivity
of AK, and AK, occur when these quantities exceed
~0.2 K and when interaction effects cause changes in
zone shape [13].

AK, = y(0)do ®

4, COMPARISON BETWEEN THEORY AND
EXPERIMENT

The initial basis for the comparison between theory
and experiment centers upon the measurements of
microcrack length and orientation. As revealed in
Section 2, these measurements indicate that the

1.0
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microcracks have essentially random orientation at
all locations with respect to the crack plane and that
the microcrack lengths have no systematic de-
pendence on the distance from the crack plane. These
measurements have several implications. The invari-
ance and randomness indicate that microcracking is
dominated by the initial residual field around the
particles, even close to the crack plane, suggestive of
relatively low stresses everywhere within the process
zone. Such behavior is consistent with substantial
microcrack degradation of the tip toughness as elab-
orated below. The orientation randomness also
suggests that the contribution of the residual strain
field to toughness is dictated by the dilatational
component.

The residual strain contribution to the shielding can
be deduced from equation (4), (6) and (8) as

AK ;= —(2/3)(1 +v)ip
X (8/b)g()en/h(1 —v)™" (10)

with & being the average value obtained from Fig. 10.
The appropriate values of the parameters in equation
(10) are: ¢ ~ 1.4 giving g = 1.84,5/b ~ 0.03 (Fig. 11),
p ~ 150 GPa, ¢, ~0.15 (Fig. 15). Consequently, for
the material containing 77% m-ZrQ, (h ~ 7 um) the
residual strain induced shielding is, AK; = —2.5+
1 MPa_/m.

The modulus induced shielding depends only on K
for the composite and on ¢,. With ¢, =0.15 and
¢ =14, ji/u is obtained from equation (7) as, 0.4.
Then, with K = K, = 6 MPa./m (Fig. 1) the modulus
shielding is obtained from equation (9) as AK, =
—~5+2MPa,/m.

Simple addition of the dilatational and modulus
contributions would indicate toughening, AK, =~
7.5 MPa\/r;, sufficiently large to account fully for

g(&)/{1+8)

a  Numerical results
Linear interpolation
----- Quadratic approximation

] ] ] |

] | ] il ]

0 0.2 0.4

0.6 0.8

Particle-microcrack radius ratio, 1/ (1+&)

Fig. 16. Trends in the crack volume parameter g with relative crack radius ¢.
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the measured toughness K, ~ 6 MPa,/m. It should
be appreciated, however, that the individual con-
tributions to the shielding are relatively large and
additivity is not strictly valid. Interaction effects must
be taken into account [13] (Appendix) before more
rigorous comparisons between theory and experiment
are attempted. Nevertheless, the present comparison
implies that the intrinsic fracture resistance of the
material at the macrocrack tip, as degraded by micro-
cracks, is appreciably smaller than the toughness of
the Al,O, matrix. Such behavior would be consistent
with the existence of a relatively low stress near the
crack plane, as noted above. More definitive assess-
ment of degradation effects awaits computation of
the interaction between the dilatational and modulus
shielding for the specific microcrack geometry de-
picted in Fig. 12.

It is of interest to note that, for the present case,
the modulus reduction and dilatational contributions
to the shielding are similar in magnitude. This is
important to appreciate because the former con-
tribution cannot be readily changed, being governed
almost entirely by the saturation microcrack density,
€. However, the dilatational contribution may be
enhanced by increasing both the process zone size
and the microcrack density within the zone. This
might be achieved by superior control of the m-ZrO,
particle size distribution which in turn, affects the
nucleation of the microcracks.

5. CONCLUDING REMARKS

The present study demonstrates the importance of
a close quantitative coupling between theory and
experiment when attempting to interpret toughening
mechanisms. In particular, the study reveals that a
number of substantive problems exist in the analysis
of microcrack toughening; both experimental and
theoretical deficiencies are evident. Among the prob-
lems are a poor fundamental understanding of the
degradation caused by the microcracks directly ahead
of the crack front, limited knowledge of interactions
between modulus and dilatational contributions to
crack shielding, as well as experimental microcrack
detectability limitations in the TEM. These topics
require further study before authoritative conclusions
can be reached regarding toughening in ZTA and
before ab initio predictions of toughening trends can
be contemplated.
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APPENDIX: SOME MECHANICS SOLUTIONS
FOR RADIAL MICROCRACKS

Al. Dilatancy

Microcracks generated around prestressed particles cause
dilatancy by relief of the constraint stresses. The resulting
strain experienced by an unstressed macroscopic sample
containing N randomly arranged cracks per unit volume is
simply N times the average volume contained within the
cracks. An important aspect of this volume for microcracks
around m-ZrO, particles in Al,0,/ZrO, is the residual crack
opening that exists at the particle-matrix interface. This
opening is allowed when the interface is partly decohered,
as shown in Fig. 12(b). This configuration has been
simplified to the model shown in Fig. 12(c) with the final
constraint stress p regarded as uniform and unijaxial in the
particle. The opening of such microcracks is assessed by
calculation of the effect of the stress in the particle applied
as a traction on the surface of a penny shaped crack.

Sneddon [14] has derived the opening of such an axisym-
metrically loaded crack as

T(p)p dp

| =l

at—r al— p
where T'(r) is the traction applied to the top and bottom
surfaces, i and v are the macroscopic shear modulus and
Poisson’s ratio for the microcracked composite material and
a=b+c When T= —p for 0<r <b and is zero other-
wise, the integral (A1) gives

da (AD)

50r) = % (&2 +26)2 — ]S (g 5)
(A2)
where
S(p; &) ={[(1+ &) —p2”
X [1+& —[(1+ £ — I2Y( + )
+ plE(Up, 7/2) — E(1/p, $)]
— p(l = Up2)F(1p. n/2)
— F(l/p, $IYALCL + € — 12 — £} (A3

and ¢ =sin~'[p/(1 + &)]. The terms F and E are elliptic
integrals of the first and second kind respectively such that

F(k, ¢) = (Ad)

¢

and
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¢
E(k,¢):f (1 — k?sin%8)'2d0. (AS)
0
(It should be noted that equation (A2) corrects an error in
equation (3.3.2) of Sneddon [14]). Evaluation of equation
(A2) at r = b gives

or = —4bp(1 = V)(E*+28)"* — L/mp.

(In the text the subscript R has been dropped from dg.)
It follows from equations (A2) and (A6) that, since
S(1; &) =1, then

(A6)

5(r) =0 S(r/b; &)

The volume within each microcrack is related to the opening
by

(A7)

c+b
AV =2n f S(ryrdr (A8)
b
=b%%p¢($) (A9)
where
1+¢
¢c(f):2ﬂ.[ S(p; &)p dp. (A10)
1

The integral in equation (A10) has been evaluated numer-
ically and the results shown in Fig. 16. The function ¢ (¢)
can be approximated by

$o(8) = &g (L) = 3.56¢ (AID)

and the comparison with the numerical results is shown in
Fig. 16. The approximation (All) is used in equation (5) in
the text.

A2 Modulus reduction

The self-consistent method may be used to estimate the
change in the macroscopic elastic moduli caused by micro-
cracks. This method requires the calculation of the strain
energy increment due to the introduction of the micro-
cracks, in the absence of constraint stresses, but in the
presence of applied stress. As before, the simplified model
illustrated in Fig. 12(c) is used. The applied stress is
considered to be hydrostatic and the bulk modulus calcu-
lated, leading to an estimate of the shear modulus. The
strain energy can be computed by first evaluating the
microcrack opening.

The opening caused by the applied stress ¢ acting on a
penny shaped microcrack is [14],

8, (r)=4c(1 — V[ + ) — r?)'¥mj. (A12)

This opening tendency induces a tension in the particle, o,
modelled as uniform. The contribution to the opening due
to o, for r = b is given directly by equation (A2) with p
replaced by o,. The resultant microcrack opening is ob-
tained by summing equations (A2) and (A12). Atr = b, the
net opening is
8*b =4(1 - P)[(6 — o, )&+ 28) P+ g l)ma.  (Al3)
Given that the strain in the particle is approximately o */2d
[where d is the interface crack length, Fig. 12(c)], the
uniaxial stress in the inclusion can be related to the opening
by
o,=E,6*/2d (Al14)
where E, is Young’s modulus for the particle. Thus é* can

be eliminated between equation (A13) and (A14) to give an
explicit expression for the stress

(62+2c)1/26
Op =~ — - 2 2z
nad/2(1 = V)Eb + (§°+28)"2 — ¢

The resulting combination of equations (A2) and (A12)
gives the required relation for the opening

(A15)
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do(1— )b
=0 {[“ O - /by
(G +20)PS(r /b DIE +26) — ¢]
niad/2(1 — V)Eb + (2 +28)'2—¢ |
(A16)

The microcrack opening is related to the strain energy
removed from the system by reversible microcrack for-
mation, U, as

btc
UEGTI.[ ré(rydr

2671 — (7 +2)"
h 3nga

3D+ 28 - <]
mid(2(1 — F)E,b + (§2+28)'2 - ¢ [

{2ﬂ(éz+2€)

(A17)

The self-consistent model [12] requires that the strain energy
in the microcracked body be the sum of that stored in the
uncracked material and that removed from the system by
the reversible formation of the microcracks at a fixed
macroscopic  stress. Consequently for N identical iso-
tropically arranged microcracks per unit volume

2B =¢%*2B + NU (A18)
where B is the bulk modulus of the uncracked material and
Bis the effective bulk modulus of the microcracked material.
The above result contains the unknowns, B, v, and
i =3B(1 —2v)/2(1 + 7). However, with the simplification,
v =7 = 0, the shear modulus can be explicitly derived as

16e(1 4+ 261y
B 9
{1 _ L70[(E2 + 28 — EJNE +2)
niid [Au,b + [(E2 +28)'? - £]

Some confidence in this simplified result can be gained by
examining the limit ¢ — oo, representing microcracks with
very small central inclusions. Specifically equation (A19)
gives, fg/u =1 — 16¢/9, which approximates well the exact
result for penny shaped microcracks [12]. Trends in the
shear modulus have been computed from equation (A19) for
selected values of ¢, £ and u,b/ud (Table Al).

For present purposes, an estimate of d needed to obtain
fi/u from Table Al, can be deduced from the measurements
of residual microcrack opening. This opening must be
produced by a combination of transformation and thermal
strains, such that the traction p [Fig. 12(c)] is

P~ E,(0/2d —07)

Ezl
U

}. (A19)

(A20)

where 07 is the net unconstrained misfit strain normal to the
microcracks. This expression for p can be inserted into
equation (A6) to give

b 20"h i

d- 6y 2Al—DENE +2E) " —¢]

with 0T~ 0.019,3/b ~ 0.03, /i ~ 1 and & = 1.4,d/b ~ 1.5.
The interface crack is thus predicted to extend substantially
along the particle-matrix interface. Such behaviour is seem-
ingly consistent with the observations of interface cracking
(Fig. 7).

Incorporating this value for d/b into equation (A19)
indicates that for & ~ 1.4

(A2])

A/ —5.8¢ +8¢2 (A22)

as noted in the text,




2710 RUHLE et al.:

MICROCRACK TOUGHENING IN ALUMINA/ZIRCONIA

Table Al. Relative modulus of a material microcracked with radial cracks of length ¢ around
particles of radius 6(¢ = ¢/b) with interface debonds of length d

Hé=14
_Fu - ,,f
€ bu,/dy = 0.1 by, /du = 0.5 bu,/dp =1.0 by, /du =10
0.05 0.69 0.73 0.76 0.82
0.10 0.40 0.50 0.55 0.54
0.15 0.17 0.30 0.33 0.47
0.20 0.06 0.16 0.21 0.31
0.25 0.02 0.06 0.09 0.15
(ii) buy/du = 0.5
o Rl
¢ ¢ =05 E=10 E=15 E=20 E=10
0.05 0.36 0.65 0.75 0.79 0.89
0.10 0.10 0.37 0.52 0.60 0.78
0.15 0.01 0.18 0.33 042 0.67
0.20 — 0.07 0.18 0.28 0.52
0.25 — — 0.08 0.16 0.46

The shear modulus of the particle is u,, of the uncracked material is 4 and with microcracks
is ji. The microcrack density e is Nc*, where N is the number of microcracks per unit

volurme.

Table A2. Combined dilatation and modulus reduction

[13, 15]
AKJK
flp 0" /hE/K, Summation  Inieraction
0.34 0.06 0.59 0.77
0.14 0.08 0.74 09

A3. The toughening

In the text, the toughening effect contributed by the
dilatation and modulus reduction have been treated sepa-

rately and the results added to provide an estimate of the
combined effect. This procedure gives a result which is
correct to lowest order and is valid when the shielding is
small compared with the stress intensity associated with the
applied loads. Numerical results obtained by Charalambides
and McMeeking [13, 15) for combined dilatation and mod-
ulus reduction can be used to provide an indication of the
validity of this approach for the present case (Table A2). It
is apparent that the additive procedure is inadequate when
large modulus reduction effects are present. Further studies
of such interaction effects are needed to fully interpret
microcrack toughness in ZTA.




