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THE FRACTURE TOUGHNESS OF CERAMICS

A. G. Evans¥ A. H. Heuer** and D. L. Porter*=*-

ABSTRACT

Recently proposed approaches for enhancing the toughness of ceramics have
been examined. Several approaches have been demonstrated to produce appre-
ctable inereases in toughness, including (a) controlled microfracture, (b)
coherent precipitation, (¢) ductile second phase networks, and (d) stress
induced phase tvansformations. The relative merits and limitations of
each approach, and the Tmportant prevequisites for optimum toughening,

have been discussed.

1. INTRODUCTION

It has long been recognized that many of the unique properties of ceramics,
e.g., their hardness and refractoriness, could be used to advantage if the
limitations on structural integrity, imposed by an innate brittleness,
could be circumvented. Several approaches to this problem are possible,

as summarized in a recent Teview [1]. The approach that is being most
extensively utilized (for the application of ceramics in turbines, as
bearings, insulators, etc.) is (i) to develop materials with an acceptable
long-term strength by minimizing the susceptibility to slow crack growth,
(ii) to eliminate the most deleterious fabrication defects (inclusions,
pores, etc.), by improved fabrication technology, and (iii) to apply fail-
ure prediction techniques such as overload proof testing [1,2]. However,
very little attention has been devoted to enhancing the strength and crack
arrest capabilities by optimizing the fracture toughness. Yet, recent
developments [3,4,5,6] have indicated that significant increases in the
toughness of ceramics should be possible, and this topic promises to be a
fruitful research and development area for several years. It is the in-
tent of this paper, therefore, to carefully examine each of the toughening
mechanisms that might pertain to ceramics (Table 1), as needed to establish
guidelines for microstructural design studies.

The paper will thus be organized in the following sequence. We first re-
view the criteria for crack extension in very brittle materials and then
outline and examine the possible approaches for enhancing toughness in
terms of the crack extension criteria. Finally, suggestions concerning
the most promising approaches for toughness enhancement will be made.

2. CRACK EXTENSION CRITERIA
In ceramic polycrystals, crack tip deformation (when it occurs) does not

normally produce the general homogeneous strain needed to achieve crack
blunting, [1,7] and macrocrack propagation is usually considered to involve
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a direct bond rupture process at the crack tip, as depicted in Figure 1%
Evaluation of the crack extension process thus entails a determination of
the stress conditions that prevail when the displacement, u, of the bonds
at the crack tip reaches the critical bond rupture displacement, u..

for crack extension by bond rupture at a critical displacement, u., Lawn
and Wilshaw [8] have used Barenblatt's notion [9] of a non-linear elastic
zone ahead of the crack tip to derive the following equality;

u
(o4

GC = 2f og(u) du (1)

(o]

yhere o(u) is the stress that derives from the force-displacement function
for bond rupture (Figure 1) and Ge is a critical value of the strain enérgy
release rate. The strain energy release rate is thus expected to be the
key parameter defining crack extension in most ceramic polycrystals Hence
by noting the relations between G and the stress intensity faétor k‘[S], '

2 5 . .
K* = EG (plane stress)
. (2)
K* = (plane strain)
1-v?
(where E is Young's modulus and v is Poisson's ratio) and the relation
between K and the principal tensile stresses (o1, 02) [10]
_ K :
O1,2 = ~———— cos 0/2(1+sin6/2) (3)

2nr

(where r is the distance from the crack tip and 0 is the angle relative

to the crack plane), it is apparent that stress field deterﬁinationq pro-
vide a direct method for analyzing crack extension behavior. Couseéuently
¢rack extension will be evaluated herein by deriving G, the strain energy ’
release réte, from stress field analyses; but for tﬁose cases where elastic
modulus'etfects are thought to play a relatively unimportant role in thé .
§oughen1ng pProcess, crack extension will be evaluated directly in terms of
K, the stress intensity factor. .

The interactions between the stress field of a primary crack and the stress
d?veloped by microstructural changes that occur in a zone around the crack
tip are complex. Numerical solutions are available for a few two dimen-
slongl problems, but rigorous analyses of the total stress field aré farely
possible. It is generally required, therefore, that solutions for simpli-
f}ed analogies be sought so as to establish guidelines which can be veri;
fied and quantified using empirical techniques Additionally, it is some-
times informative to appeal to the thermodynam of the crack exténsion
process. However, this approach can be misleading unless the First Law
energxibalance is considered in toto. It is usually adequate to &onsider
the 'fixed grip’ situation, which can be written in the form [1,8] .

*Ip the egceptional cases where crack blunting can occur, this relatively
simple p}cture of the crack extension process may not apply; rarher> fhe
propagation of secondary cracks formed in a zone ahead of the primé;y
crack may be the critical stage in the crack extension sequence.
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2w . Ug ) =0 (4)

where A is the crack area, Uy is the strain energy, Ug is the energy of
the newly formed surfaces (this includes the thermal and strain energy
changes associated with crack tip plasticity, if it occurs) and Uy, is a
term, referred to herein as the phonon energy, which includes the energy
associated with the stress waves (menifested as acoustic emission) emitted
by the propagating crack. The major limitation of the thermodynamic
approach is its inability to effectively determine changes in Up. Never-
theless, 1t is wsually rewarding to examine the changes expected in Uy and
Ug to derive possible trends in the resistance to crack propagation.

In all crack propagation processes, the change in strain energy due to the
increase in the macrocrack length (which is negative for the fixed grip
condition) and the increase in the energy associated with the macrocrack
surface, must be included. For a through crack of unit thickness [1,8];

« 5 2
Wy _ 2T
SA T E
<
Ju,
B aoar (5)
oA

where 0p is the applied stress, a is the crack length and I' is the average
'surface energy’' per unit projected area of macrocrack surface (which again
includes plastic work if this is involved in the fracture process). Add-
itional processes that occur near the crack tip, which change the strain

or surface energies of the system, can thereafter be incorporated in the
energy balance (equation 4) to determine whether the stress for crack pro-
pagation, op, is likely to be altered (as discussed in more detail later),
assuming that changes in UP are relatively small.

3. DISLOCATION EFFECTS

The interaction of dislocations with cracks has been observed in single
cyrstals of ionically-bonded solids [11,12,13,14,15], and the nature of
the dislocation/crack interaction has been explored in detail. The most
important result for present purposes is that the toughness increases as
the dislocation flow stress (7.) increases [14,15], because crack exten-
sion is ''triggered' by dislocation phenomena that produce a stress en-
hancement at the crack tip.

Dislocation motion may also play an analogous role in the fracture of poly-
crystals, although the detailed dislocation/crack interaction mechanism

may be quite different. To comprehend the role of the dislocation activity
(if it occurs), it is useful to construct the plane stress principal ten-
sile stress field around a crack (from equation 3), as shown in Figure 2.
From such a stress field it is possible to envisage dislocation activity
initiating at grain boundary sources and progressing to adjacent boundaries,
where a pile-up and resultant microfracture may occur. Two such possibil-
ities are depicted in Figure 3. Pile-ups of type (1), where the slip

plane '"cuts across' the crack plane, may be possible, even though the shear

W
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Stress is zero at the crack plane,* if the leading dislocations can

Re forced across this plane by the succeeding dislocations emitted at S,.
Iype (2) Rlle‘ups, where the slip planes are parallel to the crack plané
are morg favourable because relatively large shear stresses can exist ovér
the entire dislocation path. Microcrack initiation at the grain boundary
Que to dls}ocation pile-ups can occur, in the manner described by Stroh
[}6],‘pr0V1ded that the stress due to pile-up orthogonal to the prospective
:;zrzif§c;urc pPlane (generally the grain boundary) is tensile. Since the
5 %lejlisezt;§;§rgh§;? of the pile-up has an angular dependence f(¢) given

£

F{¢) = sin ¢ cos ¢/2 (6)

tbe Stress will be tensile for o < ¢ < m with a maximum at ¢ = 0.39 7
M%croc?acks'can thus develop at both Type (1) and (2) pile-ups in'thé
dlre§t10ns‘1ndicated in Figure 3, if the pile-up stresses reacﬁ the necess-
a?y 1nFen51ty. Further, since the stresses around the primary crack in a
direction orthogonal to the microcrack plane are tensile (Figure 2), link-
age of the microcracks with the primary crack, which constitZtes an’exten—
sion of the Qrimary crack, would be possible. An analysis of this process
has been performed [1] for the condition where the first slip band formed
%n the.crack tip zone creates a microcrack, which then links directly‘with
the primary crack to cause crack extension. For this condition, the dis-
locations do not significnatly perturb the stress field around ghe primary
crack'and'the conventional crack tip elastic stress field equations (é g
quaylop 3) can be used. The analysis indicates that Ko is related tﬂ-tﬁe
¢ritical resolved shear stress for dislocation flow, TC; by [17;

Ko = k1 T, + k2 of bEKy N

where b is the Burgers vector, Kg is the grain boundary fracture tough-
ness, ?nd ki and k» are parameters that depend on the grain diameter, D
For a Type (1) source, Dy enters ki as a numerator term [1}; ﬁhile fér g-
Typ? (2? source, Dg may also enter kz as a denominator termf Thus, the
grain 512? dependence of Ke is uncertain. However, a direct depe;&ence of
Sg D?dTg is an essential_feature of this process, and hence, the toughness
siﬁzle z;;;i:i:.as the dislocation flow stress increases, as observed in

If more extensive dislocation activity precedes microcrack initiation the
d}slocatlons.cap reduce the stress at the primary crack and Ke could ée
larger than }ndlcated by equation (7). An analysis of this problem is
c?mpl?x apd 3s sensitive to such details as the dislocation source density
d%strlbutlon and activation stress, the propensity for cross slip etc‘ '
Sln?e these are generally not known for ceramic polycrystals, it ia re;
ézt;vely unrewarding to pursue the details of the analysis; it is ;dequate
o esﬁgfgéie(;??t Ke can, in certain real cases, exceed the value suggested

i; has been suggested by some researchers that dislocation activity does
play a role in crack extension in ceramic polycrystals (normally considered

* e 5 g o .
gle.ls.lbb% of a restriction very close to the crack tip where the
taxiality is reduced by the presence of the free surface.
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brittle), but many others argue that dislocation motion may only be impor-
tant at relatively high temperatures (¥ 800°C). It is very difficult to
provide a fully convincing argument for, or against, the role of disloca-
tion activity. However, perhaps the most persuasive indications presently
available are the direct observations of crack tip dislocation activity in
alumina by Wiederhorn et al [17], using transmission electron microscopy.
These indicate that observable dislocation activity does not occur below
~800°C. Additionally, the temperature independence of K. observed for
most ceramic polycrystals below this temperature [18,19,20] would be diffi-
cult to explain' in terms of dislocation-assisted crack propagation, because
Te i1s strongly temperature dependent in this range [1]. Hence, we tend in
this paper to discount the possible role of dislocation activity in the
crack extension process in most ceramic polycrystals, and devote more
attention to toughening mechanisms that do not invoke crack tip plasticity.
However, we do not intend to convey the impression that toughening by homo-
geneous crack tip plasticity may not be possible in some ceramic polycrystals
(especially at elevated temperatures).

4. MICROCRACKING

Microcracking is frequently observed to occur in two phase ceramics {[21]

or in single phase ceramics with anisotripic thermal expansion or elastic
properties [20]. It has thus been postulated [5,22,23] that microcracking
can occur in the vicinity of a macrocrack tip to generate a 'process zone'.
Should this occur, the fracture toughness of the ceramic would certainly
differ from that expected in the absence of such microfracture. To com-
prehend the consequences of microcracking, it is necessary to examine
probable microfracture distributions, and then to determine the effect of
these on the stress distribution around the primary crack and on the
energetics of fracture.

4.1 Microcrack distribution

Microfracture in a given material is expected to occur over a range of
stress. It is thus convenient for the analysis of microfracture to define
a microfracture distribution function, which determines the probability, o,
that a microcrack precursor will be activated. An extreme value function
[24] is a pertinent choice, and herein we use

G = 1 - exp(—S/So)m (8)

where S is the applied stress at microfracture under uniaxial tension, and

S, and m are location and scale parameters, respectively. Equation (8) reduces

at small ¢ to a form;
s \"
$ = g (9)
o
which has been shown to apply to the microfracture detected by acoustic
emission during flexural testing [20,21,25]. The spatial distribution of
microcracks around a primary crack can be determined from equation (8) and
the principal tensile stress field (equation 3), if it is assumed that
microcrack interaction does not occur (this point is discussed later).
However, in order to avhieve this, the microfracture probability under
biaxial tension must firstly be derived from the uniaxial microfracture
distribution (equation 8). This could either be achieved empirically, or
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by using a modification* of the approach used by Batdorf and Crose f26]
to dete?ﬂ}ne macrofracture probabilities in polyaxial stress sta;es Then
the modified spatial character of the stress field around the primafv craéi
that accompanies the development of the microcrack zone must be deduced
Both steps entail complex computations, which are not attempted herein '
because a usgful physical picture of the role of microfracture in chr;—
?rack.ex?en51on can be provided by simply assuming that the stress %ield
is uniaxial, with the stress given by;**' o ‘ -

K

O = B et 0 <0< 0.7m

, (10}
g = 0 0.7 "< 80 <

jheredb {s a constant (g:l) determined by the average value of the angular
aepgn enge‘og the prlnc1p§1 tensile stress (see Figure 2). Fquating o to
S (the microfracture condition assumed herein) and noting that )

@ =0
n/e, (11)

Where p is the m@crqcrack density and p, is the density of microcrack
sources, we obtain from equations (8) and (10) v

. m
0 B K -m/2
CANPYE N [ e - (12)

s}
o ‘l?n S
o 0 < 0 < 0.7n

it }s‘lmmgdlately>apparent from this relation that since m is usually a
p0f151v§ integer (e.g. for mortar [25], porcelain [21], and alﬁﬁina‘[26]
m o= 2, 4,.and lZ,»respectivaly), the microcrack density will decrease raéid«
ly with Q1stan§e from the crack tip. This is illustrated in Figure 4 for
three vajyes of m (2,6,12) and for a range of KT/SO‘V”ﬁ* (where Dy, is the
average @1cr0crack length, e.g. as determined by the avgrdﬂe gfaiﬁ d}am*t T)
by plotting p/p, as a function of /Dy o . e

4.2 Effects on fracture toughness

4.2.1 Discrete microcrack model

A dls?rete two-dimensional microcrack model for the effect of micro-
;ra;king:on f?actg{§ toughness can be developed (using numerical methods),
by assuming 51mp11§1ed crack geometries - such as grain boundary fracture
in a hexagonal grain network (Figure 5a). )

*A moditication of the Batdorf and Crose analysis is required because
they attempted to address the problem of first fracture in a volume V
whereas in the present problem we require a determination of the totaz
number of fractures (see section 4.2).

**The Wajor disparity between this assumed stress field and the principal
?en511e stress field (see Figure 2) occurs at 1n/4 > 0 < -n/4. However
in this range of € the stress is strongly biaxial, which would cause tﬁe
fracture probability in this zone to be larger than in the remainder of
the zone, at the equivalent stress level [26]. The use of this assumed
stress field, with a uniaxial fracture probability, might thus afford a
better description of the actual microfracture densities than expected
from the application of alternate angular dependencies.
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This approach, as pioneered by McClintock and colleagues [27,28], entails
defining a microfracture probability function that determines the probab-
ility of forming the first microcrack. This function differs from equa-
tion (8) because it pertains to the weakest element and must contain a de-
pendence on the volume of material sampled. Several functions have been
used for this purpose [1,26,29,30]. The most satisfying of these utilize
the product of the probabilities of zero microfracture I3 (1-8¢)3, in indiv-
idual small elements, 6V{1,27,28], when a stress S5 is applied normal to the
prospective fracture plane N

1= 0y = N, (1-8¢); = M [1-6V, fg(s,) s} (13)
. of

where g(S) is any function that describes the observed stress dependence
of microfracture. For a homogeneous stress field (uniaxial or polyaxial),
the probability of first microfracture in a volume, V, then becomes;
S
¢ = 1 - exp |- V‘lﬁ 2(8) dsi . (14)

o

The most frequently used g(8) function has a form suggested by extreme
value statistics [1,24,27,28};

=

g(8) =\~ = =3

where S, S, and m are constants; it should be noted [26], however, that
other ¢(S) functions may have a more fundamental significance. To deter-
mine the probability & of first microfracture in the stress field of a
primary crack, the tensile stress in each element of the field, in a dir-
ection normal to the microfracture plane, is firstly deduced from the stress
field functions (such as equation (3)) and combined with equation (13) to
determine the probability of zero microfracture, 1-8¢, in that element.

Then the product of, 1-8¢, over the entire stress field, T3 (1-8¢);, is eval-
uvated. I1f the first microcrack has a high probability of being contiguous
with the primary crack (at AB or AC in Figure 5a), then a significant micro-
crack zone will not develop, and there is a simple relationship between

the microcrack formation parameters and Ke. However, if there is a high
probability that the first microcrack forms at a position remote from the
primary crack (Figure 5b), the analysis of the microcrack zone may proceed.
The next step is to re-evaluate the stress field in the presence of the
first microcrack. For this purpose, McClintock [28] has used a boundary
integral method with the cracks being modeled by dislocation arrays which
cancel the applied stress across the 'crack' plane. At this juncture two
probability calculations must be performed; (i) the probability of forma-
tion of a second microcrack remote from the first microcrack, using the
same procedure utilized to determine the formation of the first micro-
crack; and (ii), the probability that the second microcrack will be con-
tiguous with the first. The latter is determined by noting that the per-
tinent stress intensity factor that relates to the formation of a contig-
uous microcrack is [28]

3 e,
K o= & ¢f3n o‘]a (16)

and by defining an extreme value function for K similar in form to equa-
tion (14). Then by considering that microcracking is determined by the
normal stress at a distance y from the microcrack tip, the probability
of contiguous microcracking can be obtained. Thereafter, the cracking

w
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process (contiguous or remote) with the larger probability is assumed to
be the preferred mode of microfracture. The stress field is then re-
evaluated in accord with the most probable event, and the entire process
is repeated until a high probability of microfracture contiguous with the
primary crack is realized, whereupon K is equated to K.. This process is
illustrated schematically in Figure 5Sb.

Some results obtained for isotropic ceramics using this procedure are
summarized in Table II. These results provide some very important in-
sights into the role of microfracture on the fracture toughness. The
normalized toughness, Ke/S VY, is determined primarily by the coefficient
of variation (which is dictated by the distribution parameter m and, to a
lesser extent, by Sg), but the range is relatively small, ~2.5. More im-
portant influences on the fracture toughness (than the microfracture
variability) are thus likely to derive from the toughness normalization
parameters, i.e. the microfracture strength level, S (which is determined
primarily by S¢) and the microfracture location, y (which relates to micro-
structural parameters, such as the grain diameter D ). A similar result
is obtained from the continuum microcrack model (section 4.2.2), and the
consequences are discussed in more detail in relation to that model. One
additional result that derives from the discrete model is that micro-
fracture anisotropy can greatly influence the role of microfracture on the
fracture toughness. Specifically, when the grain boundaries parallel to
the crack exceed ~3.5 times the strength of the orthogonal boundaries, ex-
tensive microfracture can occur on boundaries orthogonal to the macrocrack
plane, and significant anisotropy toughening can then commence.

4.2.2 Continuuam microcrack model

An alternate approach to the evaluation of microfracture uses continuum
microcrack densities, derived in the manner discussed in 4.1. This
approach does not have the two dimensional limitation of the discrete
model, but (as discussed below) has the disadvantage that the condition
for primary crack extension can only be defined in approximate form.

The microcrack distributions around a primary crack (Figure 4) can provide
the rationale for a continuum microfracture analysis, hy surmising that
the microcracks in an inner zone (r < D) tend to interact (or 1link) with
the primary crack [31], and thus provide the principal driving force for
primary crack extension; whereas the microcracks in the outer zone, (r >
Dm) which change the compliance (or effective modulus {22]) of the material
in that zone (and, therefore, tend to reduce the crack opening displace-
ment [32]), are the principal source of toughness enhancement.

For single phase ceramics, the microcrack density in the inner zone can
continue to increase as K increases (see Figure 4). However, when a
certain fraction (~0.5) of the grains have microcracked, the microcrack
separation is small enough that interaction effects (i.e. the self inter-
action of the microcracks and their interaction with the primary crack)
become important [31].

The microcrack density in this zone is then likely to increase at a sub-
stantially more rapid rate than indicated by the non-interacting result
(Figure 4). Thereafter, primary crack extension should quickly ensue.
Hence, setting the microfracture probability for r < D equal to 0.5,
provides an approximate crack extension condition. Thus, by specifying
the microcrack density (equation 12) in an element rdr, integrating over
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the inner zone

D N w2
il .
qy§P~=Lj ri{il - expf——1Ir dr , (17)
po Dm (o] 2w SO

and setting the integral equal to 0.5, we obtain;

K -
— = Em) (18)
5 D

ov m
where §{ is 2 2 for all reasonable values of m. This resu;&ncquld, in
fact, have been anticipated from Figure 4, becausg K(S0 VD, is = 2, at
r = Dy, when & = 0.5, for all three n values. This is not, however, th?
final result for the effect of microfracture on Ke, because the change in
the stress field caused by the more compliant outer zone has not yet been
included. A detailed analysis of the effect of this compliance change on
the crack opening displacement has not yet been obtained, agd the only
available analyses that provide some insights are the-solutlons for a
crack penetrating, and included in, an elastic 1nclqslon [;2,33]. These
results indicate that the crack opening decreases (for a given stress and
crack length) as the inclusion modulus decreases. Qualitatlvgly, the?ef
fore, we presume that the crack opening decreases as the density qf micro-~
cracks in the outer zone and the zone size increase, theregy caq§1ng a
corresponding increase in toughness. It is then apparent ?rom Figure 4
that the toughness enhancement can be optimized by decreasing m; although
the extent to which Ke can exceed the value suggested by equation (18) is,
as yet, indeterminate.

For two phase (or multiphase) ceramics, where microcracking occurs by th?
fracture of either the second phase particles or of the surroupq1ng matrix
(as determined by the relative expansion coefficients and m?dull of the
matrix and second phase [1]). the detrimental influence of inner zone
microfracture can be avoided if the volume fraction of the second phase

is maintained below the level where microcrack interaction effgcts become
important [31] (i.e.~0.5). Then, the advantages of the covm11ant
microcrack zone can be fully realized, especially by selectlgg a §econd.
phase that maximizes the zone size (i.e. by ?st?blishing a'w1de dispersion,
m, and a low microfracture strength, So‘ as indicated by Figure 4).

4.3 Microstructure dependence

4.3.1 Single phase ceramics

It is instructive for microstructural design purposes to examine the effects
of the median grain size and the grain size distribution on thc‘fracture
toughness of materials that are susceptible to m}c?ocracklng. Such mater-
ials are generally on non-cubic symmetry and eXhl?lF appr?c1gble elﬂstlc

and thermal expansion anisotropy (e.g. alumina, 51§1con n1tr1d?1: The
fracture toughness derives directly from equation.(lsq, as modified bx the
compliance of the outer microcrack zone. The grain size dependepce of the
microfracture stress (which can be approximately equated to Sy) is thus a
key variable.
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One approach for estimating the microfracture stress (based on a suggest-
ion by Rice {23]) is to extend the energy balance arguments for particle
microfracture used by Davidge and Green [34]. These arguments are based
on the observation that particle microfracture is only detected when the
strain energy attains a level consistent with the strain energy release
being able to supply sufficient 'surface' energy for compleie microfracture
of the particie. The rationale for this observation might be similar to
that used for Hertzian fracture, wherein it has been postulated 51 that
a metastable precursor forms from the pre-existing defect (in accord with
the usual critical strain energy release rate requirement), and that the
precursor only grows to an observable size at a condition essentially
coicident with the balance of strain and 'surface’ energy being satisfied.

The ‘surface' energy U,_. generated by grain microfracture is

m -
U s 5 DT, (19)

5 “

where ['g is the single erystal fracture energy. The strain energy release
consists of two parts: the first derives from the thermal expansion mis-
match U and an wpper limit is given by [34],
~1r ng (AQAT) 2
U 5 e e 2
o Agey) Wl
where Aw is the difference in expansion coefficients and AT is the temper-
ature range over which the thermal expansion mismatch develops; the second
strain energy release, Uy, derives from the applied stress, and for fixed
grip conditions the upper limit is;

o, 2p3
A g
Us ™ 33 - n)

A lower limit for the microfracture stress can be obtained by setting
equation (19) equal to the sum of equations (20) and (21), giving

Further, by defining D* as the grain diameter for spontaneous microfracture
(OA = 0), equation (22) can be simplified to

¢ ET

Equating gy to S, and letting vV
toughness, we obtain

2 3 {1 - & (24)

Thus, neglecting compliance effects, the fracture toughness of the poly-
crystal relative to the single crystal decreases as the grain size increases,

Ui
G
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as shown in Figure 6. This behavior could certainly be modified when the =
duced modulus of the outer microcrack zone is incorporated in the crack
extension analysis, especially for a wide grain size distribution (i.e.
small m}), where the compliance effect could be substantial. However, grain
size distributions usually scale with the median grain size [36] (in the
absence of secondary grain growth), and in most instances, the essential
grain size effect predicted by equation (24) is likely to be retained.
Typical grain size dependencies for elastically anisotropic materials [23}
indicate that K. does diminish at large grain sizes in accord with the
prediction. However, there is also a decrease at small grain sizes, which
could, in the context of the present model, be related to a corresponding
decrease in Kg, being replaced by Ky for boundary fracture. Such an effect
is consistent with the observation of a larger proportion of intergranular
fracture at small grain sizes [37]; but it is also possible, of course,
that the disparity signifies a deficiency in the present simplified model.

4.3.2 Multiphase ceramics

The potential advantages of microcracking for the generation of high
toughness ceramics can be more effectively realized in multiphase than in
single phase ceramics, because the microcrack density in the inner zone
can be controlled by a judicious choice of the second phase material and
its dispersion. For example, if the second phase is selected such that
the particle itslef fractures, then it should be possible to include
volume fractions up to at least 0.5 before inner zone interactions begin
to degrade the toughness. Further, by choosing the size of the particles
such that microfracture occurs at an optimun stress level,* a substantial
microcrack zone and a large toughness can result.

Some of the most interesting work along these lines has been conducted
recently by Claussen et al. [5]. Their work has entailed the design of
alumina/zirconia systems which exhibit controlled microcracking. In this
way, initial studies have produced materials with toughnesses, Gg, up to
240 Jm”® and correspondingly good strengths. Also Hoagland et al [22;
obtained very large toughness values on certain rocks (up to 15380 Jm %)
which they attributed to microcracking. However, the fracture strengths
of these latter materials were rather low, perhaps illustrating the pri-
mary deficiency of microcracking as a source of toughness in ceramics;
viz., it may not be possible to generate a large toughness while maintain-
ing a high fracture strength, because the requirements for high toughness
{noted above) tend to oppose those for a large strength [28].

5.  CRACK/PARTICLE INTERACTIONS

The presence of particles on or near the crack plane can impede the motion
of the crack (Figure 7), thus causing crack "bowing' and a resultant in-
crease in toughness. This crack bowing phenemenon was first postulated

by Lange [38}] and has recently been verified by Green et al [39] using an
ultrasonic modulation technique.

*Although the size of the microcrack zone continues to increase as Sg
decreases, the large toughness will not be reflected in a large fracture
strength because the microcracks generate a critical macrocrack at rela-
tively low applied stress levels [28]. The optimum S, should thus be
intermediate in value.
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5.1 Toughening requirements

A sgcond phase particle can only cause toughening if the particle is more
fesistant to crack propagation than the matrix. For a system in which the
particle and matrix have comparable elastic, plastic and thermal expansion

properties, a toughening can only be obtained if G, for the particle exceeds

Ge for the matrix. However, this situation is rarely achieved in practice,
and more typical situations are discussed below.

a) Brittle particles

Generally, if the particles are brittle and have different physical
properties than the matrix, localized stresses develop due to thermal ex-
pansion or elastic mismatch. The effect of these stresses on crack pro-
pagation can be estimated for conditions of small elastic mismatch using
the same procedure adopted by Barenblatt to examine the non-linear cohesive
zone [8,9]. Consider that the crack has to propagate through alternate
ZOne§ of uniform tension, Oy, and compression, (o798 (corresponding to the
particle and matrix, respectively), as shown in Figure 8a. To determine
K for propagation through a compressive zone of length D,, consider that
this compression applies closure tractions over a length at the crack tip
equivalent to the zone length (Figure 8b). Then, by the principle of
superposition [8,9], we obtain;

at

o dx

- 2
K=K -4/= (25a)

tit
=~

(25b)

where K, is the stress intensity factor due to the applied stress (= op
Vvmat)., Introducing the crack extension condition

=Ky p (26)

wherg Ky,p is the critical stress intensity factor for the matrix or the
particle (depending on the location of the compressive zone), the applied
stress intensity factor for crack propagation, Ks, becomes;

2D
o 4 5
KC - KM,P * 200 m (27)

The equivalent result in the tensile zone is

ZDZ

KC = ]\M’P - ZUT ‘—"Tr (28)
For th%s s?mplified two-dimensional case, therefore, K. will oscillate, as
shown in Figure 8c, and the crack propagation resistance of the composite
would be determined by the maximum Ke - at the compressive zone. This
rgsplt suggests that a crack can be effectively impeded by the generation
qt_large zones of compressive strain orthogonal to the crack trajectory.
This effect is additive to any effects caused by differences in the tough-
ness of the particle and matrix.
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b) Ductile particles

¥hen the second phase particles are ductile, significant localized str
dor not generally develop because they can be accommodated by deformation
of the particles. However, a crack in the brittile matrix can circumvent

the ductile particles leaving 'ligaments' across the crack faces, as shown
in Figure 9, and these supply closure tractions which enhance the toughness
of the material. The effects of these ligaments can be treated using the
approach discussed above (as applied to a similar ligament problem by
lmgdale [40]);, but, in this case, the analysis is not confined to two
dimensions. If we consider, for simplicity, a non-work hardening 'particis’
material with a flow stress, Oy, and ductility (maximum strain to failure),

©¢, the force, F, exerted by each intact ligament of a cylindrical ‘'particle'~

is
2
N kil UY DQ
4

where Dg is the diameter of the 'particle'. Then, by noting that the
aumber of 'particles' per unit area, n, for a 'particle’ deparation, d, is

B o

. - - (30)
(D, +d
(Dg+d)
the average compressive stress 0. imposed by the ligaments becomes

kis
%

4 (1+a/p,)*

(313

g ~

C

Substituting L, the length of the ligament zone (Figure 9), for D in equa-
tion (25b) and using equation (31) gives;

B a.
K=K, - 1V 2 L 32)
(1+d/ny)?

The ligament zone length depends on the ductility and the effective gage
length, %, of the ‘particles', as they affect the critical fracture dis-
placement u.. Hence, if the crack opening, u, is assumed to exhibit the
following dependence on the distance, r, from the crack tip,

va
r r —
<2_’|T‘> R<I:) {33}

where R is a function of ©/L (=& 1 at r=L) and E is an effective modulus
that depends on the modulus of both the matrix and ligament, equation (32)
becomes;

=
io

u ﬁﬁég

=

*Spherical second phase particles are unlikely to be effective barriers
to crack extension because the crack can merely propagate over them,
through the matrix. A more effective dispersion would be a continuous
network of ductile phase, perhaps along grain boundary triple points, as
achieved for example in WC/Co alloys. Then each ductile ‘particle’ can
be treated as a cylinder.
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particles shown in Figure 12, which precipitated with tetragonal symmetry

s on aging at 1400°C [3], inverted to the monoclinic forfuin Fhe’str?ss fiel%
K ‘»::K3 IR B e B S (34 of the crack. This phase transformation invoives a ~ 3% anlsotrOPL% volume
(1+d/02)2 pansion, which causes a complex pattern of strains in both the matrix and

the particles. Analysis of these strqins {3]_using a method sggge?t?d by
tshelby [43] indicated Zocaql compressive strains as {arge as 1?n, éng
strains of 1-6% appeared to exist over large a?eas’of tbe matr}&,dagong
the principal axes of the particles. The strain of 2.§ﬁ suggested by
squation (27) thus appears to be a sensible average. .ihgs the th?eeu
ensional nature of the precipitation (Figure 12) did in fact generate
mpressive zones that effectively impeded the crack_ov&r a larg? portion
its length.* FPurther studies of this, and related phenomena are in
Progress.

The critical applied stress intensity factor for crack propagation K.
{equal to 1(,j at fracture) is thus;
c

2Kc = Km +4$/Km + SnucLﬂ,sC)EOY/(1+d/DQ)

where Ky is the fracture toughness of the matrix, as modified by the crack
front bowing (see section 5.2). The important particle parameters affect.
ing the toughness, all of which should be maximized, are thus the yvield
stress, the ductility, and the particle size. It is apparent from equa-
tion (35) that a substantial increase in toughness should be possible for
gquite moderate values of ue and gy. However, this approach to toughening
is probably limited to materials that have application at relatively low
temperature, because degradation of the metal at elevated temperatures
would cause a corresponding diminution of the properties of the composite.

ihis approach to toughening thus looks very‘promising,‘and.d?e%.no? haYT
the disadvantage associated with microcraek%ng, th%t the m1§19structur?
changes that enhance the toughness alsoe limit the xragture %trevgtﬁz \.2
fact, it is entirely possible for the strength to be increased in direct
porportion to the increase in fracture toughness.

6. OTHER MECHANISMS
5.2 Magnitude of toughening ?

6.1 Phase transformations

The exploitation of the toughening requirements suggested in the preceding
section to produce ceramics with the maximum toughness requires that the
three~dimensional aspects of the crack/particle interaction be introduced.
This is particularly important for brittle dispersions {see section 5.1)-
The three-dimensional problem has not been solved, but approximate analyses
{41,421 have provided some of the insights needed to understand the three-
dimensional effects.

It has been suggested that toughening in cgrtain ceramlcs.i4{ﬁ§3¥i2?d of
achieved if a phase transformation can be induced by»ﬁhe Stréfsvfovmatioﬂ
the crack. This can only be effective (see above), if the translorm X
reduces the tensile stress orthogonal to the plane of the prfwary ;fdc -
The phase transformation is thus simply a methqd tqr.nntroduc?fg ;];ow
localised compression discussed in 5.1.a. A simplified ?xa?p:» gi R
When crack/particle interactions occur, the crack bowing (Figure 7) causes this might occur, for a shear transformation, is illustrated in g A2
K to be decreased at the leading portions of the crack front and to be
enhanced at the trailing portions [41]. The magnitude of this cffect for

a single semicircular secondary crack is shown in Figure 10. Tt is apparent
therefore, that the maximum Ko values anticipated by two-dimensional
analyses (e.g. Figure 8¢) cannot be realized. The dispersion of the secon:
phase and the profile that it presents to the crack is thus crucial to its
potential as a source of toughness in all-brittle systems. One attempt to
determine the role of the size and dispersion of the second phase, by
calculating an approximate strain energy release rate for complete circum-
vention of an impeding zone [42] (i.e. the maximum possible toughening
effect), gave the result plotted in Figure 11. This shows that the impeding
zones must occupy a good fraction of the crack front if a significant
toughening is to be realized.

The velatively high toughness of hot pressed silicon nitri@g has been .
attributed to the 'pull-out! of elongated grains'[44}, as 1i3ustrated:1§ )
Figure 14. Such a mechanism could apply if the fra?tu?e resistance of the
elongated grains on planes normal to their major axis is large and ;her
shear strength of the interface, T, is relatively small. (1h?n pu%l-uut
rather than transgranular fracture is encouraged). ‘Thg\. mechamsrp m%g‘})t
thus apply to hexagonal materials fabricated by a liquid phase151ntezlﬁg
technique, which would promote the growth of grains elongatgd dlong‘thu .
c-axis, thereby exposing the most fracture r951st§nt (basgi) plane to thg
crack [45}, and would leave a grain boundary 'residue’ which could reduce
the shear resistance of the boundary.

Further progress in defining the potential of brittle dispersions for
toughness enhancement is probably most effectively pursued by resort to
data from actual systems. One notable example is a recent study [3] of
the effects of coherent precipitation on the fracture toughness of zirtco-
nia/magnesia alloys. In the as-quenched (cubic solid solution) condition,
the material has a toughness of ~ 2.8 MPa v/m. By aging to achieve the
tormation of optimally sized coherent tetragonal zirconia particles, the
toughness was increased to 5.9 MPa v/ . Using the model of equation (27),
it can easily be shown that a compressive strain of 2.5% is necessary to
enhance the toughne of the matrix by this amount, assuming a zone size
of 0.2 um (Figure 12). (E for Zr0O2 alloys is ~172 GN/m*). The ellipsoidal

The mechanics of this process can be treated in a manner ana}ogous/to t?e
ligament problem used to evaluate the effect of ductile particles (section

*One alternate explanation for the toughness is that microcrack?ng is
also occurring. We consider this to be unlikely because the micro-
fracture stress level, S, for this system is very large.

w3
'S
g
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Here, however, the closure tractions are determined by the shear
strength of the interface. For cylindrical grains of length, 2, and dia-
met 5 Dz, the compressive force, F, per grain is

(363

Combining this with the average number of grains per unit area (equation
303 gives the average compressive stress
L-u) T,
(R-0) T,

(1+d/DQ)2DQ

A (37)

where d is the average separation of elongated grains. Then the critical
stress intensity factor can be obtained Ffrom equaiton (25b) as;

{&u]

(1+d/Dy) 201

Ko™K+t \[m,(f.) (38)

where L is the length of the pull-out zone (which is a function of the

Zvain length, &) and U is the separation of the crack faces* in the liga-
ment zone.  The toughness thus increases as the interface shear strength
increases. However, there is a limitation to the toughening that can be

¢ffected by increasing the interface shear strength, imposed by the onset
of prain fracture, which occurs at a stress, Uf. Grain fracture intervenes
when
-
{1.% > 20 39
LT - f (39}

and since there is a high probability of grain fracture at a site rela-
tively close to the crack surface, the pull-out length will thereafter,

e much less than £. Grain fracture thus coincides with a sharp decrease

in the value of the second term in equation (38). However, this decrease
could be partially or wholly counteracted by the increase in the first term,
which now includes a grain fracture contribution. Since the relative im-
partance of these counteracting terms cannot vet be ascertained, it is pre-
mature to conclude that toughening can, in fact, be achieved by encouraging
grain pull-out. However, should such a toughening mechanism be confirmed
it is then apparent from equations (38) and (39) that the fracture strength
of the elongated grains should be as large as possible; while the inter-
face shear strength should have an intermediate value dictated by the grain
lzngth.

7. CONCLUSION

The primary toughening mechanisms that apply to polycrystalline ceramic
materials have been examined. The mechanisms which appear to have the
sreatest gemeral scope for major increases in toughness are (i) the inclusion

cd analysis would require that u(x), c.f. equation (33), be used
» which would then be integrated (in equation 25a) to obtain K.
However, since u{x} is not easily determined, a simplified form of the
Analysis is presented herein, which can be used to identify the primary
toughening requirements.

R

G. Evans, A. H. Heuer and D. L. Porter

Fracture Toughness of Ceramics

of brittle second phase particles that microcrack in the stress fieild of
the primary crack, and (ii) the use of a continuous network of a ductile
vhise.  Both of these approaches have limitations, however. The micro-
wrack approach to enhancing toughness does not lead to an equivalent in-
¢recase in the fracture strength because the microfracture parameters that
wvern these two properties are opposite in character. The use of a duc-
tile second phase, on the other hand, limits the material to relatively
iow temperatures, and thus does not take full advantage of the desirable
properties of the ceramic.

'he other approach that appears very promising is the use of coherent pre-
cipitates etc. to induce extensive zones of compression orthogonal to the
crack plane. This approach should lead to equivalent increases in strength
and toughness and should also be adaptable to materials with good high
temperature stability (as effected by a judicious choice of the alloy
system). The maximum toughening that can be realized is, however, more
limited in scope than the microcracking or ductile second phase approaches.

Finally it should be emphasized that the toughening approaches discussed
herein should not necessarily be considered separately; the concurrent use
of several toughening mechanisms may yield the optimum properties.
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TABLE I - Summary of toughening mechanisms for ceramics.

TOUGHENING MECHANISMS COMMENTS

1. Increase Dislocation Flow Stress Applies to Materials
in Which Crack Extension

is Dislocation Assisted

2. Microcrack Formation or Extension Can Increase or Decrease

Activated by Stress Field of Crack Toughness

3. Crack/Particle Interaction Applies if Particle can

Impede Crack Extension

4. Phase (or Coherent =+ Incoherent)
Transformation of Second Phase

Induced by Stress Field of Crack

5. Pull-out of Elongated Grains

TABLE II - Effects of microfracture on fracture toughness of an
isotropic polycrystal, [two-dimensional discrete model
(McClintock and Zaverl)].

COEFFICLENT OF NORMALIZED TOUGHNESS,
VARIATION (0/8) (xC/E "£2)
0 1
0.06 2.1,
012 2.6
0.18 2.4
0.28 2.1
0.38 2.0

§ is the average microfracture strength
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Figure 1 (a) Sketch of the bond Tupture process at a crack tip.

(b) A possible force, displacement curve for bond Tupture.
u. is the critical displacement for bond rupture.
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Figure 2 The principal tensile stress magnitudes and orientations at
several angles taken around a crack tip; also shown is a

constant principal tensile stress contour.
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Figure 3 Two possible dislocation pile
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-up conditions that could generate
lead to dislocation-assisted crack propagation

in ceramic polycrystals.

T T <) I T
m= 6 m=12
10 ]
4
1

4
1 ! 1
3 1 1] 2 3

Relative microcrack densities as
tance (r/Dy) from the crack tip
stress intensity factor (K/SO‘/_
parameter, m.

Figure 4 a function of normalized dis-
s a function of the normalized

m) for three values of the scale

549




A. G. Evans, A. H. Heuer and p. I, Porter

Fracture 1977, Volume 1

/ > s
i
al A g
v
PRIMARY -7
CRACK S MICHOCRACK

Y
LG
EMICHUCRACK

Figure §

(a) A hexagonail grain network us

sed for the discrete

model of micro-fracture effects on toughness.

(b} A schematic of the sequence of event
of K) that constitute macrocr
material that is susceptible

s (as a function
ack propagation in a
to microfracture.

SR

G.

Evans, A. H. Heuer and D. L. Portexr

Fracture Toughness of Ceramics

n
—
—t

I
i 1 |
0 0.2 0.4 0.6 0.8 1.0

Dg/D*

The effect of grain size on the fracture';?ugﬁgess
‘a4 ceramic pe srystal that is susceptible

of a ceramic polycrysta 8 susephd e

micro-fracture induced by thermal expansion

otropy.

Figure 6

CRACK FRONT

PARTICLE

i stacles.
Figure 7 A schematic of a crack bowing between obstacl
‘igure 7 E Sk

v
wi
-



A. G. Evans, A. H. Heuer and D. L. Porter 4. G. Evans, A. H. Heuer and D. L. Porter

Fracture 1977, Volume 1 Fracture Toughness of Ceramics

CRACK~
b m—-CYLTNDRICAL
el 'PARTICLES'

a2 -
S I

Figure 9 A schematic of a crack 'bridged' by ductile 'particles'.
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Figure 10 The approximate variation in K across secondary cracks
with three aspect ratios, A. [41]
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Figure 11 The maximum effect of the relative obstacle
spacing on the toughness, for complete
obstacle circumvention.

Figure 12 A transmission electron micrograph of coherent tetra-
gonal zirconia particles in a cubic zirconia/magnesia

matrix.
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Figure 13 A schematic of a phase transformation, induced
by the stress field of a primary crack, which
could enhance the fracture toughness.

—CRACK SURFACE ELONGATED GRAINS

Figure 14 A schematic of the pull-out of elongated grains.



User
Rettangolo


